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Preface
The basis for this book was a chapter written for the 2nd edition of R. A. Meyers’
Encyclopedia of Molecular Cell Biology and Molecular Medicine. Entitled Autoantibodies and Autoimmunity, that chapter sought to take a different approach in reviewing the broad field that encompasses autoimmunity. This was in part due
to my own research experiences, but also due to the realization that autoimmunity,
and autoantibodies in particular, have contributed to more than just the medical
sciences.
Historically autoantibodies have served as indicators of an autoimmune response and early studies focused on their clinical and diagnostic significance.
Today many autoantibody specificities contribute as diagnostic and prognostic
indicators in clinical medicine. The burgeoning numbers of known autoantibodies has revolutionized methods of detection leading to development of multiplex
assays capable of identifying numerous diagnostically important autoantibodies
in a single assay.
It remains unknown why distinct profiles of autoantibodies occur in autoimmune diseases, particularly systemic autoimmune diseases. Experimental studies suggest that both MHC and non-MHC genes contribute to disease specific
autoantibody profiles, and that the presence or absence of particular cytokines
may also play a role in determining autoantibody profiles. Nonetheless while it
is clear that disease specific autoantibodies are acting as “molecular reporters”,
the message they are relaying is still garbled. Genetic research using animal
models will play an increasingly important role in deciphering the messages ingrained in autoantibody responses.
Ironically the movement toward high-throughput assays to detect autoantibodies threatens the clinical usefulness of the immunofluorescence test (IFT) which
was instrumental in the original description of many autoantibody specificities.
The dramatic visual images of antibodies binding to sub-cellular organelles and
substructures that are so readily revealed by this technique can be both stunningly beautiful and biologically significant. Once the purview of the clinical
Immunologist/Rheumatologist seeking to diagnose autoimmune diseases, the
IFT is increasingly found in the laboratories of cellular and molecular biologists
questing for answers at the very frontiers of biology.
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1
Introduction
K. Michael Pollard

1.1
Background

The stimulus for this book came from a chapter written for the second edition of
R. A. Meyer’s Encyclopedia of Molecular Cell Biology and Molecular Medicine. Appreciating that autoimmunity, and autoantibodies in particular, has contributed to
more than just the medical sciences, that chapter approached its discussion of autoantibodies from four different directions. The conventional topics of autoimmunity and mechanisms of elicitation of autoantibodies were addressed. The contribution of autoantibodies to diagnostic markers was also discussed. In addition significant consideration was given to the important but often neglected role that autoantibodies have played as probes in molecular and cellular biology. The last area
covered focused on the different types of animal models of autoimmune disease,
the autoantibody specificities associated with those models, and the relevance of
animal models to human idiopathic autoimmune disease.
The topics addressed in this book are based closely on the chapter in the
Encyclopedia of Molecular Cell Biology and Molecular Medicine. However, individual contributors, selected for their expertise in well-defined areas of investigation,
were given free range to articulate their views of a particular theme. The present chapter, which is an updated version of the chapter described above, has
been included so that the reader can appreciate the background on which this
book is based. The relevant literature has been updated and augmented from
the original chapter. In addition I have noted in the text those areas that have
been expanded upon by individual chapters from contributors.
In Chapter 2, Eng Tan summarizes a series of landmark observations that
have defined the properties of epitopes recognized by autoantibodies, particularly those from patients with systemic autoimmune diseases. These properties,
which include recognition of conserved protein structure and the involvement
of regions close to, or including, functional domains of the antigen, are reoccurring themes throughout this book and serve to highlight some of the distinctive
aspects of many autoantibody responses.
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1.2
Autoimmunity

An autoimmune response is an attack by the immune system on the host itself.
In healthy individuals the immune system is “tolerant” of its host (“self”) but attacks foreign (“non-self”) constituents such as bacteria and viruses. The ability
to distinguish self from non-self is considered to be the determining factor in
whether the immune system responds to a suspected challenge. Although it
may appear obvious, there is actually considerable debate over what constitutes
“self” and “non-self” and what cellular/molecular mechanisms are involved. A
fascinating historical perspective on self/non-self recognition has been written
by Alan Baxter (see Chapter 3) and includes the often-forgotten point that Macfarlane Burnet used the phrase “self and not-self” when he first introduced the
concept. Possible discriminators between “self” and “non(not)-self” include recognition of infection [1] or identification of danger signals [2]. The outcome of
the debate on self/non-self discrimination not withstanding, autoimmunity represents an obvious disruption to the mechanism by which the immune system
regulates its activities. Importantly, the responsible effector mechanisms appear
to be no different from those used to combat exogenous infective reagents and
include soluble products such as antibodies (humoral immunity) as well as direct cell-to-cell contact resulting in specific cell lysis (cell-mediated immunity).
No single mechanism has been described that can account for the diversity of
autoimmune responses, or the production of autoantibodies. Figure 1.1 outlines

Fig. 1.1 Hypothetical pathway of autoantibody elicitation in human disease and experimental animal models. This model combines features from the most commonly
accepted postulated mechanisms for autoantibody production. Genetically predisposed
individuals may be triggered to begin the response by an exogenous agent such as exposure to a drug, chemical toxin, or other environmental influence. The events that follow

(listed in large box) are poorly understood
but must involve the emergence of autoreactive lymphoid cells and the presence of autoantigen in a molecular form reactive with
autoreactive cells. Once the presentation of
autoantigen has activated autoreactive lymphoid cells, the production of autoantibody
proceeds essentially as it would for a nonautoimmune antibody response.

1.2 Autoimmunity

the common features of hypothetical models of autoantibody elicitation. Most
models, particularly those relating to autoimmune disease in animals, include a
genetic predisposition. Breeding experiments between inbred strains of mice
have shown that the genetic control of autoantibody production is complex,
involving multiple genes [3]. Although most of the required genetic elements
remain to be characterized, it appears that both acceleration and suppression of
autoimmune responses are under genetic control [4–6]. The most frequently
observed genetic requirement involves the major histocompatibility complex
(MHC) class II genes, which encode proteins responsible for the presentation
of processed antigen to CD4+ T cells via the T-cell receptor.
The most perplexing and challenging aspect of autoimmunity and autoantibody elicitation is the identification of the events involved in the initiation of
the response. Although these early events are poorly understood for most autoimmune diseases, it is thought that an exogenous trigger can provide the first
step in the initiation of some autoimmune responses. The best evidence for this
comes from drug- and chemical-induced autoimmunity, which has been described in both human disease and animal models of autoimmunity [7]. However, even in exogenously induced autoimmunity, many of the events between
the administration of a chemical or drug and the appearance of autoantibodies
remain to be unveiled. Induction of autoantibodies by exogenous agents can
take several weeks to many months. Drug-induced systemic autoimmunity in
humans can take prolonged periods of time to develop and can be provoked by
a large number of chemically unrelated drugs [7]. The autoantibody response,
however, appears quite restricted, targeting histones and histone-DNA complexes, the components of chromatin [8, 9]. Complexes of drug and autoantigen
are not the immunogens responsible for the autoantibody response, since the
drug is not required for autoantibody interaction with autoantigen. Withdrawal
of the drug often leads to cessation of clinical symptoms, clearly implicating the
participation of the drug in some mechanism inciting the autoimmune response, although autoantibody may persist for months in the absence of the
drug. In several animal models, exposure to chemicals–particularly inorganic
forms of heavy metals such as mercury, silver, or gold–can lead to autoantibody
expression within weeks [10]. In these murine models the autoantibody response is again restricted, but here the predominant targets are non-chromatin
components of the nucleolus [11, 12]. The development of restricted autoantibody specificities in humans given many different drugs or in mice given heavy
metals suggests that it is not the parent molecule that is important but rather
the metabolic products of these compounds that lead on the one hand to antichromatin autoantibodies and on the other to anti-nucleolar antibodies. In human drug-induced autoimmunity, a common pathway of oxidative metabolism
via the ubiquitous neutrophil has been suggested as a means of producing reactive drug metabolites that may perturb immune regulation sufficiently to produce autoimmune disease [13]. Another mechanism that has been proposed is
disruption by drug metabolites of positive selection of T cells during their development in the thymus [14–16]. This mechanism has been shown to result in
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mature CD4+ T cells that are able to respond to self-antigen, leading to T-cell
proliferation as well as autoantibody production by B cells [16].
In Figure 1.1 the large boxed area highlights several concepts that form pivotal points in many hypothetical postulates of autoantibody elicitation but about
which little is known. How do B and T cells, with receptors for autoantigen,
emerge from and escape the regulatory mechanisms that normally keep them
in check and then make their way to the secondary lymphoid tissues? Studies
involving transgenic mice possessing neo-autoantigens suggest that possible
mechanisms include avoidance of apoptotic elimination, escape from tolerance
induction, and reversal of an anergic state [17]. Mechanisms of immune
tolerance and how their disruption may lead to autoimmunity are discussed by
Robert Rubin in Chapter 4.
Molecular identification of autoantigens, their presence in macromolecular
complexes, the occurrence of autoantibodies to different components of the
same complex, and the appearance of somatic mutations in the variable regions
of autoantibodies have suggested that it is the autoantigen that drives the autoimmune response [18]. It remains unclear how autoantigens, particularly intracellular autoantigens, are made available to autoreactive lymphoid cells, and
what molecular forms of these complex macromolecular structures interact with
autoreactive lymphoid cells. One mechanism that has been proposed as a
means by which autoantigens might be made available to the immune system
is apoptotic cell death. The impetus for this hypothesis is the finding that many
autoantigens undergo proteolytic cleavage during apoptotic cell death and that
apoptotic bodies (debris from dying cells) contain multiple autoantigens [19].
Processing and presentation of such material by antigen-presenting cells (APCs)
has been suggested as a means of providing antigen to autoreactive T cells [20].
However, uptake of apoptotic cellular material does not lead to the activation of
APCs [21–24], which is necessary if APCs are to activate T cells. Inability of
apoptotic material to activate APCs may stem from the observation that apoptosis is a descriptor for programmed cell death (PCD), which is a physiological
process. This contrasts sharply with necrotic cell death, which is a non-physiological process that produces cellular material that activates APCs [25]. Also of
note is that necrotic cell death induced by mercury leads to proteolytic cleavage
of the autoantigen fibrillarin [26]. Immunization with the N-terminal fragment
of such cleavage leads to autoantibodies against fibrillarin that possess some of
the characteristics of the anti-fibrillarin response elicited by mercury alone [26].
In contrast the antibody response elicited by immunization with full-length fibrillarin does not mimic the mercury-induced response, suggesting that processing and presentation of fragmented autoantigens may allow loss of self/nonself discrimination. Examination of the molecular forms of autoantigens during
and after cell death and their roles in activating both APCs and T cells will be
fruitful areas of future research. An overview of the two major forms of cell
death and the evidence supporting their role in autoimmunity are discussed by
Carlos Casiano and Fabio Pacheco in Chapter 6. How autoantigen might become modified to generate novel, non-tolerized structures and the role that pro-
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teolytic cleavage during cell death might have on such a process are analyzed by
Antony Rosen and colleagues in Chapter 7.
Roles in autoantibody production have been argued for pathways that either
are or are not dependent on the presence of T cells. A T cell–dependent response
is shown in Figure 1.1, with an APC supplying processed antigen to CD4+ T cells.
An essential element in any model of autoantibody elicitation is the emergence of
antibody-secreting B cells, which recognize material derived from the host [27]. As
indicated in Figure 1.1 the interaction between T and B cells involves both soluble
(e.g., interleukin) and membrane-bound receptor–co-receptor interactions [28].
The effect of the presence, or absence, of these molecular interactions on autoimmunity is discussed by Barbara Schraml and Stanford Peng in Chapter 5. The
antibody secreted by a B cell is directed against a single region (or epitope) on
an antigen. An autoantibody response can target a number of epitopes on any
one antigen, clearly showing that multiple autoreactive B-cell clones are activated
during an autoimmune response. In the systemic autoimmune diseases, many
autoantigens are complexes of nucleic acid and/or protein, and an autoimmune
response may target several of the components of a complex [29]. It is unknown
whether the autoantibody responses to the components of a complex arise simultaneously, sequentially, independently, or through interrelated mechanisms. For a
detailed analysis of the T- and B-cell response against a self-antigen, see Chapter
19 by James McCluskey and colleagues.
In only a few diseases have autoantibodies been shown to be the causative
agents of pathogenesis (e.g., anti-acetylcholine receptor autoantibodies in
myasthenia gravis, anti-thyroid-stimulating hormone receptor autoantibodies in
Graves’ disease) [30, 31]. It is noteworthy not only that these diseases are organ
specific but also that their autoantigens are extracellular or on the surface of cell
membranes and therefore easily targeted by the immune system. In some individuals the largest organ, the skin, can suffer insult from several blistering conditions now known to be autoimmune diseases characterized by autoantibodies
against products of keratinocytes [32]. The autoantigens involved are cell adhesion molecules that are important in maintaining the integrity of the skin by
cell-cell contact between the various cell layers in the epidermis and at the dermal-epidermal junction. In the non-organ-specific autoimmune disease systemic
lupus erythematosus (SLE), anti-double-stranded DNA (dsDNA) autoantibodies
have been shown to participate in pathogenic events by way of complexing with
their cognate antigen to cause immune complex–mediated inflammation [33,
34]. These examples show that in both the organ-specific and systemic autoimmune diseases, in vivo disposition of autoantibody in tissues and organs has
clinical significance inasmuch as it indicates sites of inflammation, which may
contribute to the pathological process. Moreover, detection of autoantibody
deposits in the organ-specific autoimmune diseases has particular significance
because some organ-specific autoantibodies have been found to be the direct
mediators of pathological lesions. In most autoimmune diseases, however, it
has not been determined whether autoantibodies cause or contribute to disease
or are merely a secondary consequence of the underlying clinical condition.
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1.3
Autoantibodies as Diagnostic Markers

The diseases associated with autoantibodies can be divided into two broad
groups: the organ-specific autoimmune diseases, in which autoantibodies have
the ability to react with autoantigens from a particular organ or tissue, and the
multi-system autoimmune diseases, in which autoantibodies react with common cellular components that appear to bear little relevance to the underlying
clinical picture. In both cases particular autoantibody specificities can serve as
diagnostic markers (Table 1.1). A synopsis of the methodology used to determine the presence of autoantibodies, including high-throughput multiplex assays, is covered by Rufus Burlingame and Carol Peebles in Chapter 8. Discussion of more specialized assay systems using synthetic peptides to detect autoantibodies is covered by Jean-Paul Briand and Sylviane Muller in Chapter 9.
In the multi-system autoimmune diseases, there are several features of the relationship between autoantibody specificity and diagnostic significance that bear
consideration. Autoantigens in these diseases are components of macromolecular structures such as the nucleosome of chromatin and the small nuclear ribonucleoprotein (snRNP) particles of the spliceosome, among others. Autoantibodies to different components of the same macromolecular complex can be diagnostic for different clinical disorders [35, 36]. Thus, the core proteins B, B', D,
and E, which are components of the U1, U2, and U4–U6 snRNPs and are antigenic targets in the anti-Smith antigen (Sm) response in SLE, are different from
the U1 snRNP–specific proteins of 70 kDa, A and C, which are targets of the
anti-nRNP response in mixed connective tissue disease (MCTD; see Table 1.1).
It has also been observed that certain autoantibody responses are consistently
associated with one another. The anti-Sm response, which is diagnostic of SLE,
is commonly associated with the anti-nRNP response; but the anti-nRNP response can occur without the anti-Sm response, in which case it can be diagnostic of MCTD. These two observations suggest that the snRNP complexes responsible for the autoantibody response against the spliceosome in MCTD may
differ from the snRNP complexes that produce the anti-spliceosome response in
SLE. Other autoantibody responses demonstrate similar associations and restrictions. The anti-SS-A/Ro response (see Table 1.1) frequently occurs alone in SLE,
but the anti-SS-B/La response in Sjögren’s syndrome is almost always associated
with the anti-SS-A/Ro response. Similarly, the anti-chromatin response occurs
alone in drug-induced lupus [37] but is usually associated with the anti-dsDNA
response in idiopathic SLE [38].
Autoantibody specificities may occur at different frequencies in a variety of
diseases, and the resultant profile consisting of distinct groups of autoantibodies
in different diseases can have diagnostic use [35]. In some cases the grouping
of autoantibody specificities, such as the preponderance of anti-nucleolar autoantibodies in scleroderma (Table 1.1) [39], provides provocative but poorly understood relationships with clinical diagnosis. Unlike SLE, where a single patient
may have multiple autoantibody specificities to a number of unrelated nuclear
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Table 1.1 Examples of clinical diagnostic specificity of autoantibodies.
Autoantibody specificity a)

Molecular specificity

Clinical association

Acetylcholine receptor
TSH receptor
Thyroglobulin
Thyroid peroxidase
Pyruvate dehydrogenase
complex
Desmoplakin I homologue
Desmoglein
Glutamic acid decarboxylase,
65 kDa

Myasthenia gravis
Graves’ disease
Chronic thyroiditis
Chronic thyroiditis
Primary biliary cirrhosis

B form of DNA
B, B', D, and E proteins of U1,
U2, and U4–U6 snRNP
70-kDa A and C proteins
of U1-snRNP
60- and 52-kDa proteins
associated with hY1-Y5 RNP
complex
47-kDa phosphoprotein
complexed with RNA
polymerase III transcripts
Histidyl tRNA synthetase
34-kDa protein of C/D box–
containing snoRNP (U3, U8,
etc.)
Subunits of RNA polymerase 1
complex
100-kDa DNA topoisomerase I

SLE
SLE

Scleroderma

Centromeric proteins CENP-A,
-B, and -C
Serine proteinase (proteinase 3)
Cyclic citrullinated peptide

CREST (limited scleroderma)
Wegener’s vasculitis
Rheumatoid arthritis

Organ-specific autoimmune diseases
Anti-acetylcholine receptor*
Anti-TSH receptor*
Anti-thyroglobulin*
Anti-thyroid peroxidase*
Anti-mitochondria*
Anti-keratinocyte*
Anti-keratinocyte*
Anti-GAD65

Bullous pemphigoid
Pemphigus foliaceus
Type 1 diabetes

Multi-system autoimmune diseases
Anti-double-stranded DNA*
Anti-Sm*
Anti-nRNP
Anti-SS-A/Ro

Anti-SS-B/La

Anti-Jo-1*
Anti-fibrillarin*

Anti-RNA polymerase 1*
Anti-DNA topoisomerase 1
(anti-Scl-70)*
Anti-centromere*
cANCA
Anti-CCP*
a)

MCTD, SLE
SS, neonatal lupus, SLE

SS, neonatal lupus, SLE

Polymyositis
Scleroderma

Scleroderma

Disease-specific diagnostic marker antibodies indicated by asterisk.

Abbreviations: SLE = systemic lupus erythematosus; MCTD = mixed connective
tissue disease; SS = Sjögren’s syndrome; cANCA = cytoplasmic anti-neutrophil
cytoplasmic antibody; TSH = thyroid-stimulating hormone; CREST = calcinosis,
Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, telangiectasia.

9

10

1 Introduction

autoantigens (e.g., DNA, Sm, SS-A/Ro), scleroderma patients infrequently have
multiple autoantibody specificities to nucleolar autoantigens that are unrelated
at the macromolecular level (i.e., not part of the same macromolecular complex).
In planning the content of this book, it was decided that it was not possible
to devote multiple chapters to discussion of disease-specific autoantibodies. Instead, a single chapter has been assigned to the two major forms of autoimmune disease (i.e., organ-specific and systemic), and two additional chapters
have been allocated to cover the major diseases within each group. Karsten Conrad and Michael Bachmann have outlined autoantibodies and systemic autoimmune diseases (Chapter 10), while Falk Heipe has expanded upon autoantibodies in systemic lupus erythematosus (Chapter 11) and Tsuneyo Mimori has focused on autoantibodies in rheumatoid arthritis (Chapter 12). In the organ-specific disease section, Michael Manns and colleagues expand the discussion on
autoantibodies and organ-specific autoimmunity (Chapter 13) by including comments on autoimmune liver diseases. Osvaldo Martines and Bellur Prabhakar
provide an excellent analysis of autoantibodies in autoimmune thyroid disease
(Chapter 14) including comments on functionally relevant epitopes. See Chapters 2 and 20 for more on this topic. Another excellent chapter on organ specific
autoimmunity is that by Sarah Weenink and Michael Christie on autoantibodies
in diabetes (Chapter 15). The material on T-cell responses in this chapter can be
expanded upon by reading Chapters 19 and 21.

1.4
Autoantibodies as Molecular and Cellular Probes

Autoantibodies can be used for the detection of their cognate antigens using immunoprecipitation, immunoblotting, enzyme-linked immunosorbent assay (ELISA), and a variety of microscopy techniques including immunoelectron microscopy. The most visually impressive demonstration of the usefulness of autoantibodies as biological probes is the indirect immunofluorescence (IIF) test. In
this technique (Fig. 1.2), a cell or tissue source containing the autoantigen of interest is permeabilized, to allow entry of the antibody into the cell, and fixed, to
ensure that the target antigen is not leached away during the procedure.
Although some procedures are inappropriate for particular antigens, workable
means of cell permeabilization and fixation have been developed [40]. The cell
substrate is incubated with the autoantibody to allow interaction with the antigen, and any excess is washed away. The location of the antigen-autoantibody
complex within the cell is revealed by addition of an anti-antibody tagged with a
fluorochrome. Fluorescence microscopy is then used to view the cells to determine the location of the antigen/autoantibody/fluorochrome-tagged anti-antibody complex. Using this technique, investigators are identifying an increasing
number of autoantibody specificities that recognize cellular substructures and
domains (Table 1.2, Figs. 1.3 and 1.4). Ivan Raska and Sarka Ruzickova discuss
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Fig. 1.2 Diagrammatic representation of the steps involved in the
indirect immunofluorescence (IIF) test (see text for explanation).

how autoantibodies have helped to reveal novel substructures within the cell in
Chapter 16.
The nucleus can be identified by a variety of autoantibodies such as those
against chromatin and DNA or, as shown in Figure 1.3 a, autoantibodies to the
nuclear lamina, which underlies the nuclear envelope and produces a ringlike
fluorescence around the nucleus. The nucleolus and its subdomains can also be
identified by a variety of autoantibody specificities (Table 1.2). Autoantibodies
against the 34-kDa protein fibrillarin, a component of the C/D box–containing
small nucleolar ribonucleoprotein (snoRNP) particles, label the nucleolus in a
distinctive “clumpy” pattern [41] (Fig. 1.3 e). The list of autoantibodies that are
able to distinguish subnuclear domains and compartments, some considerably
smaller than the nucleolus, continues to grow. One example is the Cajal body, a
small subnuclear structure described using light microscopy by the Spanish cytologist Santiago Ramon y Cajal in 1903 [42]. This nuclear domain can now be
easily identified using human autoimmune sera that react with p80 coilin
(Fig. 1.3 d), a protein highly enriched in the Cajal body [43]. Using other autoantibodies, it has been found that Cajal bodies contain snRNP particles and fibrillarin (previously thought to be restricted to the nucleolus and prenucleolar
bodies). Knowledge of the functional associations of these coiled-body constituents suggests that the Cajal body may play a role in RNA processing and/or the
accumulation of components involved in RNA processing [43].
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Table 1.2 Examples of subcellular structures and domains recognized by autoantibodies.
Autoantibody

Molecular specificity

Subcellular structure

Chromatin

Anti-p80 coilin
Anti-PIKA

Nucleosomal and subnucleosomal complexes of histones and
DNA
210-kDa glycoprotein (gp210)
Nuclear lamins A, B, and C
Centromere proteins (CENP)
A, B, C, and F
p80-coilin (80-kDa protein)
p23–25 kDa proteins

Anti-NuMA

238-kDa protein

Nuclear components
Anti-chromatin

Antinuclear pore
Anti-lamin
Anti-centromere

Nuclear pore
Nuclear lamina
Centromere
Coiled body
Polymorphic interphase
karyosomal association
(PIKA)
Mitotic spindle apparatus

Nucleolar components
Anti-fibrillarin

34-kDa fibrillarin

Anti-RNA polymerase 1

RNA polymerase 1

Anti-Pm-Scl

75- and 100-kDa proteins of
Pm-Scl complex
90-kDa doublet of (human) upstream binding factor (hUBF)

Anti-NOR 90

Dense fibrillar component of nucleolus
Fibrillari center of
nucleolus
Granular component of
nucleolus
Nucleolar organizer
region (NOR)

Cytosolic components
Anti-mitochondria
Anti-ribosome
Anti-Golgi
Anti-endosome
Anti-microsomal
cANCA
Anti-midbody
Anti-centrosome/centriole

Pyruvate dehydrogenase
complex
Ribosomal P proteins
(P0, P1, P2)
95- and 160-kDa golgins
180-kDa protein
Cytochrome P450 superfamily
Serine proteinase (proteinase 3)
38-kDa protein
Pericentrin (48 kDa)

Mitochondria
Ribosomes
Golgi apparatus
Early endosomes
Microsomes
Lysosomes
Midbody
Centrosome/centriole

Abbreviations: NuMA = nuclear mitotic apparatus; Pm-Scl = polymyositis-scleroderma; cANCA = cytoplasmic anti-neutrophil cytoplasmic antibody.

Many features of subcellular structures such as size, shape, and distribution
can be studied by IIF during the cell cycle, viral infection, mitogenesis, or any
cellular response that may result in changes in the distribution of an antigen or
subcellular structure. As shown in Figure 1.3 a (arrowheads) antinuclear lamin
autoantibodies can be used to reveal re-formation of the lamina during telophase. Autoantibodies have identified unexpected protein distributions such as

1.4 Autoantibodies as Molecular and Cellular Probes

Fig. 1.3 Immunofluorescence patterns produced by autoantibodies recognizing structural and functional domains within the cell
nucleus (magnification, 350 ´). (a) Antinuclear lamin B1 antibodies identify the periphery of the nucleus; arrowheads show the reformation of the nuclear envelope during
late telophase. (b) Anti-Sm antibodies localize the U1, U2, and U4–U6 snRNP particles
as a speckled nuclear pattern. (c) Anti-PCNA
antibodies recognize the auxiliary protein of
DNA polymerase delta during active DNA
synthesis, producing different fluorescence
patterns as cells progress through mitosis.

(d) Anti-p80 coilin antibodies highlight subnuclear domains known as Cajal bodies,
which disappear during metaphase (arrowhead). (e) Anti-fibrillarin antibodies target
the nucleolus and produce a characteristic
clumpy pattern in interphase cells, decorating the chromosomes from late metaphase
until cell division (arrowhead). (f) Antibodies
to centromeric proteins A, B, and C produce a discrete speckling of the interphase
nucleus and identify the centromeric region
of the dividing chromosomes during cell
division (arrowheads).

the localization of the nucleolar protein fibrillarin to the outer surface of the
chromosomes during cell division (Fig. 1.3 e, arrowheads). The localization of
some autoantigens during the cell cycle has aided in their identification. Detection of proliferating cell nuclear antigen (PCNA) in S-phase cells (Fig. 1.3 c) suggested its involvement in DNA synthesis [44], while the distribution of speckles
along the metaphase plate produced by other autoantibodies (Fig. 1.3 f, arrowheads) was an important clue to their identification as autoantibodies to centromeric proteins A, B, and C [45].
The IIF test has also proved useful in the identification of autoantibodies that
react with subcellular structures other than the nucleus. Figure 1.4 shows the
IIF patterns produced by some of these autoantibodies. Prior knowledge of subcellular organelles and their relative cellular distribution was instrumental in
identifying the structures recognized by these and other autoantibodies. In turn,
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Fig. 1.4 Immunofluorescence patterns produced by autoantibodies recognizing intracellular structures other than the nucleus.
(a) Anti-mitotic spindle apparatus antibodies
identify spindle poles and spindle fibers during cell division. (b) Anti-midbody antibodies
react with the bridgelike midbody that connects daughter cells following chromosome
segregation but before cell separation.
(c) Anti–Golgi complex antibodies decorate
the Golgi apparatus, which in most cells is
shown as an accumulation of fluorescence
in a discrete cytoplasmic region. (d) Anti-

mitochondrial antibodies demonstrate the
presence of mitochondria throughout the cytoplasm; the discrete nuclear dots represent
an additional autoantibody specificity in this
serum unrelated to mitochondria. (e) Antiribosome antibodies produce a diffuse cytoplasmic staining pattern that spares the
nucleus but may show some weak nucleolar
fluorescence. (f) Anti-cytoskeletal antibodies
react with a variety of cytoskeletal components; in this case the antibody reacts
with non-muscle myosin. Magnification:
(a) 700 ´; (b–f) 350 ´.

autoantibodies, by virtue of their reactivity with individual autoantigens, have
allowed cell and molecular biologists insight into the molecular constituents of
the nucleus and other subcellular organelles. An excellent review of this field,
including the birthing of the field of small RNP biology, is given by Erica
Champion and Susan Baserga in Chapter 17.
Comparative studies using human autoantibodies, and nonhuman autoantibodies against specific cellular proteins, can be useful in determining the cellular distribution of a specific protein. This is achieved by using anti-human antibodies labeled with one chromophore and antibodies specific for the nonhuman
antibody labeled with a different chromophore and comparing the fluorescence
patterns. Immunolocalization of the snoRNP components recognized by monoclonal antibodies obtained from mice exposed to mercury was confirmed in this
way by comparison of the IIF pattern of human autoimmune anti-fibrillarin
sera, which recognizes a protein component of the box C/D snoRNPs [12].

1.4 Autoantibodies as Molecular and Cellular Probes

One feature of autoantibodies that distinguishes them from antibodies raised
by specific immunization, and underscores their uniqueness, is their ability to
recognize their target antigen not only from the host but also from a variety of
species. The extent of this species cross-reactivity is dependent on the evolutionary conservation of the autoantigen and is related to the conservation of protein
sequence. One example is the snoRNP protein fibrillarin [11]. Using autoantibodies in a variety of immunological techniques, including IIF, this protein can
be recognized from species as diverse as humans and the unicellular yeast Saccharomyces cerevisiae. cDNA cloning of fibrillarin has confirmed the expected
high degree of conservation of the protein sequence [46].
The reactivity of autoantibodies with conserved sequence and conformational
protein elements has made them useful reagents in the cloning of cDNAs of expressed proteins from cDNA libraries from a variety of species. However, because of their reactivity with the human protein, they have found most use in
the cloning and characterization of the primary structure of numerous human
cellular proteins [47, 48]. The diversity of targets that can be exploited by this
approach is clearly illustrated in Tables 1.1 and 1.2. Using recent work from his
own laboratory, Edward Chan points out the practical aspects to cDNA cloning
using autoantibodies in Chapter 18.
Elucidation of the structure of the autoantigens that are the targets of autoantibodies from systemic autoimmune diseases has revealed that many are functional macromolecular complexes involved in nucleic acid and protein synthesis
and processing (Table 1.3). A distinguishing feature of many of these complexes
of nucleic acid and/or proteins is that autoantibodies do not recognize all the
components of the complex. An extreme, but useful, example is the ribosome,
which in eukaryotes may contain more than 70 proteins. However, only a small
number of these proteins – predominantly the P proteins (P0, P1, and P2), S10,
and L12 – are recognized by autoantibodies [49]. Nonetheless, the use of autoantibodies that identify specific components of such complexes has aided in identifying other subunits of these complexes, with profound consequences. Thus,
the initial identification of anti-Sm autoantibodies in SLE [50] led to the observation that they recognize some of the protein components of the snRNP particles
[51], fueling subsequent studies that showed the snRNPs as components of the
spliceosome complex that functions in pre-mRNA splicing [52].
As the functional associations of autoantigens have become known, attempts to
uncover the role of the autoantigen itself have revealed that autoantibodies can directly inhibit the function of their target autoantigen (Table 1.3) [53]. Eric Gershwin and colleagues describe their experience with anti-mitochondrial antibodies
to document the characteristics of autoantibodies directed against functional sites
in Chapter 20. Although it remains to be determined, it seems likely that such inhibition reflects the involvement of conserved protein sequence or structure in
functional activity. An increasing number of autoantibodies, many of unknown
molecular specificity, recognize their autoantigen only in a particular functional
state or phase of the cell cycle. Of the several examples known, the best characterized is PCNA, which is the auxiliary protein of DNA polymerase delta and is rec-
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Table 1.3 Examples of the function of nuclear autoantigens and the
effects of autoantibody on antigen function.
Autoantigen

Sm/nRNP (U1, U2, U4–6
snRNP)
PCNA (DNA polymerase delta
auxiliary protein)
RNA polymerase I
tRNA polymerase
Ribosomal RNP
Centromere/kinetochore

Function

Autoantibody effect a)

Known function
Pre-mRNA splicing

Inhibition of pre-mRNA
splicing
DNA replication
Inhibition of DNA
replication and repair
Transcription of rRNA
Inhibition of rRNA
transcription
Aminoacylation of tRNA
Inhibition of charging of
tRNA
mRNA translation
Inhibition of protein
synthesis
Microtubule-based chromosome Inhibition of centromere
movement during mitosis
formation and function
Probable function

Fibrillarin (box C/D snoRNP)

Processing and methylation of
pre-rRNA

Blocks translocation of
fibrillarin during the cell
cycle, thereby influencing
the ultrastructure of the
nucleolus

NOR-90

Nucleolar transcription factor

Not tested

a)

Inhibition of function has been demonstrated in vitro or following
injection of autoantibody into living cells.

ognized by autoantibodies only during mitosis, even though PCNA is present
throughout the cell cycle. When a population of cells at different stages of the cell
cycle is used as substrate in the IIF test, anti-PCNA autoantibodies produce varying degrees of fluorescence intensity, being negative in G0 cells and highly positive
in S-phase cells (Fig. 1.3 c). These intriguing features of some autoantibodies have
added new dimensions to the biological usefulness of these proteins and have suggested that functionally active macromolecular complexes may play a role in the
elicitation of the autoantibody response [53].
The presence of multiple autoantibody specificities in the blood of individual
human patients with autoimmune diseases poses a limitation on their use in
studies involving a single autoantigen. Only infrequently are patients found
whose autoantibody response is so restricted that they express autoreactivity to a
single autoantigen or autoantigenic complex; such autoantibodies are termed
monospecific. For some autoantibody specificities this condition has been overcome by the production of hybridomas secreting a monoclonal autoantibody.
Some hybridomas have been produced by fusion of B cells from human patients, but most have come from fusion of lymphoid cells from animal models
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of autoimmunity, particularly inbred murine strains [54, 55]. Monoclonal antibody specificities include reactivity against the nucleic acids DNA and RNA,
subunits of chromatin, protein components of snRNP particles, fibrillarin, and
immunoglobulin.

1.5
Autoantibodies in Experimental Models of Autoimmunity

Research into mechanisms of autoimmunity and the antigenic specificity, and
possible pathogenic role, of autoantibodies has been significantly advanced by
the availability of animal models. Four different types of models have been used
(Table 1.4). Specific antigen immunization models are produced by direct injection of purified antigen into animals to elicit autoantibody. Direct immunization
has proven most useful when the autoantigen is extracellular or on the cell
membrane. In such examples the elicited autoantibody response can produce
pathological consequences such as the myasthenia gravis–like disease produced
in rodents following immunization with purified acetylcholine receptor [56].
The animals used in this type of model are most often healthy, normal individuals with fully functional immune systems and are able to downregulate the
autoimmune response produced by the immunization of autoantigen. As a result, direct immunization models often produce transient autoimmune responses and the animals return to a healthy state. Some of the most elegant
studies in this area have been done with the autoimmune ovarian disease
(AOD) model as described by Yulius Setiady and Kenneth Tung in Chapter 21.
Comparison of the autoantigenic reactivities of antibodies raised by immunization, especially to intracellular autoantigens, has revealed distinct differences
in comparison to autoantibodies found in human autoimmune disease. Direct
immunization requires a purified antigen, which means subjecting the antigen
to rigorous biophysical, biochemical, and, sometimes, immunological separation
techniques. The resulting preparation may therefore be partially or totally denatured and no longer in association with other cellular components that constitute its in vivo molecular form. Even if the native in vivo macromolecular complex can be purified, direct immunization experiments are “best guess” attempts
to mimic the natural autoimmunization process, because the molecular structure of the putative autoimmunogen that contains the autoantigen of interest is
unknown. A further complication is the use of adjuvants to boost the immune
response [57]. As a result, direct immunization produces antibodies that,
although reacting with the autoantigen, usually recognize a denatured form
rather than the autoantigen in its native state; only rarely do they react with the
autoantigen when it is in association with other cellular subunits that make up
its in vivo molecular form [26]. Although direct immunization antibodies can
recognize conformational epitopes, they do not appear to recognize conserved
epitopes and therefore cannot exhibit the same lack of species specificity that allows, for example, anti-fibrillarin autoantibodies to recognize fibrillarin in all
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Table 1.4 Examples of animal models of autoantibody production.
Model

Animal

Human disease

Autoantibody specificity

NZB
(NZB ´ NZW) F1
MRL/Faslpr

Mouse
Mouse
Mouse

Hemolytic anemia
SLE
SLE

MRL/Fas+/+
BXSB
Obese strain (white
leghorn chicken)

Mouse
Mouse
Bird

SLE
SLE
Thyroiditis

Erythrocyte
Chromatin, DNA
Chromatin, DNA, Sm,
ribosome
Chromatin, DNA, Sm
Chromatin, DNA
Thyroglobulin

Spontaneous

Induced by exogenous agents
Chronic GVHD

Mouse

SLE

Mercuric chloride

Mouse (H–2s)

Mercuric chloride
Mercuric chloride

Mouse (non-H–2
restricted)
Rat (RT1n)

Scleroderma a)
(immune-complex
nephritis)
SLE

Pristane

Mouse

DNA, chromatin,
snRNP, ribosome
Fibrillarin (box C/D
snoRNP)
Chromatin

Immune-complex
nephritis
SLE

GBM

Thyroiditis

Thyroglobulin
GBM

Lewis rat

Immune-complex
nephritis
Myasthenia gravis

C1q knockout

Mouse (MRL/Fas+/+)

SLE

Dnase1 knockout
SAP knockout
c-mer knockout

Mouse
Mouse
Mouse

SLE
SLE
SLE

DNA, Rheumatoid
factor
Chromatin, DNA
Chromatin, DNA
Chromatin

IFN-c transgenic

Mouse

SLE

DNA, histones

DNA, Sm, RNP, Su

Direct immunization (antigen)
EAT (thyroglobulin)
GMB nephritis
(GBM)
EMG (acetylcholine
receptor)

Rabbit, mouse
(H–2k, s, or q)
Sheep, mouse

Acetylcholine receptor

Gene mutation

a)

Autoantibody specificity is specific for scleroderma, but a scleroderma-like
disease has not been described in mice treated with mercuric chloride.

Abbreviations: GVHD = graft-versus-host disease; GMB = glomerular basement
membrane; EAT = experimental autoimmune thyroiditis; EMG = experimental
myasthenia gravis; C1q = component of serum complement; Dnase1 = deoxyribonuclease 1; SAP = serum amyloid P component; c-mer = tyrosine kinase.
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species that contain this protein [11]. Lack of reaction against conserved epitopes means that direct immunization antibodies are less efficient at inhibiting
the functional activity of their target autoantigen than are autoantibodies from
patients with autoimmune diseases [53]. Animal models of other types, described next, can produce autoantibodies with reactivities that are extremely difficult to differentiate from those of human patients. As a result, such models
more closely approximate their human counterparts.
The second type of model also involves the manipulation of normal, nonautoimmune animals to produce an autoimmune response. In these cases the
triggering event is the introduction into the animal of exogenous material that,
unlike the case of direct immunization, may appear to bear little relationship to
the ensuing autoimmune response. These mediators – which may include
drugs, biologicals, and environmental agents such as hormones and microbes –
and their role in inducing autoimmunity are discussed by Per Hultman in
Chapter 22. An excellent example of this type of model is the autoimmunity induced by heavy metals [10]. Administration of mercury by several different
routes and in several different forms (most notably, subcutaneous injection of
mercuric chloride) produces in mice an autoantibody response that targets the
nucleolus [12]. The principal autoantigen involved is the 34-kDa protein fibrillarin [58, 59], a protein component of the box C/D snoRNP particles. Mercury induces this autoantibody response in a restricted number of histocompatibility
genotypes, most commonly H-2s [60]. Although offspring of crosses between
the autoimmune-sensitive H-2s strains and the autoimmune-resistant strains
such as C57BL/6 (H-2b) or DBA/2 (H-2d) are sensitive to anti-fibrillarin induction following HgCl2 treatment, the response does not appear to be due solely
to the product of a dominant H-2 gene but involves multiple loci. This is supported by backcrossing of hybrids onto the autoimmune-sensitive H-2s background, where the HgCl2-induced anti-fibrillarin response is even less frequent,
even though 50% of the mice would be expected to be homozygous for H-2s.
Although anti-fibrillarin autoantibodies are a marker for human scleroderma,
mercury does not appear to produce a scleroderma-like disease in mice; the importance of the model lies instead in the similarity of this toxin-induced murine
autoantibody response to the spontaneous anti-fibrillarin autoantibody in human scleroderma [11].
Another example of the exogenous factor type of model is murine graft-versus-host disease (GVHD). In this model the offspring of the mating of two
inbred non-autoimmune mouse strains are injected (grafted) with lymphocytes
from one of the parental strains. The injected lymphocytes recognize genetic
differences in the host strain that are inherited from the other parental strain
and are stimulated to mount a variety of immune responses against the host
animal, hence the name “graft versus host.” Unlike the case of direct immunization models, the autoimmunity produced in this type of model can lead to severe pathological consequences, including lethal immune complex disease. The
immunological sequelae that occur during a GVHD response depend on the
murine inbred strains used. Injection of DBA/2 lymphocytes into a cross be-
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tween the DBA/2 and C57B16 mice produces a chronic GVHD, which results
in an autoimmune response similar to human SLE, including the presence of
autoantibodies against chromatin and DNA [61]. Injection of lymphocytes from
the A/J strain into Balb/c ´ A/J hybrids also produces a chronic GVHD in which
autoantibodies to snRNP particles including the U3 snoRNP are found [62]. The
relationship of different autoantibody specificities to the use of different strains
of inbred mice in the GVHD model again highlights the influence of genotype
on autoimmunity and autoantibodies.
The third type of model does not require any manipulation of the animal at
all, as the disease develops spontaneously. The best described of these are the
murine strains BXSB, (NZB ´ NZW) F1, NZM, MRL/Fas+/+, and MRL/Faslpr,
which develop forms of SLE that serve as excellent models of the autoantibody
specificities and pathology of the human disease [63]. Dwight Kono provides an
overview of the genetics leading to autoimmunity in these models in Chapter
23. While the variety of autoantibodies developed by these different strains continues to be investigated, the common autoantibody response, like human SLE,
is against chromatin and its subcomponents including DNA [38, 64]. In the
(NZB ´ NZW) F1 strain, autoimmune disease and autoantibodies occur earlier
and more frequently in female mice, a finding that has been revealed to be associated with the presence of female sex hormones. Because of this and other
features, the (NZB ´ NZW) F1 strain is considered the best animal model of human SLE. As noted above it is the genetic makeup of these inbred strains that
has significant potential to address the genesis of the autoimmune response. A
much-studied aspect of several of the spontaneous models of systemic autoimmune disease is the presence of single gene defects that accelerate or exacerbate
autoimmunity in these already susceptible mouse strains. In the MRL substrains, the Lpr phenotype is responsible for massive lymphoproliferation of
CD4–, CD8–, and B200+ T cells and an accelerated occurrence of autoimmune
phenomena compared to the MRL/Fas+/+. Recent studies have indicated that
the Lpr defect is due to a mutation in the Fas gene that leads to defective expression of Fas on T and B cells, which allows them to escape apoptotic elimination and reach the peripheral circulation [65]. Breeding experiments to impart
the Lpr gene onto non-autoimmune genetic backgrounds have shown that the
Fas defect does influence the development of autoimmunity and the expression
of autoantibodies. A dominant role for Fas in the initiation of autoimmunity
and autoantibodies is questionable, however, because the MRL/Fas+/+, which
does not have the Fas defect, does develop an autoantibody profile and immunopathological disease that is similar to the MRL/Faslpr, albeit at a much later age.
Other genes that appear to play a role in acceleration of autoimmunity include
Gld, the ligand for Fas, and Yaa, a sex-linked gene that produces a defect in B
cells and is the accelerator gene of autoimmunity in the male BXSB mouse
[66]. Exposure of lupus-prone strains to exogenous agents known to elicit autoimmunity in normal mice can result in accelerated appearance of disease features, including autoantibodies. In some cases the exogenous agent accelerates
appearance of idiopathic disease, while in others the elicited disease has fea-
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tures of xenobiotic-induced disease. Thus, mercury exposure accelerates idiopathic disease in BXSB mice, including anti-chromatin autoantibodies of the
IgG2a subclass [67], while pristane injection into (NZB ´ NZW) F1 mice elicits
anti-Sm/RNP and Su autoantibodies, which are not part of the idiopathic disease of the (NZB ´ NZW) F1 but are found in pristane-induced autoimmunity
[68]. These observations suggest not only that idiopathic and induced autoimmunity may arise by different mechanisms but also that exogenous triggers can
influence disease expression.
The fourth type of model involves genetic manipulation in which a gene is deleted (“knockout”) or added (“transgenic”) in order to influence the expression of
autoimmunity. Both types of genetic modification can be used to study the influence of single genes on the animal models described above. Perhaps not unexpectedly, many gene deletions have little or no effect on the expression of autoimmunity and autoantibodies. Such negative effects need to be interpreted carefully, as
they may indicate a genetically redundant process rather than an unimportant
gene. Other gene deletions have been reported to influence differing aspects of
autoimmunity in a gene-specific manner, although the extent of the effect may
vary between experimental models. Some gene deletions exhibit highly consistent
responses. Thus, deletion of the gene for the pleiotropic cytokine interferon-c
(IFN-c) abrogates autoantibody production and immunopathology in mercury-induced autoimmunity of B10.S mice [69] and spontaneous autoimmunity in MRL/
Faslpr mice [70]. The significance of IFN-c in systemic autoimmunity has been
demonstrated in non-autoimmune-prone mice made transgenic for IFN-c expression in the epidermis [71]. The increased expression of IFN-c leads to a lupus-like
disease characterized by production of autoantibodies and immune complex–
mediated tissue damage [71]. Further evidence for the importance of IFN-c has
come from an examination of gene expression in the Nba2 locus of chromosome
1 of the mouse. Nba2 is a genetic interval identified as a locus of genetic susceptibility for lupus in the NZB strain. The offspring of Nba2 interval–specific congenic C57BL/6 mice mated with NZW mice develop autoimmunity similar to
the SLE-prone (NZB ´ NZW) F1 mouse. Examination of gene expression by
DNA array revealed a relationship between increased expression of interferon-inducible gene 202 (Ifi202) and features of systemic autoimmunity [72]. Importantly,
the gene for Ifi202 lies within the Nba2 interval. Confirmation that increased expression of Ifi202 occurs in other models of systemic lupus would significantly enhance its stature as a lupus susceptibility gene. However, as susceptibility for SLE
maps to multiple genetic loci, it is highly likely that additional genes contribute to
full disease expression in the (NZB ´ NZW) F1 mouse [4].
A number of other gene deletions are associated with expression of autoimmunity and autoantibodies. Some of these, such as deficiency of C1q, a component of the complement system, have particular relevance, as complement deficiencies in humans can lead to development of systemic lupus. Significantly,
lack of C1q is not sufficient for development of murine lupus; this gene deletion must occur on genetic backgrounds carrying additional susceptibility genes
for autoimmunity to occur [73]. It must also be noted that although many
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knockout and transgenic models exhibit features of autoimmunity, they may
also exhibit other features that are not consistent with the known spectrum of
clinical and immunological facets of autoimmune diseases [74]. More telling is
the finding that many of the genetic mutations that lead to autoimmunity in
mice are not necessary for the development of human systemic autoimmune
disease. As described above, mutation in the Fas gene contributes significantly
to the severity of murine SLE. However, mutations in the Fas gene are not associated with human SLE, but rather with autoimmune lymphoproliferative syndrome (ALPS). ALPS is characterized by lymphoproliferation of double-negative
T cells and autoantibodies against DNA and cardiolipin [75], features found in
mice with a Fas mutation but without other lupus susceptibility genes. Similarly, Dnase1-deficient mice develop a lupus-like disease with anti-chromatin autoantibodies [76], but deficiency of Dnase1 is not common in human systemic lupus. A nonsense mutation in exon 2 of the DNASE1 gene has been reported in
two apparently unrelated young Japanese patients [77] but not in Caucasian SLE
patients [78]. Matthew Pickering and Marina Botto present an overview of the
most significant gene-targeted models of SLE, with special emphasis on complement deficiency, and how they have contributed to our knowledge of the pathogenesis of lupus in Chapter 24.
Although care must be taken in their interpretation, identification and characterization of genes that are associated with autoimmunity and autoantibody production constitute fertile ground for the molecular biologist [79]. Elucidation of
the roles of the many genes that appear to contribute to the development of autoimmunity will help to define the critical molecular events in the disease process.
The murine strains described above have proven to be valuable model systems for
the study of many facets of autoimmunity and will play significant roles in future
genetic studies. It will be important to focus attention not only on the genetic loci
that impart susceptibility to autoimmunity but also on those that may allow an individual to resist development of autoimmune phenomena [5, 80].

1.6
Conclusions

Initially used as aids to clinical diagnosis, autoantibodies have become increasingly useful “reporter” molecules in the identification of structure-function relationships. New autoantigens continue to be discovered, while many described
autoantigens remain to be characterized both structurally and functionally. Autoantibodies will figure prominently in these characterization studies. As the molecular structures of the interaction between autoantigen and autoantibody become known, it should be possible to design peptide configurations capable of
perturbing the functional activity of numerous cellular processes.
Understanding the influence of genes and their products not only on susceptibility but also on resistance to autoimmunity and autoantibody expression is
in its infancy. But the tools to mature this field (inbred animal models of spon-
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taneous and induced autoimmunity, molecular techniques of transgenics and
gene knockout) are already available. They await the complex but potentially
fruitful identification and functional analysis of candidate genes.
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2
Prefatory Chapter:
The Importance of the Autoantibody-defined Epitope
Eng M. Tan

2.1
Introduction

Autoimmunity should be defined in the strict sense as an immune response by
the host to a self-antigen, at either the humoral or cellular level or both. This
definition distinguishes the autoimmune response per se from autoimmune
disease where the humoral and/or cellular consequences of the immune response have resulted in pathophysiological abnormalities. In this sense, autoimmunity as a phenomenon is not uncommon, but the follow-through to autoimmune disease has been less common. This observation begs the question of
whether there are autoimmune responses that are physiological and others that
are pathological. In this chapter, I will describe the unique features of the autoantibody-defined epitope, or the antigenic determinant on the self-antigen, and
how perhaps this knowledge might be useful in the context of designing reagents for immunotherapy.
Immunotherapy has been described as any approach aimed at mobilizing or
manipulating a patient’s immune system to treat or cure disease [1]. This has
included therapeutic vaccines consisting of modified or unmodified self-antigens or peptides of such antigens in order to activate the patient’s own immune
response. Other approaches include the use of monoclonal antibodies targeting
autoantigens, cytokines, or cell receptors shown to be involved in tissue pathology. Immunotherapy in the form of monoclonal antibodies to TNFa or as secretory subunits of TNFa have been strikingly successful in the treatment of rheumatoid arthritis [2], but other forms of immunotherapy have not been as successful. The problems encountered have included unacceptable side effects of
autoimmune hyperthyroidism in multiple sclerosis patients treated with monoclonal antibody to CD52 [3, 4] and minimal responsiveness using cancer immunotherapy based on peptide antigens [5, 6]. These and other difficulties have led
some investigators to say that human immunotherapy is currently “bewildered”
about how to stimulate the immune system and what new directions to pursue
[1].
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It is not a point of contention to say that there is very little proven knowledge
concerning the mechanisms leading to an autoimmune response to a molecule
that is part of self. Our understanding of mechanisms leading to the immune
processing of a foreign antigen such as a purified foreign protein is fairly comprehensive, but the knowledge concerning immune processing of a self-protein
is at present rudimentary and speculative. There are multiple and complex reasons for this state of our ignorance, not the least of which are uncertainties as
to how self-proteins or other self-molecules are recognized as foreign by the immune system. Some of these questions addressed in this book include apoptosis
and cell necrosis in the intracellular degradation of potential autoantigens (see
Chapters 6 and 7), but these may be but the tip of a hidden iceberg of many
mechanisms.
One of the hallmarks of many autoimmune diseases is the production of autoantibodies to specific cassettes of cellular autoantigens. This is abundantly
demonstrated not only in systemic autoimmune diseases such as lupus but also
in organ-specific autoimmune diseases such as type 1 diabetes, autoimmune
thyroid disease, and others as described by several authors in this book. Autoantibodies to these disease-specific autoantigens have become clinically useful as
diagnostic markers in medicine. What has been not as fully appreciated is the
fact that there is valuable information to be gained from analyzing the reactive
epitopes of autoantigens. In essence, the immune system of the patient is saying that in the case of a particular self-molecule, its own immune system is able
to mount an immune response to one particular region but is unable to make a
response to another. In the design of antigen-specific immunotherapy, it would
be important to capitalize on this information and not design antigens to which
the immune system has been non-responsive.

2.2
The Uniqueness of the Autoantibody-defined Antigenic Determinant
or the Autoepitope

In the 1960s there was great interest and activity in identification of autoantibodies in the systemic rheumatic diseases (reviewed in [7]). One of the standard
methods for the identification of such autoantibodies was with the use of immunofluorescence microscopy for detection of autoantibodies reacting with nucleus and cytoplasm of tissue cryosections or tissue culture cells. This immunohistochemical technique revealed that different autoantibodies would display different patterns of fluorescence in nucleus, nucleolus, and cytoplasm. One of the
key observations was that autoantibodies from patients with many systemic
rheumatic diseases not only reacted with nuclear, nucleolar, or cytoplasmic constituents of human origin but also were reactive with tissues or tissue culture
cells across a wide range of species. These observations gave rise to the concept
that autoantibodies were reacting with antigens that were highly conserved in
evolution. It was not immediately apparent at that time that there was a more
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profound significance to these findings. The antigenic determinant that was reacting with autoantibodies was a unique region of the antigen. The special characteristics of the antigenic determinant or the autoepitope are described below.
2.2.1
The Highly Conserved Nature of the Autoepitope

Patients with Sjögren’s syndrome produce autoantibodies to a nuclear protein
that is transiently associated with a number of small RNA species in the form
of a complex of ribonucleoprotein particles. This nuclear protein called SS-B/La
was isolated from bovine thymus extracts and purified as an antigen-antibody
complex using autoantibodies from Sjögren’s syndrome patients [8]. The SS-B/
La immune complex was used to immunize mice and the immune response
was analyzed using immunoprecipitation, Western blotting, and immunohistochemistry. The sera from these mice as well as monoclonal antibodies generated
from spleen cells were compared in their immunoreactivity with a standard human autoantibody to SS-B/La obtained from the Centers for Disease Control
and Prevention (CDC) in Atlanta. Five monoclonal antibodies to SS-B/La were
examined for immunological reactivities to full-length native SS-B/La and SS-B/
La fragments obtained from S. aureus V8 digestion. It was observed that all five
monoclonal antibodies showed different patterns of reactivity from the human
autoantibody, indicating that although experimentally induced antibodies and
the human autoantibody were all reactive with the full-length protein, they were
recognizing different antigenic determinants. The crucial finding was in immunohistochemistry, using tissue culture cell lines from different species including
human, monkey, rabbit, bovine, hamster, rat, mouse, and rat kangaroo (Table
2.1). The experimentally induced murine monoclonal antibodies were reactive
in immunohistochemistry with the nuclei of cells from human, monkey, rabbit,
and bovine cells but were non-reactive with nuclei of hamster, rat, mouse, and
rat kangaroo. In contrast, the human autoantibody was equally reactive with nuclear SS-B/La in all of the species tested. This experiment clearly demonstrated
that the epitope on SS-B/La reactive with human autoantibody was a region that
was more highly conserved than other regions of the molecules. This special
property was exhibited by sera from all Sjögren’s syndrome patients tested.
2.2.2
The Autoepitope Resides at or in Close Proximity to the Functional Region
or Binding Site of the Antigen

Studies were continued comparing the properties of human autoantibodies to
antibodies experimentally produced by immunization. Proliferating cell nuclear
antigen (PCNA) was first observed in an immunoprecipitation reaction between
lupus serum and an antigen in thymus extracts [9]. It was noted that activated
lymphocytes undergoing proliferation contained high amounts of the antigen
and hence the designation of PCNA given to this antigen. PCNA was shown to
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Table 2.1 Species-specific reactivities of monoclonal antibodies to
SS-B/La antigen as detected by immunofluorescence (taken from [8]).
Species

Cell line origin

Immunofluorescence a)
Murine monoclonal antibodies

Human
Human
Human
Monkey
Rabbit
Bovine
Hamster
Rat
Mouse
Rat kangaroo

Hep-2, larynx
HeLa, cervix
Raji, Burkitt
lymphoma
Vero, kidney
R9ab, lung
MDBK, kidney
BHK-21, kidney
6m2, kidney
3T3, fibroblast
PtK2, kidney

Human sera
Ze b)

A1

A2

A3

A4

A5

+
+
+

+
+
+

+
+
+

–
–
–

–
–
–

+
+
+

+
+
+
–
–
–
–

+
+
+
–
–
–
–

+
+
+
–
–
–
–

–
–
–
–
–
–
–

–
–
–
–
–
–
–

+
+
+
+
+
+
+

a)

Cells were grown in Lab-Tek tissue culture chambers and fixed
in a mixture of acetone and methanol (3:1) at –20 8C for 2 min.

b)

Ze serum is the CDC reference serum for anti-SS-B/La specificity.

be identical to the auxiliary protein of DNA polymerase d and was an essential
component of DNA synthesis in replicating cells [10]. The properties of two
murine monoclonal antibodies to PCNA and a rabbit polyclonal antibody raised
against an N-terminal peptide were examined in a comparative study with human autoantibody. The ability of DNA polymerase d to utilize template/primers
containing long stretches of single-stranded nucleotides was inhibited by the
human autoantibody, whereas the two murine monoclonal antibodies and the
rabbit anti-peptide antibody were ineffective [11]. This observation was consistent with immunostaining, which showed that human autoantibodies to PCNA
reacted with the nuclei of tissue culture cells in the late G1 and the S phases of
the cell cycle. The areas of antibody immunolocalization coincided with uptake
of radiolabeled thymidine, indicating that these areas were the sites of DNA replication.
The ability of human autoantibodies to inhibit function was demonstrated in
a study using serum from a patient with polymyositis that contained autoantibody to threonyl-tRNA synthetase [12]. Antibodies to a few classes of tRNA
synthetases are a feature of patients with polymyositis. The human autoantibody to threonyl-tRNA synthetase was examined together with an experimentally induced antibody against highly purified rabbit reticulocyte threonyl-tRNA
synthetase. The human autoantibody specifically inhibited threonyl-tRNA synthetase activity, whereas the experimentally induced antibody had no effect on
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aminoacylation. It was inferred that the epitopes recognized by the human autoantibody were formed by the tertiary structure of the enzyme and were associated with the catalytic site of the synthetase, whereas the experimentally induced antibody recognized epitopes not related to the catalytic function of the
synthetase.
Many studies have shown that autoantibodies with specific reactivities for a
number of nuclear antigens with known functions have the same capability of
inhibiting such functions. These include antibodies to small nuclear ribonucleoprotein particles such as antibodies to Sm and to U1-snRNP, which are able to
inhibit pre-mRNA splicing. Human autoantibodies to specific antigens are able
to inhibit functions of DNA topoisomerase 1, DNA topoisomerase 2, and RNA
polymerase 1.

2.2.3
The Autoepitope is Composed of Conformation-dependent
Discontinuous Sequences of the Antigen

The molecular structure of the autoepitope of PCNA was further analyzed with
human autoantibody and experimentally induced antibodies. Epitope mapping
of full-length human PCNA as well as in vitro–translated protein products with
carboxy-terminal or amino-terminal deletions were performed [13–15]. From
analysis of the patterns of reactivity of 14 different human anti-PCNA autoantibodies, it was deduced that the apparent heterogeneity of human autoantibodies
to PCNA could be explained by immune responses to conformational epitopes.
It was postulated that these conformational epitopes may be related to protein
folding or to association of PCNA with other intranuclear proteins or nucleic
acids as might occur when PCNA is complexed with other molecules in the
functional state. This hypothesis was further examined by the use of compound
peptides of PCNA, which consisted of joining of discontinuous regions of the
primary amino acid sequence. Several such compound peptides were synthesized and used to immunize rabbits to produce antibodies. These antibodies
were then examined in various parameters including immunoprecipitation, immunoblotting, and immunohistochemistry. One compound peptide, composed
of amino acid sequences 159–165 joined to sequence 255–261, induced an antibody response remarkably similar to that demonstrated by human anti-PCNA
autoantibody. Figure 2.1 compares the immunohistochemistry of antibody to
this compound peptide with that of human anti-PCNA. Double immunofluorescent labeling with fluorescein isothiocyanate and rhodamine demonstrated that
anti-compound peptide (Fig. 2.1 A) and human antibody (Fig. 2.1 B) decorated
nuclei of the same cells. Fig. 2.1 C, D shows labeling of a different field with
anti-compound peptide (Fig. 2.1 C) and BrdU (Fig. 2.1 D). This study supports
the observations from epitope mapping by showing that a peptide composed of
discontinuous sequences of PCNA was able to induce antibody with reactivities
similar to those of human autoantibody.
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Fig. 2.1 Characterization by immunohistochemistry of nuclear staining by antiserum
to compound peptide. Frames A and B are
double immunofluorescent labeling of the
same field (yellow-green: fluorescein isothiocyanate; red: rhodamine) with antiserum to
compound peptide (A) and with human antiPCNA autoantibody (B). This is a non-synchronized tissue culture cell preparation

showing that cells undergoing DNA synthesis (arrow for early S phase and arrowhead
for late S phase) are recognized in a similar
fashion by both sera. Frames C and D compare another field showing staining with
anti-compound peptide (C) and BrdU staining (D), the latter showing that nuclei in
DNA synthesis are also those recognized by
anti-compound peptide antibody (from [15]).

Extensive studies by others have also demonstrated that the majority of B-cell
epitopes are discontinuous and conformational [16]. Antibodies against discontinuous regions of a picornavirus protein have been demonstrated in foot and
mouth disease of cattle [17]. In human choriogonadotropin, a region of the a
subunit (residues 41–60) was joined to a region of the b subunit (residues 101–
121), and antibodies to the compound peptide inhibited the binding of human
choriogonadotropin to its receptor [18]. Autoreactive epitopes defined by type 1
diabetes–associated human monoclonal antibodies have been mapped to the
middle and C-terminal domains of GAD65 [19, 20].
2.3
Conclusions

Autoimmunity and autoimmune disease continue to be puzzles that are receiving intensive scrutiny by many research laboratories worldwide. In this chapter,
I have focused on the humoral arm of the autoimmune response and reviewed
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self-antigen may be unlike an immune response to a foreign antigen or to a laboratory-purified autologous antigen. One of the special features of the humoral
autoimmune response is that the autoantigens are highly conserved molecules,
but, in the fine details, the conserved antigenic determinant is a complex epitope that consists of conformation-dependent discontinuous regions of the selfmolecule. This autoepitope appears to be the functional site or the interactive
binding region of the molecule. These findings are in striking contrast to the
immune response to a foreign antigen. An important issue that needs to be
resolved in the puzzle of autoimmunity is the elucidation of the mechanisms
whereby the host regulates in such a specific manner its own immune response
to a self-antigen.
In the design of antigen-specific immunotherapy, it would seem to be important to understand how the host with autoimmune disease has responded to its
own self-antigens. In antigen-specific immunotherapy, it might be more appropriate to design peptides or fragments of the antigen that are the counterparts
of the antigenic determinants recognized by the host. The host’s immune system is informing us that it is capable of making an immune response to a specific region of the autoantigen and is unable or unwilling to make an immune
response to other regions [21, 22]. Antigen-specific immunotherapy utilizing
these precepts could be more promising. It is evident that this approach could
also be used in designing immunotherapy targeting T cells, dendritic cells, and
other immunocompetent cells playing roles in autoimmune disease.
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3
Self/Non-self Recognition
Alan G. Baxter

3.1
Introduction

Tauber (1997), in his book The Immune Self – Theory or Metaphor, examined the
origins and significance of the concept of self/non-self discrimination. In the
process of asking whether immunological self constituted a theory or a metaphor, he drew parallels between the search for a guiding principle to immunoreactivity and the philosophical issue of identity. Tauber occupies much of the
book discussing the contributions of Kant, Descartes, Hegel, and Fichte et al. to
immunological theory. Macfarlane Burnet was responsible for introducing the
term to immunology – although he used the phrase “self and not-self” – and it
is clear from his writing that he did not see self as a deeply philosophical concept. His rationale for introducing the phrase was that the same biological processes involved in pathogen defenses appeared to be active in transplant rejection, ABO blood group incompatibilities, and the complications of fetal/maternal blood exchange during pregnancy. Thus, the activation of these processes
had to involve a principle broader than just the recognition of infection (Burnet
1959) and these additional phenomena had to be incorporated into any concept
of “what the immune system does.” To him, self was neither a theory nor a metaphor, but an analogy.

3.2
Immunological Self
3.2.1
Burnet’s Self-marker Hypothesis

Burnet published two editions of his monograph The Production of Antibodies
(Burnet et al. 1941; Burnet and Fenner 1949). Both were concise but comprehensive summaries of the current findings pertaining to the character and regu-
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lation of immune responses and included attempts to draft general principles to
explain these data. Two major changes in approach were made between the two
editions. The first was that Burnet’s original monograph built on the molecular
(biochemical) understandings of immunological responses, while in the second
edition he attempted to explain largely the same phenomena at a higher level of
organization – the cellular level. The general form of this perspective was tentatively explored in a review in the December 1948 issue of Heredity (Burnet and
Fenner 1948), which was published while they were still working on the revised
version of The Production of Antibodies. Here, Burnet and Fenner combined clinical experience with experimental studies in forming this new perspective,
which they justified by arguing (Burnet and Fenner 1948):
n Landsteiner’s influence has been outstanding, and his ideas as
developed by Marrack, Heidelburger, Pauling and others have
given a strong bias towards interpretation of immunological
phenomena in almost exclusively chemical terms . . . Nevertheless it must still be maintained that the phenomena of immunity are biological phenomena and are no more expressible
simply in chemical terms than those of growth, bodily repair,
or reproduction.

The second major difference between the two editions, again tentatively raised
in the Heredity manuscript, was the introduction of a principle to explain the
immune system’s congeniality to the body’s own tissues. They cited examples of
responses to infection, blood group incompatibility, and tissue transplantation
and even foreshadowed the use of the term “not-self” to describe foreign molecules or particles subjected to immunogenic destruction within phagocytes.
Despite the similarity in approaches, it was not until the second edition of
The Production of Antibodies that they persuasively argued for a biological principle of self/non-self discrimination. Again, working from a cellular perspective,
they argued for a level of understanding broader than that of the chemists, writing that their monograph was “wholly concerned with . . . the processes of antibody formation and an attempt to interpret these findings in biological rather
than chemic terms.” It is clear, however, that they remained keen to incorporate
the clues to mechanism provided by molecular studies. A significant proportion
of the text deals with the chemical nature of antibody, and the basis of self/nonself discrimination is attributed to the ability of the cells of the immune system
to recognize particular molecular “patterns” or “markers.” Burnet and Fenner
(1949) proposed that the immune system could react in two sharply different
ways to body constituents on the one hand and foreign organic matter on the
other:
n The hypothesis [is] put forward that differentiation is based on
the existence of a small number of marker components in the
expendable body cells . . . It is an obvious physiological necessity

3.2 Immunological Self

and a fact fully established by experiment that the body’s
own cells should not provoke antibody formation . . . This is
not due to any intrinsic absence of antigenic components;
the same cells injected into a different species or even into
another unrelated animal of the same species may give rise to
active antibody production. The failure of antibody production
against autologous cells demands the postulation of an active
ability of the reticulo-endothelial cells to recognise “self ”
pattern from “not-self ” pattern in organic material taken
into their substance. The first requirement of an adequate
theory of antibody production is to account for this differentiation of function by which the natural entry of foreign
micro-organisms or the artificial injection of foreign red cells
provokes an immunological reaction while the physically
similar autologous material is inert.

They proposed that the differentiation of self from non-self was achieved by
marking the body’s own tissues with molecular tags unique to that individual
(or at least uncommonly shared with other organisms) (Burnet and Fenner 1948):
n We are driven to the conclusion that all body cells carry some
or all of a relatively small number of marker components
whose specific character is determined by a correspondingly
small number of genes . . . On this view there is within each
phagocytic cell of the reticuloendothelial system a mechanism
tuned to respond to any “self-marker” in material which it
takes into its cytoplasm, by a non-immunological destructive
process. If organic material which contains none of the molecular patterns characteristic of the self-markers enters the cell,
the latter responds by the development of the adaptive mechanism we have described, so initiating antibody production.

It was this hypothesis that Burnet and Fenner (1949) saw as the major intellectual contribution presented in the second edition, writing in the Preface:
n The absence of antigenicity of the body’s own constituents
and the failure of mammalian or avian embryos to produce
antibody are two aspects that have not previously been considered in relation to immunological theory. The introduction
of the “self-marker” hypothesis to bring these aspects into
the picture is the chief novelty of our presentation.
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3.2.2
A Confusion of Level: Adaptive Enzymes

Paradoxically, their model was severely limited by Burnet’s concept of “adaptive
enzymes” as the source of antibody diversity. This was paradoxical since this
mechanism operated at the molecular, rather than the cellular, level. Described
originally in the first edition of The Production of Antibodies and essentially unchanged in the second edition, the concept was entirely based on the erroneous
view that proteins could be self-replicating (see Fig. 3.1). It was proposed that
they replicated not in the sense that we imagine prions can catalyze tertiary
structural modifications, but in the sense that they were postulated to act as the
template for the assembly of more of their own amino acid sequences (Burnet
et al. 1941):
n If the protein by this enzyme activity reconstitutes itself in
detail from amino acids or other protein fragments available,
we have at once the pattern to which the new protein is built
and at the same time the scaffolding on which it is constructed.

In the early 1940s this view was not unconventional. By the end of the decade,
it was a minority view preserved through a fundamental misappraisal of the
available biological data. While geneticists were moving towards the view we
now hold as Watson’s “central dogma” of genetics, Burnet was clinging to an increasingly outdated biochemical model of protein production (Burnet and Fenner 1948):
n In practically every example that has been adequately studied,
each antigenic pattern that is characteristic of the cells of
some individuals and not others within a species, is inherited
as if its character were controlled by a single gene. This has
led to the suggestion, supported by Haldane, Sturtevant and
others, that the molecular pattern responsible for antigenic
specificity might be traced back to the gene itself . . . We feel
that this may be an unduly sweeping generalization.

In Burnet’s view, proteins could be divided into living proteins – those enzymes
capable of self-replication – and nonliving proteins, which equate to our current
understanding of protein biochemistry. The production of antibodies was attributed to living proteins involved in the degradation of damaged autologous tissues. In response to foreign material, these enzymes underwent structural modification that allowed them to effectively bind to and eliminate the foreign template. Antibodies were postulated to be partial replicas of these enzymes (Burnet
and Fenner 1948):

3.2 Immunological Self

n [Antibodies] are synthesized within cells of the reticuloendothelial
system by certain proteinase units of the cells. These liberate partial
replicas of themselves (i.e. antibodies) . . . eventually into the blood
or lymph. These proteinases, in virtue of their enzymatic function,
come into contact with any foreign antigens taken into the cell,
and are lastingly modified by this contact.

Fig. 3.1 Diagram illustrating the essential
differences between the Haurowitz-Pauling
direct template theory, the Burnet-Fenner indirect template theory, and the clonal selection theory. In the direct template theory,
antigen itself enters the cell and stamps out
a complementary pattern on each antibody
molecule after it has been produced. In the
indirect template theory, the antigen induces
a structural change in the enzymatic machinery that generates antibodies, resulting in the
production of complementary antibodies.

In the clonal selection theory, genetic machinery generates a soluble antibody and a
cell-surface receptor with the same specificity. The binding of antigen to the surface
receptor results in amplification of antibody
production and clonal expansion of the cell
bearing the appropriate specificity. The genetic machinery can be modified by somatic
mutation and selection on the basis of
the affinity of the surface receptor, thereby
improving the affinity of the antibody
produced. (After Burnet 1959, Fig. 6)
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Similarly, from the second edition of The Production of Antibodies (Burnet and
Fenner 1949):
n Autologous material is dealt with by appropriate enzymatic
systems without involving change from the existent status.
Foreign material is dealt with by the same cells and processes
but at some point in the mechanism a modification is necessary. . . An appropriate adaptive enzyme is produced which
has the necessary configuration for effective adsorption to the
unfamiliar substrate.

The refinements made to this model in the second edition were minor and
were prompted mostly by new data on the requirements for antibody formation.
For example, while antibody production was attributed to the reticuloendothelial
cells in the first edition, in the second they stated that “it is immaterial . . . which
histological cell type is responsible for the enzyme action involved . . . ” Data on
the effects of priming were incorporated thus (Burnet and Fenner 1949):
n It seems highly probably that the function of first antigenic
contact is to produce the adaptive modification while subsequent contacts stimulate its replication and eventual
liberation of partial replicas into the blood stream.

The only retreat from the original concept was lexical (Burnet and Fenner
1949):
n It is important not to press the analogy with known adaptive
enzymes too closely. . . The essence of our hypothesis is that,
irrespective of whether it is legitimate or not to call it an
adaptive enzyme, a new self-replicating system is now present
in the cell which can be caused to multiply by the appropriate
stimulus.

The importance of Burnet’s reliance on his “adaptive enzyme” hypothesis cannot be overstated. A direct consequence of it was that to the modern reader, five
of the seven “General Aspects of Antibody Production” listed in the Summary
and Conclusions chapter of the second edition of The Production of Antibodies
would be regarded as being in error. This weakness was recognized by Burnet
and Fenner (1949) at the time:
n The weakness of such a formulation centres on the postulated
intracellular enzymatic unit and its capacity to undergo adaptive modification. This goes far beyond what is known of classical enzyme chemistry.

3.2 Immunological Self

3.2.3
The Boundaries of Self

Although barely mentioned, the concept of immunological self as introduced in
the Heredity manuscript and presented in The Production of Antibodies had significant boundary problems. The brain and the anterior chamber of the eye are
immunologically quiescent sites into which some foreign grafts can be transplanted without rejection (reviewed in Medawar 1948). Burnet excised these
from the domain of the immune system, describing them as “nonexpendable
organs” (Burnet and Fenner 1948):
n Both situations are morphologically and physiologically
shielded from concern with significant, i.e. non-fatal, emergencies, and their tolerance of implanted foreign tissues is probably in some way related to this characteristic.

Burnet’s approach to biology was heavily influenced by evolutionary theory and
it seems likely that evolutionary considerations motivated this decision. Presumably he felt – although this is not explicitly stated – that in evolutionary history
severe infections of brain or eye led inevitably to greatly reduced reproductive
fitness; thus, there was little evolutionary pressure to maintain effective immune defenses in these sites. Furthermore, as a robust immune response to a
minor infection in brain or eye might do more damage than the infection itself,
there may even have been a selective pressure against such responses.
A more confounding issue regarding these organs is the problem that both
contain autologous tissues that are themselves immunogenic. This is acknowledged only in passing in the second edition of The Production of Antibodies (Burnet and Fenner 1949):
n Minor exceptions to this rule [that the body’s own tissues do
not provoke antibody responses] concern only tissues which
are “unexpendable,” parts of the central nervous system and
the eye.

This phenomenon has remained unexplained.
Ten percent of our dried body weight is, and 90% of all cells within our
bodies are, microbial and not encoded in our own genome. Yet these appear, to
all intents and purposes, to lie within the domain of “immunological self.” The
only attempt to deal with this problem was to introduce the requirement that
for a macromolecular substance to be antigenic, it must not normally be present in the immunized animal.
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3.2.4
Prenatal Tolerance: Testing the Model

Both the Heredity manuscript and second edition of The Production of Antibodies
mentioned the lack of immunological responsiveness in embryonic and newborn individuals. In the Heredity manuscript, Burnet and Fenner (1948) described in passing the work of Ray Owen (1945), who had observed mutual tolerance of tissues from fraternal calf twins that had shared a placenta in utero
(Burnet and Fenner 1948):
n Under circumstances where twins . . . have a common circulation, two types of red cell may be found in both twins for life.
One corresponds genetically to its own cells, the other to its
twin’s. This finding seems to have been completely established
and has the important implication that cells “foreign” to the
host may be tolerated indefinitely provided they are implanted
early in embryonic life.

In The Production of Antibodies, an entire chapter is given over to the immunological behavior of young animals, emphasizing the point that for a short time
the young (at least of birds and mammals) are almost incapable of producing
antibodies. They now cited the work of Owen (1945, 1946) more extensively
(Burnet and Fenner 1949):
n Owen found that the common placental circulation of twin
foetuses might . . . . result in two antigenic types of red blood
cell being found in both twins for life . . . The important implication of this work is that cells “foreign” to the host may be
tolerated indefinitely providing they are implanted early in
embryonic life . . . This raises the suggestion that the process by
which self-pattern becomes recognizable takes place during
the embryonic period or immediately post-embryonic stages.

More significantly, they revisited the issue in their chapter on the theoretical aspects of antibody production. After restating the observation that fetal mammals
and chick embryos are incapable of generating antibodies and that the full
capacity to do so develops only slowly in the young, Burnet and Fenner (1949)
wrote:
n This raises the suggestion that the process by which self-pattern becomes recognizable takes place during the embryonic
or immediately post-embryonic stages . . . If in embryonic life
expendable cells from a genetically distinct race are implanted
and established, no antibody response should develop against
the foreign cell antigen when the animal takes on independent existence.

3.2 Immunological Self

They concluded:
n The self-marker concept seems to provide a number of suggestions for experimental work to substantiate or refute it.
A virtually direct proof of its correctness could be obtained if
experimental techniques could be developed to produce with a
wider range of antigens introduced into embryos the persisting
tolerance of foreign cells found by Owen in his studies on
multiple births in cattle.

At the time, Burnet and Fenner were in correspondence with Peter Medawar, a
brilliant experimental biologist who had published extensively on immunological responses to allografts, especially skin allografts. Medawar’s work had been
motivated by the extreme difficulties in treating burn victims during the Second
World War (discussed in Baxter 2000), and he became involved in clinical studies of human skin transplantation. He interpreted the finding that a second set
of skin allografts from the same donor was rejected more rapidly than the first
as evidence of an immunological process underlying the tissue destruction (Gibson and Medawar 1943). As he could not see any evidence of cellular infiltration
into the grafts, he and Burnet corresponded on the results of experiments designed to test the hypothesis that antibodies were responsible for allograft rejection (Burnet and Fenner 1949).
In 1948, Medawar had offered to help Hugh Donald, a livestock geneticist, to
distinguish between monozygotic and dizygotic twin cattle by skin transplantation, in the expectation that grafts between dizygotic twins would be rejected.
The finding that this did not occur was inexplicable to him until he read of
Owen’s work in Burnet and Fenner’s The Production of Antibodies (Medawar
1986; Baxter 2000). Owen’s findings confirmed Medawar’s own experience with
other antigens. It was the theoretical underpinning of this work on Burnet and
Fenner’s self-marker concept, particularly as it pertained to prenatal tolerance,
that spurred Medawar to directly test the hypothesis that the introduction of foreign cells into embryos would prevent the development of an immune response
against them after birth.
Billingham et al. (1953) injected inbred CBA mouse embryos at 15–16 days of
gestation with tissue fragments from albino A strain mice. Once the recipient
mice reached eight weeks of age, rejection of A strain skin grafts was significantly
inhibited and in some cases the grafts were tolerated indefinitely. Additional experiments demonstrated that the tolerance induced was donor-strain specific,
did not affect rejection of third-party grafts, could be induced by injection of a wide
variety of tissue types, and did not occur if injection was delayed until after birth.
They concluded that the time of birth was a “critical point” in which the response
to an antigenic challenge changed dramatically. Tolerance was a characteristic of
the treated mouse, not the graft, since rejection could be induced by injection
of syngeneic splenic cells from primed CBA mice, and the A skin grafts were capable of being rejected by new recipients if re-transplanted.
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Seven years later, these findings led to the award of the Nobel Prize for Physiology or Medicine to Frank Macfarlane Burnet and Peter Brian Medawar “for
the discovery of acquired immunological tolerance” (Brent 2003).

3.3
The Clonal Selection Theory
3.3.1
Immune Theories of Natural Selection

The contribution of the concept of natural selection to our understanding of
self/non-self discrimination has been critical. Natural selection occurs in any
system that undergoes replication, mutation, and selection. Darwin recognized
that these processes were sufficient to account for evolution of species, but it
took some time for the realization that natural selection was not limited to the
production of well-adapted animals; it occurs to various degrees in any system
in which these three processes operate. For example, Dawkins and Gould argued for many years whether natural section of organisms occurred at the level
of the gene or of the individual (Dawkins 1998, 2003; Gould 1990). This argument had little merit (other than providing a vehicle for the discussion of interesting science) since both genes and individuals are subject to replication, mutation, and selection, and therefore both are potentially subject to natural selection.
The first person to attempt to incorporate natural selection into a theory of
antibody production was Niels Jerne. He proposed that a broad range of specificities of antibodies were released into the blood spontaneously and that antibodies were subject to a replicative drive following their binding to antigen. In
order to remain consistent with data indicating a cellular origin of antibody production, he postulated that on binding antigen, antibodies were shuttled to the
appropriate cells for reproduction (see Fig. 3.1).
Jerne raised three interesting points in his manuscript. Firstly, his model provided an explanation for affinity maturation: “The reproduction [of antibody]
need not be highly faithful; copying mistakes will be harmless, and may occasionally produce an improved fit” (Jerne 1955). Thus, as replication was likely to
be prone to occasional copying mistakes, over the course of an immune response there would be a tendency for more avid antibodies to dominate, as they
competed more effectively for antigen.
Secondly, the model introduced the requirement for some (presumably genetic)
mechanism for generating a broad range of antibody specificities (Jerne 1955):
n Somewhere in the beginning . . . we have to postulate a spontaneous production of globulin molecules of a great variety of
random specificities in order to start the process. Possibly a
specialized lymphoid tissue, such as that of the thymus . . . . is
engaged in this function.

3.3 The Clonal Selection Theory

Thirdly, the model provided a potential mechanism for the induction of tolerance (Jerne 1955):
n If this small spontaneous production of globulin took place
mainly in embryonic and early independent life . . . the early
removal of a specific fraction of molecules might lead to the
permanent disappearance of this type of specificity. . . The
absence from the circulation of such antibodies would, in turn,
prevent response to a later antigenic stimulus of this type.

These three characteristics derive directly from the application of a natural selection model to immunity and immediately provided Jerne’s theory with a great
deal of credibility.
However, Jerne’s theory had two major problems. He realized that a corollary
of his theory was that the injection of an antibody specific for a particular antigen should boost subsequent elicited antibody responses to that antigen since
increased numbers of antibody molecules would be available to undergo replication. Experimental results showed that in most cases, responses were suppressed. The second problem was one shared by Burnet’s adaptive enzyme model, but by 1955 it was becoming a major sticking point: the great weight of
evidence indicated that proteins did not act as replicative units but that their
structure was encoded in a genomic template. Although Monod’s work on transcription regulation was not fully developed until the early 1960s, by 1955 he
had published extensively in French on the genetic control of enzyme biosynthesis, and a number of influential reviews had also been published in English.
Burnet, at least, was aware of his work, since he cited it (Burnet 1956). Monod’s
model of enzyme induction was widely held and was incompatible with the
ideas of proteins as templates or replicating units.
In 1956, Burnet published “a revision” of the Burnet and Fenner (1949) edition of The Production of Antibodies, entitled Enzyme, Antigen and Virus (Burnet
1956). This was extraordinarily bad timing as it was submitted in early September 1955, perhaps only one or two weeks before Jerne submitted a paper on his
natural selection theory. The book contained an entirely new chapter on the biochemistry of protein synthesis and a revised mechanism for his adaptive enzyme hypothesis. The tide of opinion was now too strong to ignore (Burnet
1956):
n In view of the strong current opinion that, at least in the
great majority of instances, adaptive enzymes are not produced by self-replicating mechanism, special attention must
be given to the question of the transmission of an antibodyproducing capacity from a cell to its descendants.
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A significant part of the book then provided a biochemical model for an acquired heritable trait (antibody specificity) in a dividing population (lymphocytes); it was an RNA-based cytoplasmic process he called “genocopy.” The book
is a disappointment and leaves one with the feeling that a retreat further into
biochemistry did not help his argument. It is likely that Burnet himself was unhappy with it, particularly in light of Jerne’s paper, as he subsequently wrote
that one of his reasons for discarding the indirect template hypothesis was that
“several immunologists, including Jerne himself, have suggested that the selfmarker theory is semi-mystical in character and generally unattractive” (Burnet
1959).
Early in 1957, Burnet received a preprint of a review entitled Allergy and Immunology by David Talmage (1957), then at the University of Chicago. Although
much of the paper was devoted to issues specific to allergy, the paper summarized existing immunological theories and encapsulated a new model of antibody production. Despite couching his new model in tentative phrasing (“As a
working hypothesis it is tempting to consider. . . ”), his incisive dealing with the
problems associated with previous models and the explanatory power of the
model proposed betrayed a prodigious intellect and a great depth of thought on
the subject. He borrowed from Burnet and Jerne, as well as from the model
proposed by Ehrlich (1900) in which an antigen bound to specific cell-surface
receptors and thereby triggered the cell to secrete soluble copies of antibodies
with the same specificity as the particular receptor ligated (see Fig. 3.1). Talmage produced a hybrid model in which he proposed (1) that an initial range
of antibodies were spontaneously produced and that an antigen selected those
that bound with high affinity for expansion (like Jerne); (2) that this selection
process occurred at the level of cell-bound antibody (like Ehrlich); and (3) that
the unit responsible for expansion was the antibody-producing cell itself (his
own contribution). For the first time, the replicating unit was shifted from proteins or hypothetical intracellular machinery to a unit known to be capable of
replication – the cell. Furthermore, it was no longer necessary to postulate a
protein template; instead, the model conformed to the generally accepted view
that proteins were encoded by nucleic acids in the genome.
3.3.2
Clonal Selection

Burnet’s response to receiving Talmage’s paper was to write a “preliminary communication” titled “A Modification of Jerne’s Theory of Antibody Production
Using the Concept of Clonal Selection” (Burnet 1957). This paper cites Talmage,
pays homage to his classification of previous theories, and explicitly acknowledges Talmage’s priority in the idea that cells were the replicating elements
responsible for the exponential expansion of antibody production. It claims priority for Burnet in viewing the processes involved from a clonal perspective.
Burnet’s reworking of Talmage’s model can be presented in an abridged form
(Burnet 1957):

3.3 The Clonal Selection Theory

n Among [antibodies] are molecules that can correspond probably with varying degrees of precision to all, or virtually all,
the antigenic determinants that occur in biological material
other than that characteristic of the body itself. Each type of
pattern is a specific product of a clone of [lymphocytes] and
it is the essence of the hypothesis that each cell automatically
has available on its surface representative reactive sites
equivalent to those of the globulin they produce . . . It is
assumed that when an antigen enters the blood or tissue
fluids it will attach to the surface of any lymphocyte carrying
reactive sites which correspond to one of its antigenic determinants . . . It is postulated that when antigen-[antibody] contact
takes place on the surface of a lymphocyte the cell is activated
to settle in an appropriate tissue . . . and there undergo proliferation to produce a variety of descendents. In this way,
preferential proliferation will be initiated of all those clones
whose reactive sites correspond to the antigenic determinants
on the antigen used. The descendents will [be] capable of
active liberation of soluble antibody and lymphocytes which
can fulfil the same functions as the parental forms.

Burnet’s preliminary communication was very brief – only two manuscript pages
– but it rings with the excitement of a man who has suddenly gained a great insight. While Talmage presented the model as a logically sound solution to a muchpondered puzzle, Burnet’s text is alive to the explanatory power and corollaries of
such a hypothesis. In particular, he could see how the theory might explain the
operation of neonatal tolerance, simply and elegantly (Burnet 1957):
n Its chief advantage over [the Burnet-Fenner theory] is its relevance to the nature of normal antibodies including the red
cell isoagglutanins (i.e. “natural antibodies,” such as those involved in ABO blood group antigen reactions) and the simpler
interpretation of tolerance to potential antigens experienced
in embryonic life . . . Despite the speculative character of much
of the detail of this modification of Jerne’s theory – which
might be called the “clonal selection hypothesis” – it has so
many implications calling for experimental enquiry that it has
been thought justifiable to submit this preliminary account
for publication.

Burnet explored the full implications of the clonal selection theory to self/nonself discrimination the following year in a series of lectures presented at Vanderbilt University in Tennessee; these were subsequently published by Cambridge
University Press (Burnet 1959) as The Clonal Selection Theory of Acquired Immunity. This book, like those he published in 1941, 1946, and 1949, provided a con-
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cise but comprehensive summary of current findings pertaining to the character
and regulation of immunological responses. As in the past, he reviewed theories
of antibody production, but in a broad outline borrowed from Talmage, he described the contributions by Ehrlich, Pauling, Jerne, and himself and Fenner. In
his description of the clonal selection theory, he attributed contributions by
Jerne, Ehlich, and Talmage (Burnet 1959):
n The great contribution of Jerne’s theory was that it drew
attention to the theoretical possibility that the recognition
of self from not-self could be achieved in another fashion than
by the recognition of “self markers.” As Talmage points out,
Ehrlich’s side-chain theory was in many ways the logical
equivalent of Jerne’s concept . . . [At the time] it seemed, and
to most immunologists still seems, inconceivable that all types
of antibody could be pre-existent in the normal complement
of gamma globulins. Nevertheless, if Jerne is correct . . . this
would be an effective and much more elegant way of accounting for the differentiation of self from not-self.
The outstanding difficulty in accepting Jerne’s theory is the
claim that when a given type of natural antibody is brought
to a cell by antigen, the cell then proceeds to make more
natural antibody molecules of the same type . . . Talmage
pointed out that it would be more satisfactory if the replicating elements essential to any such theory were cellular in
character. . .

Burnet then presented his own perspective (Burnet 1959, underlined):
n Our own view is that any tenable form of Jerne’s theory must
involve the existence of multiple clones of globulin-producing
cells, each responsible for one genetically determined type of
antibody globulin . . . Clearly it would simplify matters a great
deal if the antigen were in a position to react with natural
antibody or a pattern equivalent thereto on the surface of the
cell which produced it. This is the crux of the clonal selection
hypothesis . . . Self-not-self recognition means simply that all
those clones which would recognize (that is, produce antibodies against) a self component have been eliminated in embryonic life. All the rest are retained.

Burnet (1959) described in detail how the clonal selection model could explain a
broad range of immunological phenomena, including immunological memory
(expanded clone), anamnestic responses (“original antigenic sin” – lower-affinity
binding of expanded numbers of cells dominating a response to a new antigen),
the effects of adjuvants (prolonged release of antigen from a depot allowing per-
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sistent expansion of a clone), mucosal immunity (preferential settling of clones
in sites of stimulation), natural antibodies (all clones spontaneously make small
amounts of antibody), and autoimmunity (somatic mutation of clones occasionally leading to acquisition of self-reactivity).
3.3.3
Corollaries of the Clonal Selection Theory

Perhaps of greater importance than the explanatory power of the clonal selection theory were the corollaries of the theory that related to the ontogeny of the
immune system (including the “one cell–one antibody” hypothesis), affinity maturation, and the existence of peripheral tolerance mechanisms.
The one cell–one antibody hypothesis was an axiom of the theory. If a single
lymphocyte, or a clone of lymphocytes, were able to make a variety of antibodies,
then the specificity of antibody produced could not be used to select cells for expansion or destruction. Burnet regarded this axiom as so important that Joshua
Lederberg, who was visiting the laboratory at the time, and his student Gustav
Nossal were immediately set to address the question by assessing the specificity
of antibody produced by individual plasma cells isolated from rats immunized
with both Salmonella typhi and Salmonella adelaide (Nossal and Lederberg 1958).
A second axiom was that a vast array of specificities must be represented on
the surfaces of various lymphocytes prior to antigen exposure. Since such a variety of specificities seemed unlikely to be encoded in the germ line, Burnet postulated that they be generated by an intense period of somatic mutation of the
antibody-encoding genes within lymphocyte precursors early in ontogeny. This
“phase of differentiation or randomization” had to be relatively short-lived, for
in order for the development of tolerance by clonal deletion to be effective, the
specificity of the developing lymphocytes had to be relatively stable at the time
it occurred. The period immediately following tolerance induction, which was
around the time of birth in mice, was proposed by Burnet to be the “critical
point of Medawar”. At this time, antigen exposure no longer caused tolerance,
but did not yet result in immunization. This point was followed by maturation,
with the liberation of natural antibodies and the potential of antigen-induced
antibody production.
The concept of affinity maturation arose from Burnet’s belief that all dividing
cells are subject to replication errors. In the context of the clonal selection theory, this could result in a neutral, a beneficial, or a degenerative effect on the affinity of antibody binding. Those clones that by chance mutate to higher affinity
should compete better for antigen and replication signals, eventually dominating the response (Burnet 1959):
n The combination of frequent minor mutation and a highly effective selective process would rapidly improve the accuracy of
the complementary relationship [of antibody] to new antigenic
determinant.
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If the right mutation occurs, the cell in question is, in the
presence of the antigenic determinant, given a major advantage in the struggle to produce a larger clone of descendants
than its congeners. If our general hypothesis is correct, there
is no escape from the picture of (lymphocytes) as an evolving
population as subject to mutation and selective survival as
any large animal population in nature.

The postulated existence of peripheral tolerance arose from a similar train of
thought. Since replication errors were bound to occur at least occasionally in
rapidly dividing clones of lymphocytes, a clone might mutate to a “forbidden” or
deleted specificity. It was therefore necessary that a mechanism exist to inactivate such clones.
It should not escape the notice of the reader that each of these corollaries is
testable. The general form of the model was easily adapted to incorporate the
subsequent discovery of T cells (Miller 1961), MHC restriction (McDevitt 1968;
Zinkernagel and Doherty 1974), the summing of activation signals (Forsdyke
1968; reviewed in Baxter and Hodgkin 2002), and the concept of active immunoregulation (Gershon et al. 1972). It seems that testing the relevance of Burnet’s corollaries has occupied a significant proportion of experimental immunologists for much of the last 50 years.

3.4
Self Post-Burnet

In the 45 years since the clonal selection theory was proposed, almost every experimental finding in immunology either has been consistent with it or has
confirmed it. There have been quibbles, of course. Silverstein and Rose (1997)
point out that it is possible to induce tolerance in adults (although it is much
easier to induce it prenatally) and that “there are no fundamental differences in
mechanism between the acquisition of tolerance to autologous and heterologous
antigens.” It should be painfully obvious that Burnet was aware of this. It was
this very fact that raised his awareness that a tolerance induction mechanism
existed at all. But Silverstein and Rose (1997) go further. The main theme of
their thesis is that “the immune system does not and cannot discriminate between intrinsically harmful and intrinsically harmless substances.” This is an
odd point of view. If we define “the immune system” as those organs, cells, and
cell products involved in defense against infection 1), these components and
their functions must be subject to evolutionary pressure – indeed, one would
imagine that they are subject to considerable evolutionary pressure. As natural
1) Many published definitions of “immune sys-

tem” define it in terms of self/non-self discrimination (e.g., Stedman’s Medical Dictionary;
Merriam-Webster Medical Dictionary; Langman

and Cohn 1997). Such definitions were
eschewed, as in this particular context the arguments by all participants would have become
circular.
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selection (Darwin’s sort, not Burnet’s) operates at the level of reproductive fitness and (from an evolutionary point of view) “harm” is something that reduces
reproductive fitness, the ability of the immune system to differentiate “harm”
from “harmless” would emerge sooner or later, even if it did not exist in the
first place. In his criticism of the paper, Brent (1997) argued along similar lines.
Silverstein and Rose had a point to their piece, of course. They were provoked
by the publication of three manuscripts (for an immediate reaction, see Silverstein 1996) announcing the possibility of inducing immune responses, rather
than tolerance, by immunizing neonates (Ridge et al. 1996; Sarzotti et al. 1996;
Forsthuber et al. 1996). It was not so much these papers themselves that wound
them up, but a bizarrely gushing accompanying “news” piece by Elizabeth Pennisi, published in the same issue of the journal, which claimed the authors
were “trying to topple one of immunology’s seemingly most solid pillars” (Pennisi 1996). This interesting example of tabloid journalism prompted a spate of
letters (and responses to the letters) as well as commentaries in other leading
journals on the subject. All were critical, but all seem to have missed a critical
point: Medawar did not publish a model of neonatal tolerance; he published a
model of prenatal tolerance. His own findings support the possibility of immune competence of neonatal mice, depending on strain, antigen, and mode of
administration. Burnet, who did not originally have the benefit of Medawar’s
data, covered his bets by claiming tolerance would be induced in the “embryonic period or immediately post-embryonic stages” (Burnet and Fenner 1949), but
subsequently settled for “during the last stage of embryonic life” (Burnet 1956).
As Langman and Cohn (1997) pointed out, there is a period in embryonic life
when self-antigens are present and antigen-specific lymphocytes are absent. As
the first potential immune effectors develop, the effects of the induction of tolerance to antigens present in the primary lymphoid organs can be easily experimentally measured. Although, as with much of hematology, the processes
clearly observed in ontogeny operate throughout productive life, Medawar’s “critical point” remains critical because of the relative ease with which tolerance can
be induced at an age when the periphery has not yet been seeded with potential
effectors (Brent 1997).
3.4.1
The Immunologists’ Dirty Little Secret

At the time the clonal selection theory was proposed, there were two main lines
of evidence suggesting that it had significant problems. The first was the issue
of adjuvants. Burnet attributed the action of adjuvants to their ability to provide
“the prolonged maintenance of a depot of antigen” or “ensure that antigenic determinants are being made accessible at a more or less steady rate for a prolonged period of time” (Burnet 1959). He did not seem to fully appreciate the
synergistic effects of adding bacteria or bacterial products, such as killed mycobacteria, to antigen/emulsion deposits (Freund et al. 1940). He appears to have
attributed the ability of immunization with homologous brain extracts to induce
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anti-brain antibodies solely to a unique characteristic of the brain, rather than
to the incorporation of heat-killed Mycobacterium tuberculosis into the inoculum
of complete Freund’s adjuvant (Kopeloff and Kopeloff 1944; Freund et al. 1947).
Confronted with Witebsky et al.’s 1957 report that thyroiditis could be induced
in rabbits by immunization with extracts of the rabbits’ own thyroids in complete Freund’s adjuvant, he assumed that thyroglobulin was also segregated
from the immune system in some way (Burnet 1959). We now know that virtually any autologous tissue can be used to raise antibodies by immunization in
the presence of killed bacteria; it is not the tissue that is special, it is the adjuvant.
Charles Janeway introduced the published proceedings of the 1989 Cold
Spring Harbor Symposium on immune recognition with an article entitled Approaching the Asymptote: Evolution and Revolution in Immunology (Janeway 1989),
writing:
n Immunologists have tended to use simple, well characterized
proteins or hapten-proteins conjugates as their antigens . . .
However, in order to obtain readily detectable responses to
these antigens, they must be incorporated into a remarkable
mixture termed complete Freund’s adjuvant, heavily laced
with killed Mycobacterium tuberculosis organisms or precipitated in alum and mixed with dead Bordetella pertussis
organisms. I call this the immunologist’s dirty little secret.

The article raised the possibility that a major aspect of the immune system was
being relatively overlooked (Janeway 1989):
n I believe that immunological recognition extends beyond antigen binding by the clonally distributed receptors . . . The Landsteinerian fallacy is the idea that the immune system has
evolved to recognise equally all non-self substances . . . I contend that [it] has evolved specifically to recognise and respond
to infectious organisms, and that this involves recognition not
only of specific antigenic determinants, but also of certain
characteristics or patterns common on infectious organisms
but absent from the host.

He later paraphrased this point as follows (Janeway 1998, my underlining):
n The implication of this article can best be summed up by the
statement that the immune system does not just discriminate
self from non-self, as Jerne, Talmage, Burnet, and many others
believed, but rather that it could discriminate infectious nonself from non-infectious self.
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The second significant challenge to the clonal selection theory was related to
the first and was recognized by Burnet (1959) himself:
n The most soundly based objections to a clonal selection theory
of immunity will probably be derived from two sets of facts:
(1) It has proved almost impossible to produce tolerance
against bacterial antigens, (2) Yet bacteria and bacterial products are highly potent antigens . . .

He commented that most experiments in which a failure to induce tolerance
occurred had used gram-negative bacteria, and that the responses produced to
such attempts at tolerance induction were similar to those induced by injecting
the lipopolysaccharide (LPS) of gram-negative bacteria. LPS is a mitogen capable
of activating and initiating the proliferation of most B lymphocytes but, in low
concentrations, provides an adjuvant activity that can stimulate immune
responses to antigens presented in otherwise non-immunogenic forms – for
example, haptens conjugated to an autologous carrier (Schmidtke and Dixon
1972).
Three seemingly independent approaches were required to determine the
mechanism of action of LPS. In the first, an LPS-binding protein (LPB) was purified from acute-phase reaction serum by rapid chilling and dialysis against a
low ionic strength buffer at 4 8C; partial sequence was obtained (Tobias et al.
1986). LPB was subsequently found to be necessary to mediate the binding of
LPS to a cell-surface receptor on macrophages (Wright et al. 1989) and this receptor was finally identified, by capping with monoclonal antibodies in vitro, to
be CD14 (Wright et al. 1990). This method allowed a number of non-blocking
anti-CD14 monoclonal antibodies to be screened. One such antibody was used
to isolate CD14 from detergent lysates of macrophages and to demonstrate LPS
binding to the purified molecule (Wright et al. 1990). Thus, LBP opsonizes LPSbearing particles, such as gram-negative bacteria, and mediates their attachment
via CD14 to macrophages and B cells. CD14 had been cloned and sequenced
two years earlier and was found to be anchored to the cell membrane by a phosphatidylinositol linkage (Goyert et al. 1988; Haziot et al. 1988); therefore, an
unidentified co-receptor was postulated to be responsible for signal transduction
following LPS binding.
The second approach stemmed from the observation that the C3H/HeJ and
C57BL/10ScCr mouse strains were unresponsive to LPS – in terms of both its
mitogenic and adjuvant actions (Sultzer 1968; Watson and Riblet 1974; Coutinho et al. 1977). Linkage analyses in a backcross from C3H/HeJ to the CWB
strain were consistent with the unresponsive state being encoded by a single
dominant gene (Watson and Riblet 1974) that was subsequently mapped to
mouse chromosome 4 in recombinant inbred strains (Watson et al. 1977) and a
backcross to C57BL/6 mice (Watson et al. 1978).
The third approach was based on comparative genomics. Inspired by the observed sequence homology between the cytoplasmic domain of the Drosophila
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melanogaster Toll/Dorsal protein and that of the human IL-1 receptor (Gay and
Keith 1991), Lemaitre and coworkers (1996) sought and found a major role for
Toll in Drosophila immune defenses. This observation led Medzhitov et al.
(1997) to perform an expressed sequence tag database search for other human
sequences sharing sequence similarities to Toll. A clone was identified and sequenced and a fragment PCR was amplified for use as a probe to screen a human splenic cDNA library. A sequence that encoded a protein with significant
homology throughout its entire length to Drosophila Toll was identified. Expression of a chimeric recombinant molecule with the human Toll cytoplasmic region and mouse CD4 external domains demonstrated that human Toll, like Drosophila Toll and mouse IL-1R, signaled through the NF-jB pathway (Medzhitov
et al. 1997). Using similar methods, a family of Toll-like receptors (TLR) was independently identified and published, resulting in the homologue identified by
Medzhitov et al. (1997) being named TLR4 (Rock et al. 1998).
These three independent strands of work were brought together by the positional cloning of the gene responsible for the defective LPS response in C3H/
HeJ mice: TLR4. The sequencing of TLR4 in the C3H/HeJ and C57BL/10ScCr
mouse strains led to the extraordinary discovery that C57BL/10ScCr mice carry
a null mutation and the C3H/HeJ allele contains a missense mutation in the
third exon, producing a dominant negative effect on LPS-mediated immune activation (Poltorak et al. 1998). As TLR4 was already known to be capable of
mediating proinflammatory signals, it became clear that it was the missing coreceptor responsible for LPS/LBP/CD14 signal transduction. Furthermore,
TLR2, another member of the homologous family, was subsequently found to
mediate the similar rapid immune activation induced by gram-positive bacteria
(Yoshimura et al. 1999), including Mycobacterium tuberculosis (Means et al.
1999). Therefore, a common mechanism was responsible for both of the major
problems identified with Burnet’s clonal selection theory as it applied to self/
non-self discrimination: the immune system handled products associated with
pathogens differently. Specific receptors had evolved to recognize specific molecular patterns associated with bacterial, viral, and fungal structural elements, and
these receptors, when triggered, were responsible for powerfully activating antigen-presenting cells, such as macrophages and B cells, providing a significant
co-stimulus for anti-pathogen responses. This was the basis for the activity of
adjuvants.
3.4.2
The Missing Self Hypothesis

Although the early understanding of the role of the MHC in tissue transplantation stemmed from tumor transplantation studies initiated by Snell (1948) (also
discussed in Baxter 2000), this model provided far less predictable results than
did skin grafting. For example, Furth et al. (1944) reported that while many
lymphomas may behave similarly to other transplanted tissues, there were exceptions (Furth et al. 1944):
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n The transplantation pattern of neoplastic cells arising in the
same pure stock mice and their known hybrids varies greatly,
while that of a normal tissue thus far studied follows a single
pattern.

The level of confusion generated was clearly very great, as Burnet largely
avoided the subject in his writings at the time, and when he did try to interpret
these results in terms of his self-marker concept, logic failed him (Burnet and
Fenner 1949):
n It would be reasonable to assume that an essential requirement for transplantability of tumour is a disappearance of the
cell “markers” by a process of mutation.

This comment was, of course, inconsistent with Burnet’s own theory.
Part of the explanation for the variability in the survival of transplanted tumors was serendipitously identified by Snell (1958), when he found that some
strain combinations, tumors from parental strains, could not be successfully
transplanted into F1 hybrids (Snell 1981):
n I came across this phenomenon (of hybrid resistance to transplanted lymphomas) in the course of producing and analyzing
the first two groups of congenic resistant lines. The phenomenon consists of a resistance of F1 hybrids to tumours indigenous to the parental strain, a resistance which, according to
the accepted laws of transplantation, should not occur.

Hybrid resistance was generalized to hemopoietic cells when Cudkowicz and
Stimpfling (1964) found that irradiated F1 recipients were also resistant to bone
marrow transplants from either parent. Kiessling et al. (1975) described a population of splenic lymphocytes they termed “natural” killer (NK) cells, which were
capable of rapidly lysing leukemia cells without the priming required by conventional lymphocytes. Finally, Harmon et al. (1977) and Kiessling et al. (1977)
both proposed that NK cells were the mediators of hybrid resistance.
While the standard tumor line used to assay NK cell lytic activity was (and is
still) the YAC-1 Moloney virus-induced lymphoma (Kiessling and Wigzell 1979),
a number of other tumor lines highly susceptible to NK cell-mediated lysis were
also identified; all were lacking or reduced in class MHC expression (e.g., Stern
et al. 1980; Gidlund et al. 1981; Main et al. 1985). Karre et al. (1986) tested the
hypothesis that NK cells were responding to the absence of MHC products on
the tumor cell surfaces by selecting low MHC class I-expressing clones through
selective depletion with alloserum and complement. While the native RBL-5
lymphoma was highly malignant in its syngeneic host (C57BL/6), the subline
selected for loss of MHC expression (RMA) failed to grow. They commented:
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n On the basis of our data, we suggest that natural killer cells
are effector cells in a defence system geared to detect deleted
or reduced expression of self-MHC . . . Such a system may . . .
have been fixed in mammals, despite the development of
adaptive immunity. The selective pressures (of MHC-dependent T cell surveillance) would have required not only a backup system eliminating aberrant (MHC-deficient) cells escaping
detection by T lymphocytes, but also a rapid first-line defence
with a certain selectivity.

The hypothesis ran along natural selection lines. Since both viruses and tumors
divide rapidly, undergo considerable mutation, and are under intense selection
by the host’s immune system, it is likely that at least some will mutate to avoid
immune detection. As the adaptive immune system is dependent on T-cell recognition of MHC products, there should be a tendency for tumors or viruses to
avoid immune surveillance by decreasing MHC expression. Ljunggren and
Karre (1990) postulated that NK cells were responsible for providing a selective
pressure against the downregulation of self-MHC antigens. This model was directly confirmed in 129 mice by the experimental targeted deletion of b2-microglobulin, which is essential for MHC class I surface expression. Although the
resulting recombinant mice were tolerant of their own hemopoietic cells, irradiated syngeneic wild-type recipients rejected bone marrow transplants from the
knockout mice (Bix et al. 1991).

3.5
Conclusions

In 1959, Burnet wrote:
n In some way there is a recognition of self components from
“not self ”; from the facts of immunological tolerance the recognition mechanism is laid down towards the end of embryonic life. Any such mechanism must differentiate between self
and not self in one or both of two ways: Either (a) All significant antigenic patterns of the body are positively recognized
by the antibody-producing mechanism. Foreign patterns, because they are not recognized, provoke an immune response;
Or (b) All the possible types of foreign and antigenic determinant can be positively recognized as foreign and hence calling
for an immune response.

Burnet originally favored the first mechanism, and then settled for the second.
We now know that, in a sense, both were correct.
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4
Central and Peripheral Tolerance
Robert L. Rubin

4.1
Introduction

Immune self-tolerance within the bounds of normal existence (without medical
intervention) refers to the failure to develop clinical autoimmune disease while
maintaining the capacity to mount robust immune responses to infectious
agents. This definition does not mean that a self-tolerant individual is free of
autoreactive events, and there is a wealth of evidence that subclinical autoreactivities occur in a normally functioning immune system. Autoreactive events
may be a reflection of imperfect tolerance, although it appears that weak self-reactivity is important in maintaining the vitality of immunocytes in a process
called homeostatic proliferation [1]. Individuals who remain largely free of autoimmune disease have successfully developed immune tolerance mechanisms involving the central lymphoid organs and in the periphery where immunity is
taking place.
The adaptive immune system, that part of protective immunity involving antigen-specific B and T cells, develops in the generative lymphoid organs through
a fundamentally random process. Each of the two proteins comprising the receptors on B and T cells that confer antigen specificity is produced at the prelymphocyte stage by random recombination of either two (VJ) or three (VDJ)
out of 50–100 genetic elements that, together with junctional diversity, has the
potential to produce many more different receptor specificities than the total
number of lymphocytes produced over an individual’s lifetime. The immune
system has evolved mechanisms to preferentially select and then expand clones
that are either likely to be useful or proven to be useful as a result of their encounter with pathogens and to physically eliminate, suppress, or reduce the responsiveness of clones that are not useful or are potentially dangerous because
of their capacity to react with self-antigens. These mechanisms are complex and
redundant, and their relative importance for protective immunity and for minimizing autoimmunity is difficult to weigh. In addition, because of the fundamentally random origin of protective immunity and the imperfect nature of the
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machinery for selecting and controlling lymphocytes, deficiencies in protective
immunity and opportunities for autoimmunity arise. It is not surprising, therefore, that antibiotics and vaccination with potential pathogens are often necessary to prevent infectious disease and that signs of autoimmunity can be readily
detected and not infrequently lead to autoimmune disease.
This review will focus on autoimmunity with the perspective that the machinery invoked by the immune system to tolerate self while remaining vigilant to
foreign threats cannot be readily distinguished. For example, failure to mount
an adaptive immune response could be the result of immunological similarity
between epitopes on the pathogen and those on self-molecules to which the organism is tolerant, resulting in risk of infection. Ironically, such a cross-reaction
could also be considered as a risk for autoimmunity, because if an immune response is somehow elicited against the pathogen, it could initiate an autoimmune attack against a cross-reacting self-epitope in a process called molecular
mimicry [2]. Whether tolerance to self can be “broken” by such a mechanism or
whether tolerance to a foreign agent is preserved by its cross-reaction with self
may depend on the robustness of the epitope-specific machinery of central and
peripheral tolerance, the timing of antigen encounter, as well as qualitative and
quantitative factors involved in antigen presentation.

4.2
Ignorance of Lymphocytes to Target Antigen

Many self-reactive B and T cells may exist indefinitely in the peripheral immune
system in a naïve functional state. For B cells this “ignorance” condition is due
to lack of T-cell help and/or access to sufficient antigen; T-cell ignorance refers
to failure to encounter cognate antigen on professional antigen-presenting cells.
With autoreactive lymphocytes recognizing organ- or tissue-specific antigens,
ignorance is probably a common way for cells to avoid becoming activated because lymphocytes reside mainly in secondary lymphoid organs. However, autoreactive lymphocytes that can recognize systemic (non-organ-specific) antigens
may be harder to hide. In addition, antigen can be readily presented remotely
as a result of the transport of dendritic cells from an inflammatory site to the
spleen or draining lymph node, where the antigen can be delivered to waiting,
autoreactive lymphocytes in a process called indirect antigen presentation. For
these reasons and because the immune system must be constructed to respond
to pathogen intrusion wherever it occurs, ignorance is probably not a dependable means for cells to avoid activation. If simply avoiding activation were sufficient to prevent autoimmunity, there would be no need to evolve the complex
tolerance machinery (Fig. 4.1).

4.3 Central T-cell Tolerance

Fig. 4.1 Control of T-cell autoreactivity by
tolerance machinery. In the thymus (upper
panel), random rearrangement of genetic
elements encoding the TCR produces pre-T
cells that either die through neglect or are
positively selected because their receptor
has significant avidity for self-peptide bound
to MHC. Maturation events transform thymocytes into self-tolerant T cells. During this
process, if a thymocyte encounters peptide +
MHC with high avidity for the TCR, it may
either die through negative selection or mature into a CD25+CD4+ “natural” regulatory
T cell (TR). Expression of some peripheral
antigens in the thymus driven by the Aire
transcription factor promotes negative selection and/or TR production. Some T cells may
escape this central tolerance machinery and
enter the periphery with autoreactive potential. In the periphery, if a naïve T cell encounters cognate peptide with high affinity for its
TCR presented by professional APCs, it may

become activated and multiply into a T-cell
clone consisting of T cells with effector functions including T-helper activity. TR may suppress this response by cell-cell contact. Other
types of regulatory cells may be induced either
through the action of TR or in response to
incomplete antigen presentation, and these
adaptive regulatory T cells can blunt clonal
expansion through inhibitory cytokine secretion. T-cell clones have inherent limitations on
their expansion capacity due to upregulated
expression of receptors such as CTLA-4,
which creates inhibitory signaling, or Fas and
its ligand, which cause cell death. It is also
possible for a memory T cell to become
functionally non-responsive or anergic if it
encounters antigen on nonprofessional APCs.
Fas-mediated AICD may be important in limiting inflammation or bystander activation of
autoreactive lymphocytes and/or in preventing loss of the self-tolerant property acquired
during positive selection.

4.3
Central T-cell Tolerance

After expressing CD4, CD8, and one of trillions of possible specificities of the
T-cell receptor (TCR) on their cell surface, immature thymocytes must undergo
positive selection to avoid death through neglect. In this process pre-T cells can
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proceed in development only if their TCRs productively interact with major histocompatibility complexes (MHC) on cortical thymic epithelial cells (cTECs) [3],
resulting in signal transduction through the mitogen-activated protein kinase
cascade [4]. In the absence of bound peptide, MHC molecules generally cannot
correctly fold and are unstable on the cell surface. In the sterile in vivo environment of the thymus, the only peptides available for occupancy of the MHC
would be derived from self-materials. Studies using mutants in the peptidebinding groove of the MHC [5–7] or of transporter-associated-with-antigen-processing knockout mice, which cannot load endogenous peptide into the MHC
[8, 9], provide direct support for the view that a specific antigen is required for
positive selection. This process restricts the repertoire of T cells to those with
the capacity to recognize MHC plus peptide bearing a stereochemical, conformational, and/or electrostatic relationship to the selecting peptide. A structural
relationship between the selecting and stimulating peptide(s) is often obscure
because much higher affinity interactions between the peptide and the TCR are
required for activation than for selection, as will be discussed below. Nevertheless, thymocytes that successfully proceed in development are intrinsically selfreactive because they require recognition of self-peptide/MHC complexes to
avoid programmed cell death. Several processes have been proposed to explain
why intrinsic autoreactivity is not normally manifested.
4.3.1
Tolerance Due to Negative T-cell Selection

Numerous laboratories (e.g., [10, 11]) have demonstrated deletion of potentially
autoreactive T cells by active killing when ab TCRs on immature CD4+CD8+ thymocytes or semi-mature CD4+ or CD8+ (single-positive thymocytes characterized
by elevated CD24) are engaged by MHC and peptide ligands of high affinity for
the TCR. cTECs do not have the capacity to initiate this process of negative selection, probably because they lack costimulatory molecules such as B7-1, B7-2,
and CD40L. Immature thymocytes must encounter other antigen-presenting
cells, particularly those of hematopoietic origin such as dendritic cells or macrophages [12], or epithelial cells in the thymic medullary region [13, 14] to result
in elimination. Estimates of the proportion of T cells that are deleted by high-affinity interactions with thymic antigen-presenting cells range from 5% [15] to
over 50% [16] of T cells that had undergone positive selection in the thymic cortex. The process of clonal deletion of strongly self-reactive T cells that develop
by chance in the thymus is widely believed to be the principal mechanism
employed by the adaptive immune system to avoid production of autoreactive
T cells.
Surprisingly, there is little direct support for the view that clonal deletion prevents autoimmunity. In fact, in most cases where the impact of negative selection was tested, there was little effect on autoimmunity. Instead, when negative
selection was prevented or inhibited, potentially autoreactive cells appeared that
were profoundly non-responsive. This was shown in a chimeric system in which
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viral superantigen-mediated deletion of T cells bearing the V6 element of the
TCR b-chain was reduced by irradiation [17–19]; however, the Vb6-bearing T
cells that were positively selected were non-responsive to superantigen [18]. In
another system, irradiated F1 mice reconstituted with bone marrow cells from
one of the parents showed partial deletion of Vb11+ T cells that normally occurs
due to contact with I-E in the thymus, but Vb11+ thymocytes that developed in
these chimeric mice were tolerant to host-type H-2 antigens based on mixed
lymphocyte reaction and failure to reject skin grafts from the other parent [20].
In a different approach, partial inhibition of clonal deletion of monoclonal T
cells reactive to the male H-Y antigen [21] or of Vb17a-bearing thymocytes in an
MHC I-E thymus [22] was brought about by cyclosporin treatment. This resulted in the appearance of potentially autoreactive T cells in the periphery, but
these mice did not develop autoimmunity when cyclosporin was discontinued
[21, 23]. Taken together, doubts can be raised about the general importance of
deletion in preventing autoreactivity to the wide array of self-reactive T cells that
could potentially arise during generation of the T-cell repertoire.
On the other hand, several studies have supported a role for negative selection in preventing autoimmunity. In mice capable of positive selection but not
of deletion by the transgenic expression of MHC class II only on thymic cortical
epithelium, autoreactivity of peripheral T cells was observed by a mixed lymphocyte reaction and cytotoxicity [15]. However, the specificity of these “autoreactive”
T cells was not defined, and it was not excluded that the absence of medullary
TECs in these transgenic mice resulted in failure to develop immunoregulatory
T cells as discussed below. A more recent study by Gao et al. [24] succeeded in
causing partial inhibition of negative selection by perinatal injection of anti-B7-1
+ anti-B7-2 antibodies in mice transgenic for both the TCR and its cognate antigen, the P1A tumor antigen. Mononuclear cell infiltration occurred in the lung
in male and female mice and in the kidney in females. The autoreactive cells
that arose as a result of the presumed disruption of B7-CD28 signaling during
negative selection were remarkably pathogenic, especially in lymphocyte transfer
recipients made lymphopenic by irradiation. Autoimmunity was also observed
after adoptive transfer of T cells that developed in anti-B7-treated non-transgenic
mice as a result of inhibition of deletion of families of viral superantigen-reactive thymocytes or of other, undefined polyclonal T cells. While it has not been
formally ruled out that transient blocking B7-1 and B7-2 had other effects such
as inhibiting production of regulatory T cells, the study of Gao et al. [24] makes
the strongest case to date that negative selection is important in preventing
autoimmunity.

4.3.1.1 Aire-driven Peripheral Antigen Expression in Medullary
Thymic Epithelial Cells
Certain proteins characteristic of differentiated cells or tissues in the periphery
are also expressed in the thymus and may drive positive and negative selection
[25, 26]. These findings helped address the question of how tolerance to tissue-
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specific antigens could be established; this dilemma had previously been relegated to peripheral tolerance mechanisms or to the hypothetical delivery of peripherally expressed proteins through the circulation and into the thymus. The
possibility of ectopic or promiscuous gene expression of tissue-specific antigens
in the thymus received a large boost from the report that a small population of
medullary thymic epithelial cells (mTECs) expressed a diverse and seemingly
unrelated array of proteins normally confined to peripheral tissues such as insulin (pancreas), C-reactive protein (liver), and myelin proteolipid protein (brain)
[27]. It was subsequently shown that RNA transcripts of some 100–300 semi-tissue-specific proteins were expressed by mTECs in a phenomenon that depended
on a functional gene called the autoimmune regulator (Aire) [28]. Aire-deficient
mice and humans display a similar phenotype, characterized by T-cell infiltration and autoantibodies to skin, gastrointestinal tract, and certain endocrine organs (humans) [29] and ovary, stomach, eye, and salivary glands (mice) [28].
This finding suggests that Aire is a transcription factor that enhances the promiscuous expression of certain peripheral antigens in the thymus in order to
force them to participate in deletion of the corresponding antigen-specific, autoreactive T cells. This idea was tested using double-transgenic mice expressing
both a TCR specific to hen egg lysozyme (HEL) and HEL under the control of
the insulin promoter. In this way HEL expression should be limited to the bcells of the pancreas and, based on prior studies [28], the mTECs in the thymus.
Deletion of transgenic T cells was efficient in wild-type mice but greatly reduced
in Aire–/– mice, which did not have functional Aire and, therefore, would be presumed to not express HEL on mTECs in the thymus. These studies were considered to provide strong support for the view that tolerance to tissue-specific
antigens occurred by negative selection of autoreactive T cells as a result of the
promiscuous expression of these proteins on mTECs in the thymus [30].
While it is likely that thymocytes will be killed if a high-affinity antigen is presented on mTECs, it is not clear that this process is efficient enough or necessary to prevent autoimmunity. Aire–/– mice that failed to delete HEL-specific
T cells were not reported to develop T-cell infiltration of the HEL+ pancreas or
other signs of autoimmunity [31], despite other studies using the same transgenic system that found that failure to delete HEL-specific T cells in non-obese
diabetic (NOD) mice resulted in autoimmunity targeting b-cells that transgenically expressed HEL in the pancreas [32]. T cells developing on the NOD background are autoreactive for unknown reasons, while the same type of transgenic
T cells developing in Aire–/– mice in a non-autoimmune-prone background such
as B10.BR are tolerant; T-cell deletion efficiency does not distinguish these
strains. Also, wild-type mice that were grafted with a thymus from mice incapable of producing the liver-specific protein serum amyloid P (SAP–/–) were tolerant to immunization with SAP, indicating that SAP expression in mTECs is unnecessary to inhibit autoimmunity [27]. While SAP expression in the thymus
alone, presumably in mTECs, was sufficient to induce tolerance to SAP [27], expression of other tissue-specific genes in the thymus was not necessarily Airedependent [28], and promiscuous expression was frequently detected in cTECs,
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hematopoietic cells, and/or testis [27]. Finally, it should be noted that the system
used by Liston et al. [31] is favored to detect deletion by thymically expressed
antigen because of the huge excess of transgenic T cells capable of undergoing
deletion upon encountering high-affinity, cognate antigen in the thymus; in a
normal environment any one specificity of an autoreactive T cell would be very
rare. The probability is low that a thymocyte would encounter its cognate antigen on mTECs and be deleted based on calculations of MHC scanning rate,
minimum number of peptide/MHC complexes needed to initiate negative selection, and residence time in the thymus [33]. Overall, the discovery of Aire-related expression of peripheral antigens in mTECs has not substantially strengthened the view that tolerance by negative selection is an effective mechanism for
purging autoreactivity.
4.3.2
Self-tolerance Associated with Positive T-cell Selection

As mentioned above, immature thymocytes require self-peptide/MHC recognition through the TCR during positive selection to proceed in development, but
thymocytes are normally not reactive with the selecting peptides. Tolerance to
selecting self is presumed to reflect acquisition of a general increased resistance
to agonist signals due to nonspecific maturational events such as signaling
through the glucocorticoid receptor [34]. More specific hypotheses as to why thymocytes lose their responsiveness to the selecting antigens are based on the
view that the pre-T cell undergoing development experiences partial or selective
stimulation when encountering low-affinity antigens on cTECs, and this incomplete signaling increases the threshold needed for subsequent activation [35].
Multiple signaling events are required to activate mature T cells, and failure to
fully engage at least one pathway during positive selection is the basis for several concepts to explain tolerance of the mature thymocyte to the selecting antigens. It has been proposed that incomplete signaling may be a consequence of
the nature of the selecting antigens, the antigen-presenting cells, or the developing T cells themselves (reviewed in [36]). Selective signaling leaves the immature T cells permanently altered such that subsequent stimulation by the same
antigens encountered in the periphery is largely ignored. Peptides could be
functional agonists only if they happen to have adequate affinity and concentration to simultaneously engage a sufficient number of TCRs to overcome the
higher activation threshold the T cell acquired during positive selection. Such
peptides would normally be derived from foreign antigens but could also be derived from molecules expressed exclusively in the periphery.
The non-responsive state that thymocytes attain during positive selection is
not absolute, its extent depending on the avidity of the selecting peptides it was
exposed to. If the selecting self-peptides were of high affinity for the TCR, the
threshold for activation of the resultant T cell would be set high. A peptide with
deletional capacity could, therefore, produce cells by positive selection that
would be unable to respond to the index peptide. These cells would probably be
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useless even without subsequent deletion by the negative selection machinery
because it would be unlikely that any peptide exists that could overcome such a
high activation threshold. While this phenomenon has not yet been formally
demonstrated, and other tolerance mechanisms could be acting, failure to develop frank autoimmunity when negative selection was disrupted [17–23, 31] is
consistent with the concept of a strong link between positive selection and central T-cell tolerance.
4.3.3
Self-tolerance Due to Thymus-derived Regulatory T Cells:
Natural Regulatory T Cells

The past half-decade has seen a large upsurge of information on T cells that
suppress the function of effector T cells. While such regulatory T cells (TR) have
come to be identified in different ways, a population of CD4+ T cells that constitutively express CD25 (interleukin-2 receptor) initially described by Sakaguchi
and coworkers (reviewed in [37, 38]) remains the most thoroughly studied. In a
lymphopenic host these cells are necessary to prevent spontaneous autoimmunity to certain organs including testis, prostrate, ovaries, thyroid, pancreas, and
stomach, depending on the mouse strain. CD4+CD25+ TR comprise 5–10% of
the peripheral T-cell pool and suppress the activation of CD4+ and CD8+ effector
T cells by a process that requires cell-to-cell contact at a suppressor: effector cell
ratio of 1 : 1 [39]. It is also possible that CD4+CD25+ TR act on APCs to suppress
T-cell activation, but inhibitory cytokines do not seem to be involved [37, 38]. Of
particular relevance to central T-cell tolerance is the accumulated evidence that
CD4+CD25+ TR in the periphery have a direct lineage connection to CD4+CD25+
T cells in the thymus and are actively produced in the normal thymus. Using
mice transgenic for both the influenza hemagglutinin and a TCR specific for
a major determinant on this protein, Jordan et al. [40] demonstrated that
CD4+CD25+ T cells are most efficiently produced upon high-affinity interaction
between the TCR and its cognate antigen presented by radioresistant (non-hematopoietic-derived) thymic epithelium. Mice that transgenically expressed influenza hemagglutinin driven by another promoter displayed more complexity
in the origin and phenotype of TR [41], but this study, as well as that of Stephen
and Ignaowicz [42] using a different approach, is consistent with the view that
CD4+CD25+ TR are dependent on high-affinity TCR-antigen interaction for their
generation. What determines whether such interactions result in TR production
or in deletion by negative selection is unclear [43], as is whether mTECs or
cTECS (or hematopoietic cells in one study [41]) are involved. Nevertheless, the
generation of a population of T cells that do not respond to antigen after highaffinity interactions on thymic epithelium is reminiscent of the origin of self-tolerant T cells during positive selection, suggesting that cells selected on high-affinity antigens during positive selection have been salvaged by the immune system to create CD4+CD25+ TR, thereby ensuring that highly autoreactive T cells
produced during positive selection would have a TR counterpart. Alternatively,
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stochastic events during negative selection on high-affinity antigens presented
by mTECs initiate a commitment to a developmental program that results in
survival rather than death of CD4+ T cells; that such cells represent a genuinely
distinct lineage is supported by the requirement for expression of the Foxp3
gene, which encodes a transcription factor necessary for development of
CD4+CD25+ TR [44]. It has been suggested [39] that TR generation is a component of negative rather than positive selection in part because of the requirement for B7-CD28 and CD40-CD40L interactions [45, 46], but interaction in the
periphery of TR with immature dendritic cells expressing low levels of these
costimulatory molecules may be necessary to sustain homeostatic proliferation
of TR [47, 48].
The organ-specific autoimmune disease that develops when CD4+CD25+ T
cells are removed from normal mice and the protection from autoimmunity by
reconstituting mice with these cells strongly suggest that they directly suppress
activation of constitutive autoreactive CD4+(CD25–) effector T cells. The need for
this active form of tolerance suggests that tissue-specific autoreactive T cells
frequently escape central T-cell tolerance. Aire-induced ectopic expression of
peripheral antigens in the thymus may be more important in the production of
TR than in forcing clonal deletion, and humans with the autoimmune polyendocrinopathy syndrome associated with Aire deficiency [29] may be deficient in TR.

4.4
Peripheral T-cell Tolerance

It is generally believed that many T cells escape central tolerance, especially
those with the capacity to react with self-antigens not expressed in the thymus.
This view is consistent with the relative ease of inducing organ-specific autoimmunity by deliberate immunization with peripheral antigens. While tissue-specific, self-reactive T cells generally ignore their target antigen because it is inaccessible or not presented in an immunogenic form, organ-specific autoimmune
diseases are common [49]. In order to minimize autoimmunity mediated by
self-reactive T cells in the periphery, the immune system has apparently developed various peripheral tolerance mechanisms that can restrain, quell, or kill
such cells. Peripheral tolerance is much more than a backup mechanism to
prevent autoimmunity – it is an active process that is probably invoked to limit
T-cell response to all antigens.
4.4.1
Self-tolerance Due to Regulatory T Cells Generated in the Periphery:
Adaptive Regulatory T Cells

CD4+ T cells with suppressive activity can be experimentally induced in the periphery, and these cells differ from CD4+CD25+ TR cells in phenotypic characteristics and various properties. They have been named T regulatory type 1 (Tr1) or
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T-helper type 3 (Th3) (“Treg” for this discussion), and they act by a bystander
mechanism to suppress antigen-specific responses of other cells through the
production of inhibitory cytokines. Unlike TR, Treg inhibitory activity did not
depend on cell-to-cell contact and, where studied, generally involved release of
inhibitory cytokines such as interleukin-10 (IL-10) or transforming growth factor-b (TGF-b). As with CD4+CD25+ TR cells, Treg is typically anergic to a challenge with specific antigen but in co-culture suppresses the activation of naïve
T cells by cognate antigen.
Treg cells have been induced by a variety of methods but tend to have in common procedures that cause partial T-cell activation. Treg has been induced by
stimulating with specific antigen in the presence of blocking antibodies to the
TCR, of the co-receptors CD4 or CD8, and of the costimulators CD40 or CD40L
or when antigen is presented by immature or cytokine-treated dendritic cells
that do not have good costimulation function (reviewed in [50]). It appears,
therefore, that suppressive T cells are generated from the naïve T-cell repertoire
when activation/expansion signals are created without the robust immune stimulation associated with professional APCs.
Protocols for generating Treg by stimulating naïve cells in the periphery are
generally heroic or unnatural, and it is not certain that such cells are a normal
and significant part of the T-cell repertoire. In addition, while the value of antigen-specific Treg in controlling autoimmune disease can be imagined, many of
the experimental protocols used to reveal cells with Treg function could produce
cells with the capacity to suppress T cells specific to foreign antigen as well as
self-reactive T cells. It is unclear why there would be survival value in blunting
or blocking adaptive immune responses by raising Tregs to foreign pathogens,
although suppressing self-destructive inflammation or allergic responses might
be desirable. One way the immune system could restrict adaptive Treg to preferentially inhibit autoreactive T cells would be if their development depended on
natural TR – either as direct precursors or by inducing CD4+ autoreactive T cells
undergoing antigen stimulation to deviate into suppressors secreting inhibitory
cytokines as suggested [51, 52]. It has also been proposed that autoreactive T
cells would become anergic (and suppressive?) as a consequence of the continuous presentation of low levels of self-peptide by immature dendritic cells [53].
Perhaps presentation of peptides from a pathogen in an inflammatory environment might have more abrupt kinetics and/or higher localized concentration,
conditions not favoring the de novo production or function of Treg. Regardless
of the real value of adaptive Tregs in controlling immune responses to foreign
versus self-antigens, the existence of inhibitory machinery that can be tapped in
conjunction with an adaptive immune response underscores the difficult problem that the immune system has taken on in remaining vigilant to foreign
threats while tolerating self.
Some of the most interesting and suggestive observations for the existence of
regulatory T cells (whether natural or adaptive) come from studies in humans.
CD4+CD25+ T cells (presumably “natural” TR) can be isolated from the circulation and transformed by sub-optimum stimulation with anti-CD3 into suppres-
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sor cells as measured by co-culture with CD4+CD25– effector T cells; patients
with multiple sclerosis who have autoimmune demyelinating disease had similar numbers but a threefold decrease in the functional activity in these cells
[54]. Similarly, CD4+CD25+ T cells isolated from patients with asthma, an allergic disease associated with excessive Th2 effector cell activity, had reduced capacity to inhibit Th2 cell activation by allergen compared to Treg isolated from
normal, non-atopic individuals [55]. Patients with ovarian cancer, a disease that
could be considered a failure of immune surveillance of cancer-specific antigens, have Tregs that suppress tumor-specific immunity apparently by infiltrating the tumor due to its release of the chemoattractant CCL22 [56]. Mutations
in the FoxP3 gene are associated with the polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX), a fatal immune disorder with autoimmune features,
and these patients are largely devoid of Treg [57]. Undoubtedly, the next few
years will continue to see explosive growth in this area of research.
4.4.2
T-cell Anergy

A fundamental tenet of immunology is the requirement for dual receptor engagement of the T cell by an APC in order to achieve full activation. In addition
to signaling through the TCR by peptide/MHC (signal 1), simultaneous ligation
at a different site (signal 2), particularly CD28 on the T-cell membrane by the
B7 family of ligands (CD80 and CD86), on the APC generally must occur. If
costimulation does not occur, engagement of the TCR by a high-affinity ligand
produces a long-lasting state of paralysis. Upon subsequent challenge with cognate antigen by “professional” APCs, i.e., cells expressing costimulatory molecules, T cells in this anergic state will not transcribe certain cytokines (most notably IL-2), will not respond to other T-cell growth factors, and will not proliferate [58]. Anergic T cells are deficient in helper activity for B cells but are not
dead; they remain viable for an indefinite time and can be made to proliferate
in vitro and provide helper activity with cognate antigen in the presence of high
concentrations of IL-2 [59, 60]. Anergy is widely believed to be an important
mechanism for peripheral T-cell tolerance because it is likely that autoreactive T
cells could encounter their cognate antigen on nonprofessional APCs or immature dendritic cells that lack costimulatory function. In addition, various experimental protocols have been devised based on the concept of anergy in hopes of
inducing tolerance to self-antigens and ameliorating autoimmune disease.
Unfortunately, T-cell anergy, as defined by non-responsiveness after signal
1-only, does not occur with naïve T cells. Prior studies on T-cell anergy have typically involved T-cell lines or clones, which are similar in phenotype to memory
(antigen-experienced) T cells. Naïve T cells are insensitive to anergy induction in
vitro and may even proliferate in response to signal 1-only, such as via anti-CD3
[61]. In vivo, transfer of naïve T cells from TCR transgenic mice into a host
expressing the cognate antigen in a non-inflammatory environment [1, 28, 32]
or on mature dendritic cells in the presence or absence of the costimulatory
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molecules B7-1 and B7-2 [48] or CD40 [62] initially results in activation and proliferation of the transgenic T cells, not anergy. Claims that naïve T cells can be
anergized in vitro or in vivo typically involve experimental conditions in which
the cells were forced to divide at least once or conditions in which a different
form of T-cell tolerance was acting, such as T-cell adaptation to create Tregs,
activation-induced cell death (see below), or engagement of cytotoxic T lymphocyte-antigen 4 (CTLA-4). It has been speculated that lipid rafts, which contain a
variety of src-family kinases, must first be mobilized to the cell membrane in
response to initial contact with antigen before the anergy-inducing machinery
can function [63].
CTLA-4 is a ligand for B7 that is upregulated upon T-cell activation and that
attenuates costimulation through CD28. Mice lacking functional CTLA-4 display
massive lymphocyte activation and die of multi-organ lymphocyte infiltrates
suggestive of systemic autoimmunity [64]. Blockage of B7 ? CD28 signaling by
therapeutic introduction of soluble CTLA-4-Ig prolongs allograft survival [65], inhibits disease progression and autoantibody load in murine lupus [66], and has
been used successfully to treat psoriasis [67]. While upregulation and engagement of CTLA-4 are important mechanisms to terminate T-cell activation, these
processes do not appear to cause permanent T-cell tolerance or to distinguish
self from foreign antigen responses.
Overall, T-cell anergy in the periphery is not a dependable mechanism for
preventing autoimmunity. Even if anergy could be induced in naïve autoreactive
T cells, the first APC presenting the cognate self-antigen to a newly emerging T
cell would have to be immature or nonprofessional without costimulatory molecules. However, there is no known compartmentalization of nascent, mature T
cells in either the thymus, where professional APCs in the form of dendritic
cells commonly coexist [12], or when they enter the circulation as naïve T cells
and could potentially encounter any type of APC, including activated dendritic
cells with full costimulation function (reviewed in [68]). A similar problem
would be faced by an autoreactive T cell that was somehow activated and developed into a clone of memory T cells without causing disease and for some reason needed to be suppressed to avoid future pathology: while capable of being
anergized, this process would require signaling through the TCR by a nonprofessional APC. The dilemma is that efficient presentation of antigen by professional APCs is an essential feature of a useful immune system, and functional
APCs are constitutively available to endocytose and cross-present antigen
whether from a foreign source or from shed self-material or dead cell debris.
Discrimination between self and dangerous insults is greatly enhanced by the
Toll-like receptors for “pathogen-associated recognition patterns” expressed on
dendritic cells, resulting in maturation, cytokine and chemokine secretion, and
enhanced survival of these APCs [69]. However, cross-presentation of self-antigens readily occurs, as demonstrated by adoptive transfer studies in which naïve
TCR-transgenic T cells become activated when exposed to cognate antigen
synthesized in non-lymphoid cells in a non-inflammatory environment [1, 28,
32, 62]. In a normal setting, central T-cell tolerance would avert such an autoim-
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mune response. Although T-cell anergy is a very real phenomenon that can be
manifested during positive selection in the thymus or experimentally by memory T cells in the periphery or by T-cell clones in vitro, there is considerable
doubt about the physiological significance of peripheral anergy in preventing
autoimmunity.
4.4.3
Activation-induced Cell Death

A remarkable feature of the T-cell response to antigen occurs after activation
and clonal expansion. The bulk of these cells die by apoptosis due to cytokine
depletion or to engagement by FasL of the death receptor Fas (APO-1 or CD95),
a process called clonal contraction. Cytokine depletion after T-cell activation triggers the release of cytochrome c from the mitochondria, resulting in passive or
programmed cell death, and may represent a failure to thrive rather than an active tolerance mechanism. However, Fas engagement by FasL, particularly on
CD8 cells and on the Th1 subtype of T-helper cells, or engagement of the type I
tumor necrosis factor receptor by TNF-a initiates the extrinsic pathway to apoptosis. These cell-surface molecules are upregulated upon T-cell activation, and
their engagement leads to cell death through a complex series of signaling molecules and new gene transcription in a process called activation-induced cell
death (AICD). While it is widely believed that AICD is a homeostatic mechanism to minimize tissue damage by proinflammatory cytokines or to avoid overloading the peripheral immune compartments with a limited T-cell repertoire,
its only documented role is in preventing autoimmune reactions. In this sense,
AICD is important for maintaining peripheral tolerance. Mice deficient in either
Fas (lpr/lpr mice) or FasL (gld/gld mice) develop profound lymphoproliferation
and autoantibodies after only a few months, and, when on the MRL background, by five months begin to die of autoimmune glomerulonephritis and
other inflammatory abnormalities. Humans with defective Fas can develop an
autoimmune lymphoproliferative syndrome (ALPS or Canale-Smith syndrome)
[70]. Lymphadenopathy in mice and humans with Fas or FasL deficiency is not
associated with increased risk of infection, raising doubts about the importance
of AICD in “making space” for future immune needs. The autoimmune disease
associated with the failure of this machinery is systemic rather than organ-specific autoimmunity, consistent with the view that AICD regulates uncontrolled
proliferation of T cells (and B cells, as is discussed below) regardless of their
specificity [71].
As mentioned in Section 4.1, antigen-specific T cells are created by a highly
complex process in which intricate recombination events derive the a- and bchain genes of the TCR from a reservoir of approximately 1.6 million base pairs
of genomic DNA to produce the premier recognition entrée of the adaptive immune system, the TCR. After dedicating so much genetic resource to creating
the T-cell repertoire, why would the immune system need to eliminate most of
the progeny of an expanding clone? This paradox is especially manifested when
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some strains of lymphocytic choriomeningitis virus induce such a strong CD8
T-cell response that virus-specific cytotoxic lymphocytes become undetectable,
presumably as a result of AICD, while virus and pathology persist [72]. Clonal
contraction seems counterproductive to protective immunity. In addition, why,
as a result of the failure of AICD, would continual clonal expansion of a T cell
responding to a foreign antigen lead to autoreactivity?
A commonly repeated notion is that AICD is necessary to eliminate autoreactive T cells that escaped deletion in the thymus and happened to encounter
their cognate self-antigen presented by professional APCs; AICD of T cells reacting with foreign antigens would be unavoidable in exchange for minimizing
autoimmunity. Alternatively, limiting clonal expansion by AICD is a tradeoff to
curtail the autoreactive potential that is intrinsic in all T cells. As previously discussed, T cells are positively selected in the thymus on self-antigen (+MHC);
therefore, all T cells are potentially self-reactive. Negative regulators of T-cell activation are likely to accumulate during thymopoiesis, resulting in increased
threshold requirements for signaling through the TCR and preventing mature
T cells from responding to the selecting self-antigens. However, in the periphery, negative regulators might become increasingly diluted as a consequence of
antigen-mediated clonal expansion. This loss would jeopardize tolerance to the
selecting antigens, increasing the capacity of T cells to respond to low-affinity
self-antigens in the periphery. This view places AICD as the companion of central T-cell tolerance associated with positive selection in that AICD eliminates
the progeny of activated T cells before they can express their intrinsic self-reactivity.
While teleological arguments about the “purpose” of AICD can be defended
to varying extents, discoveries in this field have made it difficult to support a
unifying hypothesis. The lymphoproliferation in mice and humans deficient in
Fas-mediated AICD is highly skewed to a normally rare lymphocyte that expresses the TCR but not the CD4 or CD8 coreceptor molecules. This “double
negative” T cell, which also expresses the B-cell marker B220, appears to be derived from antigen-activated CD8+ T cells [64]. The significance of the preferential expansion of this unusual type of T cell in the absence of AICD is unclear.
Also, while FasL is primarily expressed by activated CD8+ cytotoxic T cells as
well as CD4+ T cells comprising the Th0 and Th1 (helper) subsets, all T cells
(and B cells) are susceptible to apoptosis by the extrinsic pathway. Perhaps FasL
is released into the inflammatory milieu or expressed on non-lymphoid tissue
[73], so that any activated lymphocytes in the immediate environment could be
killed. Remarkably, the hypergammaglobulinemia and autoantibodies displayed
by mice with defective Fas or FasL can be largely attributed to the failure to
eliminate autoreactive B cells by Fas-mediated AICD rather than to failure of
AICD in the T-cell compartment [74, 75], although humoral autoimmunity in
MRL-lpr/lpr mice clearly requires T-cell help [76]. CD4+ cytotoxic Th1 T cells and
a portion of the cytotoxic activity of CD8+ T cells employ FasL in their effector
function to kill target cells expressing Fas, and CD4+ Th cells may have co-opted
this machinery to kill activated B cells [77]. Finally, it has been reported that tol-
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erance to certain tissue-specific antigens in “immune-privileged sites” such as
the testis, ovaries, brain, and eye is mediated by the constitutive expression of
FasL in these tissues [73]. Overall, while Fas-mediated AICD is arguably the single most important peripheral tolerance mechanism, utilization of this machinery is complex, unpredictable, and probably overwhelmed in autoimmune disease.

4.5
B-cell Tolerance

B-cell maturation takes place in the fetal liver and in the bone marrow after
birth. At the pre-B cell stage, somatic recombination of the V, D, and J genetic
elements allows expression on the cell surface of the l-chain of the immunoglobulin (Ig) receptor in association with an invariant, surrogate light chain. Because of the absence of a specific light chain, this pre-B cell receptor (BCR) does
not possess the antigen specificity displayed by the mature BCR, although the
heavy chain may have a dominant effect in determining specificity. Surprisingly,
the pre-BCR is a completely assembled signaling complex that is required for
further cell maturation, but there is no counterpart in pre-B cells to positive
selection, which is necessary for continual survival of pre-T cells. Therefore,
B cells are intrinsically less restricted than T cells to recognize antigen. At the
immature B-cell stage, a rearranged, specific light chain replaces the surrogate
light chain, and allelic exclusion is generally strictly enforced so that each B cell
bears a single heavy and light chain. Three types of tolerance mechanisms have
been described that are believed to minimize autoreactivity in B cells (Fig. 4.2).
4.5.1
Negative Selection of B Cells

Immature B cells that encounter antigen with high affinity for the BCR may
die in the bone marrow by apoptosis. This process appears to be very effective
for B cells specific to abundant, multivalent self-antigens displayed on cell surfaces, as has been shown for an MHC class I epitope [78] or for epitopes on erythrocytes [79], presumably resulting in extensive BCR cross-linkage. A concern
of studies directly demonstrating deletion of Ig transgenic B cells is that these
cells may not respond in a normal way to receptor engagement. However, comparisons in normal mice of the production of immature B cells in the bone
marrow with B-cell emigration to the spleen indicate that only 15–20% [80] or
10% [81] of newly arising B cells reach the periphery, suggesting that the vast
majority of newly formed B cells die in the bone marrow [81]. It is possible that
many of these cells do not survive because they fail to produce functional BCR
signaling machinery. However, Wardemann et al. [82] demonstrated that while
76% of pre-B cells or early immature B cells from human bone marrow are
potentially self-reactive, this number drops to 40% in immature bone marrow
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Fig. 4.2 B-cell tolerance and autoreactivity.
In the bone marrow (upper panel), random
rearrangement of genetic elements encoding
the BCR produces pre-B cells that either die
through neglect because of failure to assemble a functioning signaling complex or are
tested for reactivity to multivalent self-antigens in their environment. Reactive cells
either die through negative selection or
engage the DNA recombinase machinery to
produce an alternate light chain. Cells that
replace their light chains by receptor editing
to produce a BCR with low avidity for self
emigrate to the periphery. Many B cells
escape this central tolerance machinery and
enter the periphery with autoreactive potential. Under some conditions, immature autoreactive B cells may become anergic by con-

tact with antigen. In the periphery, if a B cell
encounters antigen with high affinity for its
BCR as well as specific T-cell help, it may
become activated, multiply into a B-cell
clone, and secrete antibody. Some B cells
can be activated by multivalent antigens in
the absence of T-cell help (not shown). Somatic mutation of the BCR driven by T-cell
help can enhance the affinity of the BCR to
produce an overtly autoreactive B cell. Upregulation of Fas limits expansion of the B-cell
clone by initiating cell death upon encountering Fas ligand on activated T cells or as
a soluble agonist in its environment. Other
peripheral tolerance mechanisms have also
been observed, including receptor editing,
failure to develop proper germinal centers,
and cytokine-mediated suppression.

B cells and 20% in mature, peripheral B cells, suggesting that most of the discrepancy between B-cell production in the bone marrow and B-cell immigrants
in the periphery is due to negative selection of autoreactive cells. Nevertheless,
the importance of this process in maintaining self-tolerance is unclear because
it has not yet been shown that failure of or deficiency in negative selection of
B cells results in autoimmunity.

4.5 B-cell Tolerance

4.5.2
B-cell Receptor Editing

After an immature B cell encounters multivalent self-antigen, there may be a
one- to two-day delay before it dies by negative selection. During this time the
recombinase-activating genes are transcribed, leading to additional light-chain
V/J DNA rearrangement, and the newly formed light chain replaces the original
light chain in the assembled Ig molecules. If this process of “receptor editing”
produces a BCR that is not autoreactive, the cell can proceed in development.
Autoantigen-induced secondary Ig gene rearrangement seems at odds with allelic exclusion, but apparently engagement of the BCR at the pre-B cell stage is a
dominant signal to initiate receptor editing [83]. This phenomenon has been
shown in several lines of mice transgenic for various Ig heavy and light chains
in which the transgene-encoded antibody was bred into an environment that expressed the cognate antigen. Although peripheral B cells in these mice were
abundant, a high percentage of them did not express the original transgenic
light chain [84], suggesting that autoantigen-mediated receptor editing is a robust process to rescue B-cell precursors from death.
Receptor editing has also been observed in mice made transgenic for antiDNA antibodies. Gay et al. [85] employed heavy and light chains that conferred
anti-native (double-stranded) DNA activity in a hybridoma called 3H9, but the
derivative transgenic mice had no anti-DNA activity as a result of the spontaneous swapping of transgenic light chains for endogenous light chains in the
surviving B cells. When mice transgenic for just the heavy chain of 3H9 were
studied, analysis of derived hybridomas revealed a skewed but diverse lightchain usage comprising 37 different V kappa genes [86]; none of these antibodies expressed anti-DNA activity. These results suggest that when pre-B cells encounter endogenous antigen, they are rescued from death by a second round or
even multiple rounds of light-chain gene rearrangements. To minimize artifacts
due to unnatural loci where Ig transgenes come to reside in the germ line,
Pewzner-Jung et al. [87] constructed “knock-in” mice in which a rearranged antiDNA heavy-chain gene was targeted to the heavy-chain locus, allowing Ig class
switching and somatic mutations; the surviving B cells displayed highly skewed
J kappa usage compared to bulk Ig, presumably to avoid acquiring anti-DNA activity. Silencing autoreactive properties of B cells by exchanging light chains
seems to be a common mechanism for B-cell tolerance [88]. Taken together,
these studies strongly suggest that B cells that happen to develop autoantigenbinding activity during early development and that are exposed to a multivalent
form of the cognate antigen can be rescued from negative selection by reactivating their DNA recombination machinery and replacing the light chain in the
BCR. The fact that receptor editing is so important in shaping the B-cell but
not the T-cell repertoire may relate to the observation that autoreactive properties are such a predominant part of the pre-B-cell repertoire [82] that just allowing these cells to die would leave little for the humoral immune system to work
with.
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4.5.3
B-cell Anergy

Much of the description of B-cell anergy derives from a mouse model expressing transgenic heavy (l) and light chains, which together encode an anti-hen
egg lysozyme (HEL) antibody. These cells can be considered autoreactive when
the mice are genetically crossed with, or when anti-HEL mature B cells are
adoptively transferred into mice expressing lysozyme as a transgene. In contrast
to the controls that spontaneously secreted IgM anti-HEL, antibody secretion in
the double-transgenic mice was profoundly silenced [89]. HEL-specific B-cell
precursors were still present but had downregulated approximately 95% of their
surface IgM and were largely non-responsive to stimulation with antigen plus T
cells in the appropriate host [89]. It was proposed that the functional tolerance
or anergy that developed when B cells encountered high-affinity, monovalent
antigen in the absence of T-cell help produced a critical level of BCR occupancy
to initiate an anergy program rather than activation, ensuring that self-reactive
B cells make the “correct response” to prevent autoimmunity [90].
It remains unclear how well these findings apply to B cells in a normal immune system where B cells can edit their receptor by swapping light chains at
the pre-B cell stage, somatically mutate and isotype-switch in response to T-cell
help, and traffic in an environment that is not overpopulated by a single clone.
Two studies in which some of these shortcomings were overcome demonstrated
that anergy of Ig-transgenic B cells specific for DNA due to encounter with
endogenous antigen was readily broken by provision of T-cell help. In one study,
adoptive transfer of hemagglutinin-specific T cells into a host expressing the Tcell target antigen and anergic transgenic B cells specific to DNA induced antiDNA antibodies [91]. Another study used a different transgenic Ig heavy chain
that conferred single-stranded DNA binding activity; when these mice received
allogeneic T cells, the strong T-cell help associated with the subsequent graft-versus-host reaction resulted in the appearance of anti-DNA-secreting B cells [92],
in large part due to secondary rearrangement of the heavy chain driven by endogenous antigen (receptor editing in the periphery) [93]. In contrast to the behavior of anti-DNA-specific B cells, anti-HEL-specific B cells were preferentially
excluded from the spleen and lymph node follicles after exposure to soluble
HEL [94] or triggered to undergo Fas-mediated AICD when provided with T-cell
help [77]. The seemingly opposite results between the HEL/anti-HEL systems
and the anti-DNA systems cannot be readily reconciled. However, the use of receptor-transgenic mice to delineate fundamentals of immune regulation runs
the risk of misleading observations because of the abnormal loci in which the
transgenes come to reside and the possible anomalous in vivo behavior of a
large population of monoclonal lymphocytes.

4.7 Concluding Remarks

4.6
Breaking Tolerance

For each putative tolerance mechanism, there have been numerous descriptions
of its breakdown that could lead to autoimmunity. Genetic alterations in intracellular signaling pathways are prime candidates because enhanced signaling
through the antigen receptor, reduced signaling through inhibitory receptors, or
abnormalities in intracellular negative regulators of lymphocyte activation could
readily contribute to autoreactivity (reviewed in [95]). Also, extracellular factors
that could influence tolerance and contribute to autoimmunity have been invoked, such as viral- or bacterial-derived antigens that cross-react with the BCR
or TCR (reviewed in [96]), coincidental signaling through Toll-like receptors to
enhance APC function by pathogens (reviewed in [97]), or even self-materials
[98] or increased self-antigen load due to a deficiency in antigen clearance machinery [99]. However, of primary importance in the productive activation of B
cells is the availability of T-cell help, because somatic mutation to produce the
high-affinity antibodies that characterize protective immunity and of autoantibodies that can arise spontaneously in autoimmune disease generally requires
the action of CD4+ T-helper cells (see Chapter 5).
Even in autoimmune mouse strains where B-cell defects have been described,
T cells are necessary for full expression of autoimmune disease (reviewed in
[100]). Of all the B-cell tolerance mechanisms, only deletion, the ultimate form
of tolerance, can resist strong T-cell drive. However, there is no shortage of newly emerging autoreactive B cells that escape negative selection and receptor editing; in a recent study 4% of the normal, mature B-cell repertoire had autoreactivity to native DNA [82], the prototypic target of autoantibodies in systemic lupus erythematosus (see Chapter 11). Furthermore, somatic mutation driven by
Th and self-antigen could readily convert weakly autoreactive B cells to produce
high-affinity autoantibodies [101]. Taken together, it is difficult to escape the
conclusion that the onus for control of immune tolerance is the predominate
purview of the T-cell repertoire.

4.7
Concluding Remarks

Intolerance to infectious agents and tolerance to self would seem to be the aim
of an ideal immune system, and elaborate machinery to protect against foreign
intrusions while avoiding pathogenic self-reactivity has been assembled by the
immune system. However, it is a messy arrangement involving a patchwork of
mechanisms in which various processes for minimizing autoreactivity have
been cobbled together during the evolution of the adaptive immune system, filling loopholes or gaps in the tolerance machinery that resulted in failure to
thrive or to survive long enough to reproduce. The adaptive immune system
presumably preserved the most effective features of this sporadically acquired
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tolerance machinery. However, the way these processes are currently defined is
at least in part an intellectual construct that tries to make sense of phenomena
that probably arose over the course of 200 million years. Gradual improvements
during the evolution of the adaptive immune system may not readily conceptualize into coherent mechanisms. As a result, some of our current ideas
about immune tolerance will prove to be wrong or at least their importance
overemphasized; others have yet to be discovered. The challenges inherent in
having an adaptive immune system are surpassed only by the challenges in
explaining it and in exploiting opportunities for enhancing immunity to pathogens and subverting its tendency to autoreactivity.
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5
T-B Cell Interactions in Autoimmunity
Barbara Schraml and Stanford L. Peng

5.1
Introduction

Although to some degree all autoimmune diseases likely represent systemic
hyperactivation of both T and B cells, only the autoantibody-mediated syndromes – such as systemic lupus erythematosus (SLE) or myasthenia gravis
(MG) – are hallmarked by and clearly require B-cell effector functions (e.g., antibody secretion), produced with the assistance of T-cell help, to mediate disease
[1–3]. SLE has remained the prototype of such diseases, and evidence for the
importance of T-B interactions in autoimmunity at multiple levels has largely
accumulated from studies in both animal models and patients with SLE. This
chapter discusses the current understanding of collaborative interactions between T and B cells in autoimmunity, focusing primarily on insight gained
from studies of SLE, MG, and other autoantibody-mediated diseases.

5.2
Direct T-B Cell Interactions: Receptor-mediated Contacts

During normal immune responses involving T-dependent antibody production,
T cells are primed with antigen by antigen-presenting cells (APC), such as dendritic cells, in the T-cell zone of the secondary lymphoid organs [4] (Fig. 5.1).
These activated T cells migrate to the follicular border where they interact, via
MHC class II as well as costimulatory molecules such as CD28 and CD40, with
activated B cells that have also encountered antigen, leading to B-cell activation,
follicular entry, and germinal center (GC) formation. These transient structures
foster somatic hypermutation and immunoglobulin isotype class switching, allowing the generation of high-affinity antibodies.
In model animal systems, self-reactive B cells are usually excluded from the
follicular microenvironment due to (1) the lack of activated self-reactive T cells;
(2) death via CD95-induced apoptosis; and/or (3) the lack of costimulatory mole-
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A

B

Fig. 5.1 (legend see page 87)

5.2 Direct T-B Cell Interactions: Receptor-mediated Contacts

cule-mediated survival signals [5–7]. In autoimmune diseases, the activation and
maturation of autoreactive B cells presumably reflect the loss of such control
mechanisms. Autoantibodies in autoimmune diseases characteristically are isotype-switched and display high affinity for autoantigen, implicating somatic
hypermutation and affinity maturation in T-dependent germinal centers [8–10].
In addition, abnormal spontaneous germinal center formation has been observed in lupus-prone mice, including (NZB ´ NZW) F1, MRL/+, MRL/lpr, and
BXSB [11]. Consequently, many studies have investigated the role of costimulatory molecules in disease pathogenesis, particularly in terms of their role in
germinal center formation.
5.2.1
CD40-CD154

The tumor necrosis factor receptor (TNFR) superfamily member CD40 is constitutively expressed on B cells, while its ligand CD154 (CD40 ligand, CD40L,
gp39) is expressed on activated T and B cells. Mice deficient in CD40 or CD154
fail to develop functional germinal centers and display impaired class switching
in response to T-dependent antigens [12, 13]. These phenotypes presumably reflect defective T-cell activation, although some studies suggest that activated B
cells may express functional CD154 and therefore promote bystander autoreactive B-cell activation independent of T-cell help [14, 15]. Interestingly, CD40-

3
Fig. 5.1 T cell-dependent induction of autoimmune reactions in B cell-mediated autoimmune diseases. (A) Initiation of autoreactive B- and T-cell activation. Autoreactive T
cells are activated when autoreactive B cells
encounter antigen in the periphery, travel
to lymphoid organs, and act as antigenpresenting cells (APC, 1A), or when professional APCs process and present autoantigens and/or other T-cell epitopes in the
T-cell zone (1B). These activated T cells can
then in turn activate the same or other autoreactive B cells via costimulatory molecules
such as CD154 and/or CD28 (2A), or by secreting cytokines such as IFN-c and/or IL-4
(2B), which promote and/or augment B-cell
activation and class switching. Activated
autoreactive B cells then travel to the B-cell
zone where they form germinal centers and
undergo class switching, somatic hypermutation, and affinity maturation in the dark
zone (DZ, 3). They escape apoptosis by
receiving survival signals in the light zone
(LZ, 4), either from activated T cells

(CD154, cytokines, etc.) or other APCs
(BAFF, etc.), eventually exiting the follicular
reaction as autoantibody-secreting plasma
cells or memory B cells (5). Effective therapeutic manipulations in T-B interactions
have involved both costimulatory and cytokine blockade, which presumably disrupt
steps (2) and/or (4). (B) Amplification and
epitope spreading of autoimmunity. Once
activated, an autoreactive B cell specific for
a determinant in an autoantigenic complex
internalizes the antigens, processes them,
and can present any epitope derived from
this complex via MHC class II. T cells recognizing such an epitope become activated,
upregulate costimulatory molecules and
secrete cytokines, and can interact with and
activate other B cells displaying the proper
T-cell epitope on their surface, even though
their BCRs recognize different B-cell epitopes. As such, autoantigenic determinants
expand and amplify during autoimmune
inflammation.
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Table 5.1 Costimulatory interventions in systemic lupus erythematosus a).
System/
Intervention

Model

Anti-DNA

Glomerulonephritis

Ref.

CD40/CD154
Anti-CD154
Anti-CD154
Anti-CD154
CD154 –/–

(SWR ´ NZW) F1
(NZB ´ NZW) F1
Human SLE
MRL/lpr

;;
;;
;
;;

;;
;;
;
;;

17
24, 200
25
22, 23

CD28
CD28 –/–
Anti-CD80
Anti-CD86
Anti-CD80/CD86
Anti-CD80
Anti-CD86
CD80 –/–
CD86 –/–
CD80/CD86 –/–
Anti-B7H
CTLA4Ig
CTLA4Ig

MRL/lpr
MRL/lpr
MRL/lpr
MRL/lpr
(NZB ´ NZW)
(NZB ´ NZW)
MRL/lpr
MRL/lpr
MRL/lpr
(NZB ´ NZW)
MRL/lpr
(NZB ´ NZW)

F1

;;
?
;
;;
?
;;
?
?
;;
;;
;;
;;

;;
?
?
;;
?
;;
:
;
;;
;;
;;
;;

46
49
49
49
52
52
49
49
48
50
47
51, 201

CD137
Anti-CD137
Anti-CD137

MRL/lpr
(NZB ´ NZW) F1

;;
;;

;;
;;

58
59

a)

F1
F1

F1

Effect of blocking antibodies or genetic deficiencies on the autoimmune
syndromes of humans and mice with lupus. Significant versus mild reductions in the indicated disease parameters are indicated by ;; and ;, respectively; significant versus mild exacerbations in the indicated disease parameters are indicated by :: and :, respectively; no significant difference in a
disease parameter is indicated by ?.

CD154 interactions may also be required at least in part for the maintenance of
T-cell tolerance [16].
Nonetheless, the dominant importance of CD40-CD154 in the pathogenic
arm of autoimmune diseases has been repeatedly demonstrated in multiple
studies (Tables 5.1 to 5.3). Several investigations have demonstrated abnormal
expression of CD154 by both B and T cells in humans and mice with autoimmune diseases such as SLE [17–20], perhaps reflecting a primary defect in signaling molecules [21]. In addition, CD154-deficient MRL/lpr mice are generally
protected from the development of IgG hypergammaglobulinemia, anti-DNA
autoantibodies, and renal disease [22, 23], and anti-CD154 antibody treatment
significantly delayed the development of anti-DNA antibodies and glomerulonephritis in both lupus-prone (NZB ´ SWR) F1 and (NZB ´ NZW) F1 mice [17, 24],
as well as in humans with SLE [25]. Similarly, intervention in the CD40-CD154
system protects against autoantibody and other autoimmune manifestations in

5.2 Direct T-B Cell Interactions: Receptor-mediated Contacts
Table 5.2 Costimulatory interventions in myasthenia gravis a).
Model b)

Anti-AchR b)

Myopathy

Ref.

CD40/CD154
Anti-CD154
CD154 –/–

Rat-EAMG
B6-EAMG

;;
;;

;;
;;

27
26

CD28
CD28 –/–
Anti-CD80
Anti-CD86
CD80 –/–
CD80/CD86 –/–
CTLA4Ig

B6-EAMG
B6-EAMG
B6-EAMG
B6-EAMG
B6-EAMG
Rat-EAMG

;
;
;;
;;
;;
;;

;
;
;;
;;
;;
;;

26
54
54
54
54
53

System/
Intervention

a)

b)

Effect of blocking antibodies or genetic deficiencies on the autoimmune
syndromes of rodents with experimental myasthenia gravis. Significant
versus mild reductions in the indicated disease parameters are indicated
by ;; and ;, respectively.
AchR = acetylcholine receptor; B6 = C57BL/6; EAMG = experimental autoimmune myasthenia gravis.

Table 5.3 CD40/CD154 interventions in other autoimmune diseases a).
System/
Intervention

Model/
Background b)

Autoantibodies

End-organ
disease

Ref.

Anti-CD154
Anti-CD154
Anti-CD154
Anti-CD154
Anti-CD154
Anti-CD154
Anti-CD154

AO-ZP
AO-TX
Grave-scid
Hg
KRN
GVHD
Human SSc
(in vitro)
C57BL/6
C3H

;;
;;
;;
;;
;;
;;
;;

;;
;;
?
;;
;;
;;
ND

28
29
30
31
32
33
34

::
::

::
::

35, 37
36

CD154 Tg
CD154-L929
a)

b)

Effect of blocking antibodies or other genetic alterations within the CD40/
CD154 system on various autoimmune syndromes. Significant versus mild
reductions in the indicated disease parameters are indicated by ;; and ;,
respectively; significant versus mild exacerbations in the indicated disease
parameters are indicated by :: and :, respectively; no significant difference
in a disease parameter is indicated by ?.
AO-ZP = autoimmune oophoritis induced by zona pellucida peptides;
AO-TX = autoimmune oophoritis induced by day-3 neonatal thymectomy;
Grave-scid = Graves’ thyroid tissue xenografted upon severe combined
immunodeficient mice; GVHD = graft-versus-host disease; Hg = mercuryinduced autoimmunity; KRN = K/B ´ N transgenic spontaneous arthritis
mouse; SSc = systemic sclerosis (scleroderma); ND = not determined.
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experimental autoimmune myasthenia gravis (EAMG) [26, 27], autoimmune oophoritis [28, 29], autoimmune thyroid disease [30], mercury-induced autoimmunity [31], the K/B ´ N immune-complex arthritis model [32], graft-versus-host
disease [33], and systemic sclerosis [34]. Conversely, ectopic expression and/or
prolonged exposure to CD154 signals can result in pathogenic autoantibody
production and end-organ disease [35–37]. Thus, the CD40-CD154 system has
emerged as a dominant target system in the pathogenesis and therapy of multiple autoimmune syndromes.
5.2.2
CD28 System

The CD28 system includes a growing family of stimulatory (e.g., CD28) and inhibitory (CD152/CTLA4) receptors and B7 ligands (CD80/B7.1, CD86/B7.2, B7H, B7-H1, etc.). CD28 and CD152 are expressed on T cells, while the ligands
are expressed on antigen-presenting cells, including B cells. Non-autoimmune
mice deficient in CD28, CD80, or CD86 exhibit impaired antibody class switching and somatic hypermutation, attributed to defective germinal center formation [38, 39]. Since these molecules also provide essential costimulatory signals
to T cells during the interaction of their TCR with peptide-MHC complexes,
their role in GC development likely reflects their critical role in T-cell activation.
Several clinical observations have strongly implicated a pathogenic role for
the CD28-related molecules in autoantibody-mediated diseases: abnormal expression of CD28 and related molecules have been demonstrated in autoantibody-mediated diseases such as MG and SLE [40, 41], and genetic polymorphisms in CD152 have been found in association with autoimmune thyroid
disease and MG [42, 43]. In addition, B7-reactive autoantibodies present in
patients’ sera may promote autoreactivity by costimulating autoreactive lymphocytes [44]. On the other hand, as for CD40-CD154, some studies have suggested a tolerogenic role for the B7 molecules [45].
Still, interventions upon the CD28 system have consistently revealed an important role of these molecules in the pathogenesis of autoimmunity (Tables
5.1, 5.2, and 5.4): lupus-prone MRL/lpr mice deficient in CD28 or in both CD80
and CD86 develop significantly lower autoantibody titers, associated with diminished renal disease and mortality [46–48]. Interestingly, blockade of both CD80
and CD86 interactions, and/or B7-H, appears to be required for disease protection in this model, since antibody blockade of either one is insufficient to confer
protection [49, 50]. In contrast, although the CD28 system is also important in
the (NZB ´ NZW) F1 lupus model [51], CD86 blockade alone is sufficient to suppress autoantibody production and renal disease [52]. In EAMG, blockade of the
CD28 system is effective in reducing autoantibodies and disease and can be
achieved with deficiency in either CD80 or CD86 alone [26, 53, 54]. Similarly
successful findings have been reported with CD28 system intervention in graftversus-host disease [55], mercury-induced autoimmunity [31], experimental oophoritis [28], collagen-induced arthritis [56], and an anti-glomerular basement

5.2 Direct T-B Cell Interactions: Receptor-mediated Contacts
Table 5.4 CD28 system interventions in other autoimmune diseases a).
System/
Intervention

Model/
Background b)

Autoantibodies

End-organ
disease

Ref.

CTLA4Ig
CTLA4Ig
CTLA4Ig
CTLA4Ig
CTLA4Ig
Anti-CTLA4

AO-ZP
CIA
EAG
GVHD
Hg
CIA

;;
;;
;;
;;
;;
?

;;
;;
;;
;;
;;
?

28
56
57
55
31
56

a)

b)

Effect of blocking antibodies or other genetic alterations within the CD28
system on various autoimmune syndromes. Significant versus mild reductions in the indicated disease parameters are indicated by ;; and ;, respectively; no significant difference in a disease parameter is indicated by ?.
AO-ZP = autoimmune oophoritis induced by zona pellucida peptides;
CIA = collagen-induced arthritis; EAG = experimental autoimmune
glomerulonephritis; GVHD = graft-versus-host disease; Hg = mercuryinduced autoimmunity.

membrane model of glomerulonephritis [57]. Thus, although the relative roles
and importance of the various B7 molecules likely differ between different disease subsets, the CD28 system overall clearly plays a critical role in the generation of affinity-matured, class-switched pathogenic autoantibodies.
5.2.3
Other Costimulatory Systems

Although accumulating studies have demonstrated the importance of other costimulatory systems in antibody production during conventional immune responses, relatively few have directly addressed their roles in autoreactive T-B interactions. For example, CD137 (4-1BB) antibodies inhibit autoantibody production in both MRL/lpr and (NZB ´ NZW) F1 lupus-prone mice [58, 59], as well as
in graft-versus-host disease models [60], but may exert an indirect effect via
CD8 cells, rather than upon the interaction between helper T cells and autoreactive B cells. In addition, several studies have demonstrated abnormal expression
of CD134 (OX40 ligand) in SLE [61] and MG [62], as well as of CD30 in SLE
[63], autoimmune thyroid disease [64], systemic sclerosis [65], pemphigoid [66],
and primary biliary cirrhosis [67]. Other studies have suggested both inhibitory
and costimulatory functions for tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) [68, 69], and PD-1 deficiency can cause a lupus-like arthritis
and glomerulonephritis, as well as an autoantibody-mediated cardiomyopathy
[70, 71]. Thus, multiple additional costimulatory systems may modulate the interactions between T and B cells, possibly in both protective and pathogenic
fashions.
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5.2.4
Cell Death

In addition to activation, T-B cell interactions may also result in cell death or
apoptosis, generally of the B cell [72]. Such interactions typically involve death
receptors such as CD95 (Fas), TNFR1 (TNF receptor-1), and the TRAIL receptors DR4 and DR5, whose dysfunction may lead to autoimmune manifestations,
in part due to the inability to exclude autoreactive B cells from the lymphoid follicle and germinal center reaction [5, 73, 74]. However, a detailed description of
cell death and apoptosis in autoimmunity is beyond the scope of this chapter,
and the reader is directed to other sections of this book for further details (e.g.,
see Chapters 4 and 6).

5.3
Indirect T-B Cell Interactions: Soluble Mediators
5.3.1
Th1 versus Th2 Cytokines in Humoral Autoimmunity

During immune responses, all helper CD4+ T (Th) cells produce interleukin-3
(IL-3) and granulocyte-macrophage colony-stimulating factor (GM-CSF), but differences in environmental stimulation skews them broadly towards two subtypes bearing distinct patterns of cytokine production: (1) Th1 cells, which produce predominantly IL-2, interferon-c (IFN-c), lymphotoxin (LT), and tumor necrosis factor-a (TNF-a); and (2) Th2 cells, which produce IL-4, IL-5, IL-6, IL-9,
IL-10, and IL-13 [75–77]. This dichotomy has become less clear as recent studies
have further detailed the increasingly complex environments of natural immune
responses [78, 79], but nevertheless it has remained of great utility because Th1
cytokines have consistently been associated with cellular immune functions,
such as delayed-type hypersensitivity and macrophage activation, while Th2 cytokines have been associated with B cell–dependent antibody responses, such as
allergy [76, 80]. As such, humoral autoimmune diseases were initially predicted
to be Th2 response-dominated [81, 82]; however, continued investigation has revealed a Th1-predominance in several autoantibody-mediated diseases, including
SLE [83–86], MG [87, 88], and autoimmune gastritis [89]. Still, Th2 predominance is seen in syndromes such as pemphigus vulgaris [90, 91] and even in
some facets of Th1-predominant diseases, such as the intrarenal T cells in SLE
[92]. Other diseases fail to demonstrate any particular Th1/Th2 skewing, such
as primary biliary cirrhosis [93]. As such, while T cell–derived cytokines clearly
promote humoral autoimmunity, the relative importance and distinction between the Th1- versus Th2-related types of response may not apply absolutely to
these diseases. Nonetheless, several cytokines clearly propagate the autoimmune
collaboration between T and B cells (Tables 5.5 to 5.7 and Figure 5.1).

5.3 Indirect T-B Cell Interactions: Soluble Mediators
Table 5.5 Cytokine interventions in systemic lupus erythematosus a).
Model b)

Anti-DNA

Glomerulo-nephritis

Ref.

IFN-c
rIFN-c
Anti-IFN-c
Anti-IFN-c
IFN-c –/–
IFN-cR –/–

(NZB ´ NZW) F1
MRL/lpr
(NZB ´ NZW) F1
MRL/lpr
(NZB ´ NZW) F1

::
ND
;;
;;
;;

::
?
;
;;
;;

96
202
97
99-102
98

IL-4
Anti-IL-4
IL-4 –/–
IL-4 –/–
IL-4 –/–
IL-4 Tg

(NZB ´ NZW) F1
MRL/lpr
BALB/c-peptide
BXSB
(NZW ´ B6.Yaa) F1

;;
?
:
?
;

;;
;
;
?
;;

111
100
112
113
114

IL-6
Anti-IL-6
IL-6 –/–

(NZB ´ NZW) F1
BALB/c-pristane

;;
;;

;;
;;

141
142

IL-10
rIL-10
Anti-IL-10
Anti-IL-10
IL-10 –/–

(NZB ´ NZW) F1
(NZB ´ NZW) F1
Human SLE
MRL/lpr

::
;;
;;
::

::
;;
ND
::

157
157
158–160
165

Cytokine/
Intervention

a)

b)

Effect of cytokine modulations in systemic lupus erythematosus. Significant versus mild reductions in the indicated disease parameters are indicated by ;; and ;, respectively; significant versus mild exacerbations in
the indicated disease parameters are indicated by :: and :, respectively;
no significant difference in a disease parameter is indicated by ?.
BALB/c-peptide = DWEYSVWLSN-induced lupus in BALB/c mice.
ND = not determined.

5.3.2
IFN-c

IFN-c, the prototypical Th1 cytokine, exerts pleiotropic effects upon B cells, upregulating MHC class II and promoting class switching to IgG2a and possibly
IgG3 [94, 95]. Treatment of lupus-prone (NZB ´ NZW) F1 mice with IFN-c exacerbated autoantibody production and mortality [96], while treatment with neutralizing antibody to IFN-c or IFN-c receptor deficiency significantly delayed the
development of anti-DNA antibodies and renal disease [97, 98]. Similar results
have been described with IFN-c or IFN-c receptor deficiency on the lupus-prone
MRL/lpr background [99–102], as well as in EAMG [103–107]. These results
have been largely attributed to the importance of IFN-c in the promotion in B
cells of “Th1-like” IgG isotypes, particularly IgG2a and IgG3, which are likely
particularly pathogenic in autoantibody-mediated, immune-complex diseases
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Table 5.6 Cytokine interventions in myasthenia gravis a).
Model b)

Anti-AchR b)

Myopathy

Ref.

IFN-c
rIFN-c
IFN-c transgene
IFN-c –/–
IFN-cR –/–

Rat-EAMG
BALB/c
B6-EAMG
B6-EAMG

::
::
;;
;;

::
::
;;
;;

107
104
103
105

IL-4 –/–

B6-EAMG

:

:

117, 118

IL-6 –/–

B6-EAMG

;;

;;

143

IL-10 transgene
IL-10

B6-EAMG
Rat-EAMG

::
::

::
::

163
164

Cytokine/
Intervention

a)

b)

Effect of cytokine modulations in experimental myasthenia gravis. Significant versus mild reductions in the indicated disease parameters are indicated by ;; and ;, respectively; significant versus mild exacerbations in
the indicated disease parameters are indicated by :: and :, respectively;
no significant difference in a disease parameter is indicated by ?.
AchR = acetylcholine receptor; B6 = C57BL/6; EAMG = experimental autoimmune myasthenia gravis.

Table 5.7 Cytokine interventions in other autoimmune diseases a).
System/
Intervention

Model/
Background b)

Autoantibodies

End-organ
Disease

Ref.

IL-4 –/–
IL-4 (adenoviral)

EAGD
EAGD

;;
;;

;;
;;

119
120

rIL-5

Anti-RBC Tg

::

::

161

rIL-10
rIL-10
rIL-10
IL-10 (adenoviral)
Anti-IL-10
IL-10 –/–

Anti-RBC Tg
EAT
PV
NOD
Anti-RBC Tg
PV

::
;;
?
::
;;
?

::
;;
;;
::
;;
::

161
170
168
167
162
168

a)

b)

Effect of cytokine modulations on various autoimmune syndromes. Significant versus mild reductions in the indicated disease parameters are indicated by ;; and ;, respectively; significant versus mild exacerbations in
the indicated disease parameters are indicated by :: and :, respectively;
no significant difference in a disease parameter is indicated by ?.
EAGD = experimental autoimmune Graves’ disease; EAT = experimental
autoimmune thyroiditis; NOD = non-obese diabetic; PV = pemphigus
vulgaris; RBC = red blood cell.

5.3 Indirect T-B Cell Interactions: Soluble Mediators

like SLE because they potently activate complement, bind to activating Fc receptors, and mediate glomerular lesions.
At the same time, IFN-c is still dispensable for pathogenic humoral autoimmunity, since the onset of disease is only delayed, not abrogated, in IFN-c-deficient and IFN-c receptor–deficient mice. In addition, although IFN-c-deficient
mice develop lower titers of autoantibodies in a model of granulomatous experimental autoimmune thyroiditis, they still developed significant thyroid pathologies comparable to IFN-c-sufficient counterparts [108]. Thus, IFN-c likely represents only part of the inflammatory cascade that promotes autoreactive B-cell activation in these diseases.
5.3.3
IL-4

IL-4, the prototypical Th2 cytokine, promotes B-cell activation as well as class
switching to murine IgG1 (human IgG4) and IgE. Although these Ig isotypes
are generally not considered pathogenic in humoral autoimmune diseases,
IL-4 plays an essential role in humoral immune responses due to its role as a
B-cell growth factor, prompting its early presumed importance in the pathogenesis of antibody-mediated autoimmune diseases [109, 110]. However, studies in
both human and animal models have been somewhat conflicting: in murine
lupus, neutralization of IL-4 inhibits anti-DNA production and nephritis in
(NZB ´ NZW) F1 mice, associated with an inhibition of IgG1 and IgG3 [111],
while IL-4 deficiency fails to affect autoantibody development yet mildly protects
against end-organ disease in MRL/lpr mice [100] and a peptide-induced model
of lupus [112], but has no effect in BXSB mice [113]. In addition, an IL-4 transgene protects (NZW ´ B6.Yaa) F1 mice from renal disease and mortality, but apparently not due to reductions in overall anti-DNA titers but rather to a skewing
toward the relatively non-pathogenic IgG1 isotype [114]. Still, neutralization of
IL-4 in vivo protects against mercury-induced autoimmunity [115]; IL-4-deficient
animals are more susceptible to EAMG [116–118]; and in experimental autoimmune thyroiditis (EAT), both IL-4 deficiency and an IL-4-expressing adenovirus
surprisingly protected against autoantibodies and disease [119, 120]. Thus, the
effect of IL-4 varies from disease to disease, and likely from disease subtype to
disease subtype.
These effects of IL-4 have been primarily attributed to Ig class switching.
However, additional roles for IL-4 exist: for example, IL-4 transgenic mice have
been shown to develop glomerulosclerosis in the absence of antibodies, suggesting that IL-4 may promote end-organ injury via B cell–independent mechanisms [121]. Nonetheless, this cytokine is known to promote the survival of
autoreactive B cells [122], and apoptotic B cells may augment autoimmunity by
promoting Th2 T-cell responses [123]. Therefore, IL-4 is likely to participate in a
complex, still incompletely elucidated immunoregulatory network between autoreactive T and B cells.
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5.3.4
IL-6

IL-6, produced by both B and T cells, regulates B-cell proliferation and differentiation, particularly of terminally differentiated plasma cells [124–126]. Given
the importance of plasma cells in antibody secretion in humoral autoimmune
diseases [10, 127–132], IL-6 has remained an attractive pathogenic and therapeutic target in humoral autoimmunity. Indeed, IL-6 levels are often elevated in human and murine SLE [133–136], where constitutive expression of the IL-6 receptor has also been demonstrated [137]. In addition, thymic cells from patients
with MG and thyroiditis often overproduce IL-6 [138–140].
However, definitive evidence for IL-6 in these diseases remains largely scant,
albeit encouraging. Neutralizing anti-IL-6 treatment of (NZB ´ NZW) F1 mice reduced anti-dsDNA titers, delaying the onset of kidney disease and prolonging
survival [141], while IL-6 deficiency abrogated anti-DNA, but not anti-snRNP,
autoantibody production in the pristane model of experimental SLE [142]. In
one study with EAMG, IL-6 deficiency also prevented significant autoantibody
formation and end-organ disease [143], and, at least in vitro, IL-6 may be important in the production of anti-topoisomerase I autoantibodies in systemic sclerosis [144]. These effects may relate to a role for IL-6 in B-cell activation, perhaps
in the promotion of germinal center formation and/or plasma cell differentiation [145].
5.3.5
IL-10

As a promoter of B-cell growth and differentiation, IL-10, produced by T cells, B
cells, and macrophages, has been proposed as a pathogenic agent in humoral
autoimmunity [146, 147]. However, it also exerts inhibitory effects, particularly
on T cells, likely via its role in regulatory T cells [147]. Nonetheless, evidence of
elevated IL-10 activity has often been found in these diseases, including SLE
[148–150] and rheumatoid arthritis [151]. Furthermore, genetic polymorphisms
in the IL-10 promoter are associated with autoantibody production and disease
in SLE [152–155] and RA [156], suggesting that IL-10 may play a truly etiologic
role in disease.
In SLE, continuous administration of IL-10 to (NZB ´ NZW) F1 mice accelerates the development of autoantibodies and renal disease, whereas neutralizing
anti-IL-10 treatment significantly reduces autoantibody production, nephritis,
and mortality [157]. Neutralization of IL-10, both in vivo and in vitro, appears to
abrogate the hyperactivity of human SLE lymphocytes and improve disease parameters [158–160]. Similarly, in an animal model of autoimmune hemolytic
anemia, IL-10 administration exacerbated anti-RBC antibodies and anemia [161],
while anti-IL-10 therapy largely prevented autoantibody production and anemia
[162]. In EAMG, overexpression of IL-10 promotes autoantibody production and
disease [163, 164]. Thus, in several settings IL-10 plays a clear pathogenic role.

5.4 The Nature of T-B Interactions in Autoimmunity: Ongoing Issues

However, IL-10-deficient lupus-prone MRL/lpr mice develop exacerbated antiDNA autoantibody production and end-organ disease, associated with accentuated Th1 responses [165], and in at least some cases of human SLE, IL-10 promotes CD95-mediated activation-induced cell death [166], supporting an important role for this cytokine in immunoregulation. Indeed, in diabetes-prone NOD
mice, adenoviral vector–mediated delivery of IL-10 attenuates anti-insulin antibodies and diabetes [167]; in a passive transfer model of pemphigus vulgaris,
IL-10 suppresses, while IL-10 deficiency exacerbates, disease [168]; and in EAT,
IL-10 administration improves thyroiditis in association with increasing the
IgG1/IgG2a autoantibody isotype ratio [169, 170]. Thus, like other cytokines,
IL-10 likely possesses both pathogenic and protective roles, with different relative importance in different diseases.
5.3.6
Other Cytokines

Several other T cell- or B cell-derived cytokines may also participate in the
pathogenesis of humoral autoimmune diseases. For example, IL-5, produced by
T cells, has been demonstrated to exacerbate autoantibodies in a murine model
of AIHA [161] as well as in the (NZB ´ NZW) F1 murine lupus model [81].
Prior studies have implicated IL-127which is primarily produced by macrophages but is also produced by B cells [171] – in the pathogenesis of EAT [172],
EAMG [106, 173], (NZB ´ NZW) F1, and MRL/lpr lupus [111, 174], as well as in
collagen-induced arthritis [175]. But other studies have suggested that it may be
protective, at least in mercury-induced autoimmunity [176] and GVHD [177,
178]. However, given the recent discovery of multiple members of the IL-12
family that share common active subunits, such as IL-23 and IL-27, these findings are likely confounded and thus require revisitation [179]. Finally, soluble
forms of surface receptors, such as soluble CD154 [180, 181], have been described in these diseases. Thus, pathological contexts for many additional soluble mediators remain to be defined.

5.4
The Nature of T-B Interactions in Autoimmunity: Ongoing Issues

The majority of interactions between T and B cells in autoimmunity are presumed to involve the active provision of helper functions by T cells upon autoreactive B cells to secrete autoantibodies (Figure 5.1) [2]. In such a model, autoreactive T cells, activated via the cognate recognition of autoantigenic peptide
complexed with MHC on the surface of an activated APC, subsequently activate
autoreactive B cells, which present the same autoantigenic peptide-MHC complex to the T cell. Such interactions promote subsequent B-cell activation and
autoantibody secretion via these aforementioned costimulatory molecules and
cytokines.
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The initial T-cell help given to B cells, however, need not be self-reactive, or
even autoantigen-specific. For instance, DNA-peptide complexes can induce
pathogenic anti-DNA responses in mice in a hapten-carrier-like fashion, where
DNA is the hapten [182], and viral proteins may complex with self-antigens like
DNA, eliciting viral peptide-driven autoreactive responses [183]. Indeed, T cells
are not required for the generation of autoantibodies per se, but autoantibodies
that arise in the absence of T cells lack the high-affinity, class-switched characteristics of pathogenic autoantibodies [184, 185]. Accordingly, non-autoantigenspecific T cells [186], or T cells of limited repertoire [187], are capable of augmenting autoantibody production by B cells but still are unable to promote the
production of high-affinity, class-switched autoantibodies. Thus, autoantigenspecific T cells are not required for the initiation of autoreactive B-cell responses, but some autoantigen specificity by T cells is necessary to propagate
and/or mature such responses to acquire fully pathogenic characteristics.
Such true autoantigen-specific T cells respond to classically predictable components of the autoantigens themselves; for example, in lupus these may include histone-derived [188–190] or interestingly autoantibody immunoglobulinderived [191] peptides. Such observations suggest that B cells themselves may
participate in the activation of pathogenic T cells: for example, anti-histone
(DNA) B cells could take up autoantigens via B-cell receptor-mediated endocytosis and then process and present either autoantigenic or Ig peptides to T cells.
These B cells could be of autoantigen specificities different from that of the responding T cell(s), leading to epitope spreading and diversification of the activated autoimmune repertoire [192]. Such a concept is supported by studies in
murine lupus, where B-cell deficiency abrogates T cell–mediated cellular autoimmunity independent of an effect on autoantibody secretion [193, 194]. Thus,
in addition to their role in autoantibody secretion, autoimmune B cells may also
trigger autoimmunity by acting as the initial antigen presenting cells to autoreactive T cells. Similarly, potentially critical APC functions for B cells may also
be required for diabetes [195–197] and possibly for multiple sclerosis [198]; however, this effect may reflect a requirement for B cells to secrete autoantibodies,
which themselves may induce end-organ injury and prime T cells [199].
In this sense, the spectrum of interactions between T and B cells in autoimmunity likely extends far beyond the simple provision of antibody-producing
help by autoreactive T cells to autoreactive B cells via costimulatory molecules
and cytokines. Continued further investigation will hopefully provide further insight into the immunoregulatory network in these autoimmune conditions, not
only in terms of the factors and conditions that mediate and/or foster T-cell
help to autoreactive B cells, but also in terms of the cognate antigen specificity
of the T- and B-cell responses, as well as the reciprocal synergistic interactions
that arise between these two populations.
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6
Cell Death and Autoimmunity
Carlos A. Casiano and Fabio J. Pacheco

6.1
Introduction

The survival of multicellular organisms depends on their ability to maintain the
delicate balance between the rate of cell death and the rate of cell proliferation.
It has been recognized that alteration of this balance, leading to either too much
or too little cell death, underlies the etiology of the majority of human diseases,
including systemic autoimmunity, osteoarthritis, cancer, heart disease, diabetes,
liver disease, and neurodegenerative disorders [1–7]. Cell death has been traditionally considered as a process that occurs via two morphologically distinct
mechanisms, apoptosis and necrosis [8, 9]. This dual classification relies mainly
on the observation that apoptosis and necrosis are the major types of cell death
associated with most physiological and pathological processes. Although recent
studies have provided evidence for the existence of novel forms of cell demise
with features that either do not fit into the classical apoptotic or necrotic
morphologies or are shared by both modalities [10–15], most of our knowledge
of cell death has derived from the analysis of molecular and biochemical mechanisms underlying apoptosis and necrosis.
A central question in the study of autoimmune diseases is how immune tolerance to self-antigens that are associated with essential cellular or organ functions is broken, thereby turning these antigens into malicious immunogens capable of inciting and maintaining vigorous and prolonged humoral and cellular
immune responses. Numerous mechanisms have been proposed to explain this
phenomenon, including molecular mimicry and structural modifications of selfantigens caused by mutations or exposure to xenobiotics and infectious agents
[16–19]. Compelling evidence has accumulated during the past decade to support the general hypothesis that dysfunctional cell death plays a pivotal role in
the induction of autoimmunity, both systemic and organ-specific [20–23]. This
hypothesis is supported by several major lines of evidence, derived from studies
with animal models of autoimmune diseases and patients with autoimmune
disorders, as well as from in vitro model systems. These include (1) the identifi-
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cation of defects in genes involved in the regulation of the activation of T and B
lymphocytes and the deletion of autoreactive lymphocytes [23–25]; (2) the detection of excessive cell death induced by autoreactive cytotoxic T cells (CTLs) in
target organs in certain organ-specific autoimmune diseases [4, 26]; (3) the link
between systemic autoimmunity and deficiencies in genes involved in the clearance of immune complexes and dying cells [27–30]; and (4) the observation that
many intracellular autoantigens undergo structural modifications during cell
death (both apoptotic and necrotic) that might reveal potentially immunostimulatory cryptic epitopes under a proinflammatory context [31–34].
While the contribution of dysfunctional apoptosis to autoimmunity has attracted considerable attention, the contribution of necrosis has been largely ignored. This is due in part to the emphasis on the molecular dissection of apoptotic pathways and their contribution to human disease, combined with the generalized perception that necrosis is an accidental mode of cell death that is not
mechanistically driven. In recent years, however, there has been an increased interest in the analysis of biochemical mechanisms underlying necrosis and the
potential contribution of this mode of cell death to the generation of autoimmune responses, particularly within the context of systemic autoimmunity. In
this chapter, we provide a general overview of the two major modes of cell death
and the evidence supporting their role in autoimmunity.

6.2
Apoptosis

Apoptosis is a genetically programmed cell-demise process that facilitates the
elimination of damaged or unwanted cells in various circumstances, including
organ and tissue development during embryogenesis, immune system development and function, normal tissue homeostasis, and tissue healing [35, 36]. Under normal conditions, humans lose millions of cells every day via apoptosis, a
process that is balanced by the generation of new cells. Apoptosis can be induced by a large number of internal or external stimuli, including UV irradiation [37], oxidative stress [38], hypoxia [39], cytokines such as tumor necrosis factor (TNF) and Fas ligand (FasL) [40], DNA-damaging drugs [41], drugs of abuse
such as cocaine and heroin [42, 43], complement attack [44], nitric oxide [45], inhibitors of survival proteins [46], and natural substances such as lycopene and
resveratrol [47, 48].
Apoptotic cells can be distinguished from necrotic cells by their distinctive
morphological features (Fig. 6.1), which include general shrinkage, cytoskeleton
disruption, cytoplasmic membrane blebbing, nuclear membrane solubilization,
and chromatin margination and fragmentation [9, 35, 36]. A hallmark feature of
apoptosis is the fragmentation of the dying cell into numerous blebs or apoptotic bodies, which in the early stages of the death process remain surrounded by
a relatively impermeable cytoplasmic membrane. Retention of cytoplasmic
membrane integrity is important for the exposure of membrane signals such as

6.2 Apoptosis

Fig. 6.1 Key events associated with the progression of apoptosis and necrosis.

the externalization of phosphatidylserine, which in essence sends a message to
phagocytic cells to “eat me now or else” [49]. These signals are essential for facilitating recognition and processing of dying cells by phagocytes. This recognition process normally occurs swiftly; otherwise, apoptotic cells or bodies that linger for too long will eventually lose their cytoplasmic membrane integrity and
develop secondary necrosis [49]. Secondary necrosis in turn leads to the release
of noxious intracellular contents, such as proteases, nucleases, and proinflammatory “danger” signals, that could not only damage the surrounding tissue but
also provoke a localized inflammatory response [50]. The efficient clearance of
apoptotic cells is therefore a protective mechanism operating in higher organisms to prevent unnecessary inflammatory responses.
6.2.1
Mechanistic Events in Apoptosis

The central effector mechanism in apoptosis is the activation of cysteine proteases of the caspase (cysteine aspartic acid-specific proteases) family [51–53].
While approximately 14 mammalian caspases have been identified, only about
half of them actively participate in apoptosis. The apoptotic caspases are classified as initiators (caspase-2, -8, -9, -10, and -12) or executioners (caspase-3, -6,
and -7) of the apoptotic process. The non-apoptotic caspases (caspase-1, -4, -5,
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-11, -13, and -14) are involved in cytokine activation during inflammation or in
cell differentiation. Caspases are found in the cell as proenzymes with low
catalytic activity and are activated at the onset of apoptosis by an autoaggregation process mediated by adaptor proteins that promotes the autocatalytic processing of the initiator caspases. Typically, activation of the initiation caspases
leads to a cascade of events that converge in the activation of the executioner or
effector caspases, particularly caspase-3.
The activation of initiator caspases can occur through several pathways. The
extrinsic pathway of apoptosis involves the engagement of death receptors, such
as Fas, tumor necrosis factor receptor 1 (TNF-R1), and DR4/DR5 by their respective ligands FasL, TNF, and TNF-related apoptosis-inducing ligand (TRAIL)
[40, 54]. The death-receptor pathway leads mainly to activation of caspase-8,
although caspase-2 and -10 are also activated in this pathway depending on the
cell type and the death-inducing ligand [54]. The intrinsic pathway of apoptosis
involves the permeabilization of the outer membrane of the mitochondria, leading to the release of a wide variety of apoptosis effector proteins normally residing in the mitochondria [55–57]. Some of these proteins, such as cytochrome c,
promote the activation of initiator caspase-9, whereas others, such as apoptosisinducing factor (AIF) and endonuclease G, contribute to nuclear DNA-damage
in a caspase-independent manner. The intrinsic pathway of apoptosis is regulated by members of the Bcl-2 family of proteins, which include both anti-apoptotic and pro-apoptotic proteins [58]. A third pathway of caspase-activation is
that triggered during CTL-mediated cell death associated with inflammatory responses [59, 60]. CTLs can induce apoptosis in their target cells either by activating the Fas-mediated pathway or by delivering granule proteases such as granzyme B (GrB) into the target cells through perforin, a protein that forms pores
in the cytoplasmic membrane [61]. GrB induces apoptosis by directly activating
caspases or by cleaving Bid, a cytoplasmic protein that, upon truncation by caspases or GrB, translocates to the mitochondria and promotes the release of mitochondrial apoptotic effector proteins, consequently resulting in caspase activation [62]. More recently, a novel apoptosis pathway apparently mediated by a
combined effort of the endoplasmic reticulum (ER) and the mitochondria in
response to ER stress, and involving the activation of caspase-12, was identified
[63].
Once activated, initiator caspases cleave and process the executioner caspases,
which in turn cleave a limited number of proteins, including specific nuclear
and cytoplasmic autoantigens targeted in systemic autoimmune diseases [31,
51–53, 64]. The effector caspases disrupt the normal cellular architecture and
impair virtually all pathways of macromolecular synthesis through cleavage of
key proteins after specific aspartic acid residues. These cleavages constitute the
pivotal event of apoptosis, leading to the characteristic morphology associated
with this cell-death process. It was reported that the effector caspases, particularly caspase-3, cleave more than 280 different cellular proteins and that the great
majority of these cleavages either inactivate the function of the substrate protein
or generate active cleavage fragments that are required to amplify the apoptotic
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signal [64]. There is compelling evidence indicating that caspase-3 cleaves specific proteins involved in signal transduction and survival pathways, generating
fragments with dominant interfering functions that either amplify the apoptosis
process or sensitize cells to die in response to specific stress or apoptotic insults
[64]. These fragments often lack regulatory or inhibitory sequences and behave
as pro-apoptotic proteins. The conversion of anti-apoptotic into pro-apoptotic
regulators now constitutes a well-documented positive feedback loop in apoptosis, removing proteins that antagonize the apoptotic process and promoting caspase activation [64].
While caspases appear to be the primary effector proteases in apoptosis, there
is growing evidence that other proteases (intrinsic to the cell or derived from
infectious agents) play an important role in the execution of the apoptotic
program. These proteases include lysosomal cathepsins, calpains, gingipains,
granzymes, and serine proteases [62, 65–68]. Of these proteases, the lysosomal
cathepsins have attracted considerable attention recently. Lysosomes appear to
function as integrators of death signals in certain types of apoptosis by releasing
in a controlled manner the cathepsins, particularly B, D, and L [66, 69]. These
cathepsins mediate specific early events of the apoptotic program through cleavage of substrates such as Bid and Brm and activation of caspases [70, 71].
Knockdown of the activity or expression of specific cathepsins with protease inhibitors, small interfering RNA (siRNA), or genetic methods has been shown to
inhibit or delay caspase-dependent and -independent apoptosis [72, 73], suggesting that these proteases play a key role in cell death.

6.3
Necrosis

Morphologically, necrosis is very different from apoptosis (Fig. 6.1). Unlike the
cell shrinking that occurs early in apoptosis, early stages of necrosis are characterized by “oncosis” or swelling [9]. The typical blebbing into multiple bodies observed during apoptosis is not observed in necrotic cells. Necrotic cell swelling
is associated with organelle enlargement and rupture, which eventually leads to
cytoplasmic destruction and nuclear shrinkage [8, 9]. In fact, a key feature that
distinguishes necrosis from apoptosis is the rapid and early loss of cytoplasmic
membrane integrity, concomitant with extensive cytoplasmic damage. These
events are likely to be mediated by the enzymatic activity of lysosomal proteases
such as the cathepsins, which are released upon lysosomal rupture [74]. Loss of
cytoplasmic membrane integrity facilitates the release into the surrounding medium of intracellular proteases and other dangerous intracellular contents, including proinflammatory signals [49, 50]. Interestingly, the nuclear membrane
stays relatively intact during the early stages of necrosis [8, 9, 75], which could
be associated with the preservation of lamin B integrity during this cell death
process [33, 34, 75]. Lamin B is important for maintaining nuclear membrane
integrity, and its cleavage early during apoptosis facilitates nuclear fragmenta-
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tion [76]. Chromatin fragmentation occurs in necrotic cells but does not appear
to lead to the nucleosomal ladder typically observed in apoptotic cells [77]. There
is evidence, however, that serum nucleases such as DNAse I can penetrate necrotic cells and induce nucleosomal laddering [78].
Traditionally necrosis has been considered a non-programmed, accidental mode
of cell death associated mainly with pathological conditions and that develops in
response to acute cell injury caused by ischemia, extreme heat, severe bacterial
and viral infections, and exposure to high levels of chemicals or toxins [8, 9, 65,
79]. There is, however, growing evidence to support the notion that there might
be two types of necrosis, one that is physiological and involved in programmed cell
death (PCD) and another that is mainly associated with pathological conditions
[11, 12, 77, 80]. Physiological necrosis, considered a type of necrosis-like PCD,
has been implicated in development-associated interdigital cell death [81], development-associated regression of the human tail [82], follicular maturation during
oogenesis [83, 84], normal renewal of small and large intestines [85, 86], natural
killer cell–mediated cytotoxicity [87, 88], complement-mediated cell killing [89],
and activation-induced cell death of T lymphocytes [90].
In both pathological and experimental conditions, necrosis often coexists with
apoptosis, arising either independently or as a secondary event following apoptosis [8, 9, 65, 79, 91–96]. Under certain pathological conditions such as ischemia, extensive necrosis in the affected area within a tissue may trigger secondary damage in surrounding areas, usually occurring through apoptosis [65, 97,
98]. It has been recognized that necrosis and apoptosis can be induced by the
same insults, but the intensity of these insults, the biochemical environment,
and the cell type determine which mode of cell death predominates [99].
Caspases may play a key role in guarding the cell against unwanted necrotic
death [77]. This notion is supported by the observation that a caspase-independent mode of cell death with necrotic morphology usually ensues when specific
cell types are exposed to apoptosis inducers in the presence of broad caspase inhibitors such as benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (z-VADfmk) [100]. This type of cell death could be considered as a backup cellular defense system that ensures the cell’s demise in the event that the caspase activation program is rendered nonfunctional, e.g., during a viral infection. Viruses
are known to modulate host cell apoptosis by producing proteins that antagonize caspases and perhaps other components of the apoptotic program [101].
Agents that can induce caspase-independent cell death with necrotic morphology in the presence of caspase inhibitors include cancer drugs [102, 103], death
receptor ligands [104, 105], oncogenes [106], anti-CD2 antibodies [107], staurosporine (STS) [107], and viral proteins [108].
It is likely that in the presence of cell-death stimuli, caspase-independent necrotic cell death is activated as a background pathway that runs concurrently
with apoptosis, leading eventually to the secondary necrosis that follows apoptosis in the absence of phagocytosis. This background pathway might be activated
by death-enhancing factors – such as reactive oxygen species (ROS) or cytochrome c – that are generated or released by mitochondria [77, 109, 110]. In the
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event the caspase activation program is impaired, this pathway might then be
revealed or enhanced. Alternatively, caspase-independent necrotic cell death may
be activated only after the cell senses that caspases are not able to respond to a
specific death signal. For instance, LCC human carcinoma cells deficient in caspases die via necrosis in the presence of a zinc chelator, whereas cells expressing caspases respond to the same insult by activating the apoptosis pathway
[111]. Inhibition of effector caspases by exogenous nitric oxide is also known to
switch apoptosis to necrosis [112]. Moreover, necrotic cell death plays an important role in driving the development of mouse embryos in which caspases were
inhibited or genetically deleted [12, 81, 113]. It should be noted that not all caspase-independent cell-death processes display necrotic morphology, since some
display the morphological features of apoptosis [10, 11].
6.3.1
Mechanistic Events in Necrosis

Evidence is accumulating to support the notion that necrosis, like apoptosis, is
a mechanistic cell-death process. For instance, necrosis can also be induced by
death ligands such as TNF and Fas, redox signaling pathways involving ROS
generation, stress-activated protein kinases such as JNK and p38, and release of
mitochondrial factors [77, 100, 104, 105]. Anti-apoptotic members of the Bcl-2
family such as Bcl-2 and Bcl-xL delay or protect against necrosis induced by a
variety of insults in different cell lines [77]. Recent studies conducted in our laboratory indicate that the transcription co-activator and stress-regulated protein
lens epithelium–derived growth factor p75 (LEDGF/p75) protects cultured mammalian cells from necrosis induced by tert-butyl hydroperoxide (unpublished observations). This protection appears to be mediated by transcriptional upregulation of antioxidant proteins.
As in apoptosis, proteases also play a major role in the execution of necrosis.
While the role of caspases in apoptosis is well established, it was not until recently that the morphological changes associated with necrosis have been linked
to the activation of non-caspase proteases such as the calcium-dependent calpains and the lysosomal cathepsins [65, 74]. The elevation of intracellular free
calcium during certain pathological processes leads to activation of calpains,
phospholipases, and endonucleases; alteration of membrane protein and lipid;
generation of toxic ROS; and mitochondrial disruption [65]. Excessive activation
of calpains has been associated with lysosomal membrane disruption, leading
to the release of cathepsins into the cytoplasm with the resultant cell autolysis
[65].
Important insights into biochemical mechanisms associated with necrotic cell
death have been obtained using the murine L929 fibrosarcoma cell line. Upon
exposure to TNF, L929 cells die preferentially via a slow necrotic process [100].
This necrosis is dependent on the death domain of TNFR-55 [114]. Treatment
with TNF in the presence of broad caspase inhibitors such as Z-VAD-fmk or inhibitors of caspase-8 and caspase-3 dramatically sensitizes these cells to necrotic
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cell death [100, 115]. These inhibitors also sensitize L929 cells overexpressing
the human Fas receptor to necrosis, although less dramatically, if these cells are
treated with agonistic anti-Fas antibody [115]. Anti-Fas antibody and forced multimerization of the adaptor protein FADD (Fas-associated protein with death domain), which is required for initiating the caspase-8-mediated apoptotic pathway, have also been shown to induce necrosis in a caspase-8-deficient subline
(JB6) of Jurkat T cells [114–117]. While there is no evidence that caspase-8 activation is required for death receptor–induced caspase-independent cell death
with a necrotic phenotype, it appears that inactivation of caspase-8 or deficiency
of this caspase does favor this death process [114–118]. Whether inactivation of
other initiator caspases favors death receptor–induced necrosis remains to be established, although inhibition of the effector caspase-3 has been implicated in
this process [100]. Other apoptosis-inducing ligands such as TRAIL have also
been shown to cause necrosis [90]. Death receptor–induced necrosis is mediated
by the RIP kinase, which is thought to phosphorylate and regulate a yet unidentified key factor involved in the necrotic process [11, 90].
Death receptor–induced necrotic cell death under caspase-inhibition conditions appears to be mediated by the generation of ROS in the mitochondria because it can be partially inhibited by antioxidants [77, 110]. Although the mechanisms by which caspase inhibition potentiates the death receptor signaling in
L929 cells are not entirely clear, various studies have demonstrated that poly
(ADP-ribose) polymerase (PARP) acts as a molecular switch between apoptosis
and necrosis in these cells [119, 120]. According to these studies, excessive ROS
generation leads to profound DNA damage, which in turn leads to excessive
PARP activation and increased poly-ADP-ribosylation. The use of ATP for the
synthesis of the PARP substrate NAD+ then leads to a dramatic depletion of intracellular ATP, which results in necrotic cell death [120]. It should be noted
that PARP is unable to respond in a similar fashion to DNA damage caused by
apoptotic stimuli because it is cleaved and inactivated by effector caspases very
early on in the apoptotic process, which prevents ATP depletion and ensures a
well-controlled, non-inflammatory cell demise [121, 122].
How do the events mentioned above lead to lysosomal rupture, which appears
to be the critical event for triggering the typical necrotic morphology? Recent
studies show that under persistent oxidative stress conditions, intralysosomal labile iron catalyzes Fenton reactions, which result in rupture of lysosomal membranes and subsequent efflux of iron and cathepsins into the cytoplasm [123,
124]. From there, cathepsins can relocate to the cytoplasm and nucleus where
they cause proteolysis of limited substrates, leading to cytoplasmic destruction
and plasma membrane permeabilization. Consistent with this, Ono et al. [74]
demonstrated that TNF induces rupture of lysosomes in L929 cells, leading to
plasma membrane disruption. The rupture of lysosomes that precedes the appearance of the necrotic morphology is a molecular event that can be regulated.
A recent study demonstrated that heat shock protein 70 (HSP70), a stress protein that is known to inhibit apoptosis, also inhibits necrotic cell death by concentrating in lysosomes and preventing their rupture through interactions with
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components of lysosomal membranes [125]. Taken together, these observations
indicate that apoptosis and necrosis share some biochemical mechanisms and
strengthen the notion that the capability of the cell to die via these pathways
and their variants is essential to ensure its elimination when absolutely necessary.

6.4
Impaired Lymphocyte Cell Death and Autoimmunity

Apoptosis and necrosis can contribute to autoimmunity, both organ-specific and
systemic, in many different ways. For instance, defects in genes involved in the
regulation of lymphocyte activation and the deletion of autoreactive lymphocytes
may lead to ineffective removal of unwanted lymphocytes during negative selection or after lymphocyte activation. Evidence for this mechanism derived from
studies involving mouse models of systemic autoimmunity and patients with
lymphoproliferative disorders [23–25]. In lpr/lpr mice, considered as a mouse
model of lupus-like disease, a spontaneous mutation in the death receptor Fas
interferes with the elimination of autoreactive lymphocytes both centrally and
in the periphery, leading to lymphoproliferation, splenomegaly, and systemic
autoimmunity [126]. Similar symptoms are observed in gld/gld mice, which carry a point mutation in the intracellular apoptotic domain of FasL [127]. The discovery of these mutations led to a search for similar mutations in patients with
SLE, but the results were disappointing. FasL mutations were found only in a
rare form of lupus [128]. However, humans with Canale-Smith syndrome, also
called human autoimmune lymphoproliferative syndrome, carry mutations in
Fas, FasL, and caspase genes [25]. This hereditary syndrome, which is usually
diagnosed early in life, presents lymphoproliferation characterized by large
numbers of double-negative CD4-CD8 lymphocytes, splenomegaly, antinuclear
autoantibody production, rheumatoid factor production, thrombocytopenia, glomerulonephritis, arthritis, and vasculitis [23–25]. Lymphocytes from these patients are resistant to FasL-induced apoptosis [25].
More recent evidence for the hypothesis that impaired T-cell death promotes
autoimmunity derives from studies with mice deficient in the T cell–specific
adapter protein (TSAd). This protein is expressed in thymocytes and in activated
mature T cells and is involved in signal transduction [129]. TSAd-deficient mice
display defective T-cell death in vivo and develop lupus-like autoimmunity, suggesting that TSAd is a critical regulator of T-cell death whose absence or inactivation promotes systemic autoimmunity [129]. The requirement of T-cell apoptosis for the suppression of autoimmunity was also illustrated recently by studies
using BXSB lupus-prone mice deficient in the cyclin kinase inhibitor p21, a regulator of cell death and proliferation [130]. Absence of p21 in these mice resulted in enhanced Fas/FasL-mediated activation-induced T-cell death and increased B-cell apoptosis. Consequently, the development of systemic autoimmunity was inhibited in these mice.
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Failure of the immune system to eliminate autoreactive lymphocytes may lead
to excessive cell death induced by autoreactive T cells in target organs in certain
organ-specific autoimmune diseases. For instance, insulin-dependent diabetes
mellitus (IDDM) is characterized by T cell–mediated selective destruction of the
insulin-producing b-cells of the Langerhans islets of the pancreas [20]. In the
non-obese diabetic (NOD) mouse model, both autoreactive CD4+ and CD8+ T
cells are involved in b-cell destruction via recognition of presented peptides derived from self-antigens such as insulin, GAD65/67, and HSP70 [20]. CD4+ T
cells can directly induce b-cell apoptosis through FasL-Fas interactions or promote the effector functions of cytotoxic CD8+ T lymphocytes (CTL) and natural
killer (NK) cells, which involve perforin-dependent delivery of cytotoxic granules.
Lymphocyte-mediated cytotoxicity has been also proposed to explain the destruction of oligodendrocytes in multiple sclerosis as well as thyroid cells in Hashimoto’s thyroiditis [20].

6.5
Cell Death-associated Autoantigen Proteolysis and Autoimmunity
6.5.1
Autoantigen Proteolysis During Apoptosis

In the early 1990s the Rosens and colleagues elegantly demonstrated that specific
SLE-associated autoantigens relocalize to surface blebs in cultured cells induced to
die by apoptosis upon exposure to UV irradiation [131]. Following this observation,
these investigators reported that the nuclear autoantigens PARP and U1-70 kDa
(70-kDa protein of the U1 ribonucleoprotein particle) were proteolytically cleaved
by caspases during apoptosis [132, 133]. These observations led to the hypothesis
that apoptotic cells are reservoirs of structurally modified forms of autoantigens
that could initiate autoantibody responses in patients with systemic autoimmune
diseases such as SLE and scleroderma. The development of this hypothesis triggered a search for modified forms of autoantigen that are generated in different
types of cell death. Autoantigen modifications found to be associated with cell
death included, but were not limited to, proteolysis, changes in the phosphorylation state, and citrullination [32]. Of these modifications, the most extensively
studied has been proteolysis. This is due to the fact that the discovery of autoantigen cleavage during apoptosis coincided with the discovery of caspases and the
elucidation of the main apoptotic pathways. Autoantibodies to intracellular autoantigens obtained from patients with systemic autoimmune diseases turned out
to be highly valuable in these studies because of their reactivity with multiple epitopes within a given autoantigen, which facilitated the identification of cleavage
fragments that otherwise may escape detection when using sequence-specific,
experimentally induced antibodies.
In their initial systematic study on the cleavage of autoantigens during cell
death, Rosen and colleagues [133] reported that a subset of intracellular autoan-
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tigens targeted in systemic autoimmune diseases was specifically cleaved in various systems of apoptosis. This subset included PARP, U1-70 kDa, the catalytic
subunit of DNA-dependent protein kinase (DNA-PKcs), the nuclear mitotic apparatus protein (NuMA), lamins A and B, and several other unidentified autoantigens. In a subsequent study, our group reported that a subset (7 of 33) of intracellular autoantigens was cleaved during Fas-mediated T-cell apoptosis [134].
This subset included PARP, lamin B, U1-70 kDa, topoisomerase I and II (topo
I and II), NuMA, and the upstream binding factor of RNA polymerase I (UBF/
NOR-90). Subsequent studies by various groups reported the apoptotic cleavage
of additional intracellular autoantigens [31, 135, 136].
Originally, it was hypothesized that cleavage of intracellular autoantigens during aberrant apoptosis may reveal previously immunocryptic epitopes in individuals with the appropriate class II MHC molecules and trigger autoantibody
responses to intracellularly sequestered autoantigens [32, 132, 133]. However, it
soon became obvious that this hypothesis had limitations for three main reasons. First, a large number of intracellular autoantigens frequently targeted by
autoantibodies in systemic autoimmune diseases were not found to be cleaved
by caspases or modified during classical apoptosis, which suggested that susceptibility to post-translational modifications may not be a generalized property of
these autoantigens [132, 134]. Second, evidence accumulated to support the notion that apoptosis, being a physiological death process that occurs constantly in
the human body, is essential for tolerizing the immune system against intracellular antigens [30, 137, 138]. This notion is supported by the fact that systemic
autoimmunity is absent in most individuals, in spite of the constant exposure
of their immune system to self-antigens (modified or not) derived from cells dying under a myriad of physiological situations (e.g., regulation of immune responses, infections, aging, homeostasis, tissue turnover and remodeling, etc.).
Third, apoptotic cells are not highly immunogenic, are relatively inefficient by
themselves in inducing maturation of dendritic cells (DCs), and appear to release anti-inflammatory signals [139–144]. A concept that is currently gaining
wide acceptance is that exposure to the immune system of intracellular antigens
and their modified forms derived from apoptotic cells plays a tolerogenic role
under normal conditions and that this exposure may not be sufficient to incite
and sustain autoantibody responses unless it occurs in conjunction with other
dangerous conditions, such as defective clearance of dying cells, a proinflammatory environment, and breakdown of self-tolerance [27, 30, 49].
6.5.2
Autoantigen Proteolysis During Granzyme B-mediated Cytotoxicity

More recently, Rosen and colleagues demonstrated that the majority of autoantigens targeted in human systemic autoimmune diseases are efficiently cleaved
by granzyme B in vitro and during CTL-induced cell death, generating unique
fragments not observed during apoptosis [145, 146]. Interestingly, GrB cleaved
several autoantigens previously reported as not susceptible to cleavage during
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cell death, such as Ku-70, Jo-1, CENP-B, and PM-Scl, but failed to cleave other
protease-resistant autoantigens, including SSA/Ro, Ku-80, ribosomal P proteins,
histones, and the Sm proteins [145, 146]. In vivo killing of target cells by CTLs
generated low amounts of the unique autoantigen fragments produced by GrB
in vitro but favored the production of fragments corresponding to those generated by caspases during apoptosis, indicating that caspase-mediated proteolysis
is the predominant pathway used during GrB-mediated apoptosis. However, the
production of GrB-specific fragments was enhanced in the presence of the caspase-specific inhibitor AC-DEVD-CHO, suggesting that GrB may facilitate cell
death independent of caspase-activation by directly cleaving intracellular substrates. This implies that under conditions where caspase activation is blocked
by either viral proteins or endogenous inhibitors, GrB may generate modified
forms of autoantigens that might be immunostimulatory in a proinflammatory
context.
In a recent study, Rosen’s group demonstrated that the nucleolar autoantigen
B23 was efficiently cleaved by GrB in vitro but was highly resistant to cleavage
by GrB during CTL-induced cell death of many different types, with the exception
of differentiated vascular smooth muscle cells, suggesting that the cleavage of this
autoantigen is dependent upon cell type [147]. Given that B23 is associated with
pulmonary vascular phenotype in scleroderma, it was concluded that GrBmediated proteolytic modification of autoantigens may occur selectively in the target tissue and may play a role in shaping the phenotype-specific autoimmune response. According to this hypothesis, the immunizing microenvironment might
play a central role in determining autoantibody responses in human systemic
autoimmunity. To further test this hypothesis, it would be important to determine
whether other autoantigens targeted in vitro by GrB (e.g., topo I, fibrillarin, CENPB, PARP, and NuMA) are susceptible to GrB-mediated cleavage specifically in the
tissues that are most affected in the autoimmune disease associated with these
autoantigens. More importantly, it would be necessary to use mouse models deficient in GrB in order to determine whether the presence of GrB is required for the
generation of autoantibodies to intracellular autoantigens.
6.5.3
Autoantigen Cleavage During Necrosis

It should be emphasized that the proteolytic modification of intracellular autoantigens is not limited to classical apoptosis or GrB-dependent cytotoxicity. In
previous studies we reported the selective cleavage of autoantigens during primary necrosis, secondary necrosis, and caspase-independent cell death with necrotic morphology of a variety of cell lines exposed to high levels of mercury,
ethanol, hydrogen peroxide, heat, cytotoxic drugs, or apoptotic stimuli in the
presence of Z-VAD-fmk [33, 34]. Autoantigens found to be cleaved into fragments that are distinct from those generated during apoptosis included topo I,
LEDGF/p75, NuMA, PARP, UBF/NOR-90, and U1-70 kDa (see Fig. 6.2 for examples). Interestingly, all of the autoantigens that we had previously observed
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Fig. 6.2 Proteolytic fragmentation of topo I
and PARP during the progression of apoptosis to secondary necrosis. Immunoblots
were carried out using total protein from
Jurkat T cells treated in culture with 150 lM
etoposide for up to 60 h. Note that topo I
and PARP are cleaved into their signature
apoptotic fragments, 70 kDa and 85 kDa, respectively, during the first 24 h of treatment.
After 24 h, these autoantigens undergo

further cleavage into well-defined fragments
as cells enter secondary necrosis. Some of
these late-appearing fragments are also present in cells undergoing primary necrosis
induced by treatment with 40 lM mercuric
chloride for 6 h (Hg). C = control untreated
cells. Protein bands were detected using
highly specific human autoantibodies. Intact
proteins are indicated by lines, whereas proteolytic fragments are indicated by arrows.

cleaved in apoptosis, with the exception of lamin B, were also cleaved during
necrosis, albeit into distinct fragments. Worth noticing is that autoantigens such
as Jo-1, Ku, PCNA, p80 coilin, rRNP, Sm, and SSA/Ro, which had been reported previously as resistant to proteolysis during caspase-dependent apoptosis
[34, 133], also appeared to be resistant to cleavage during necrosis. This suggested that specific caspase substrates might be highly susceptible to proteolysis
during forms of cell death other than apoptosis. This has been confirmed by
other studies showing that certain caspase substrates also undergo cleavage during necrosis [75, 148]. It cannot be ruled out that some autoantigens that are resistant to proteolysis during necrosis may sustain in this cell-death process
other modifications or limited proteolysis into fragments that are not detectable
by immunoblotting. This would be consistent with the observation of Pollard et
al. [149] that fibrillarin undergoes limited cleavage during mercury-induced necrosis into a 19-kDa fragment that is detected only by immunoprecipitation.
There is increasing evidence indicating that lysosomal cathepsins, but not caspases, are involved in the cleavage of autoantigens during necrotic cell death. It
has been demonstrated that these cleavages are not dependent on caspase activation because they cannot be blocked by caspase inhibitors [33, 75]. This would
be in agreement with the generalized view that caspase activation is not an integral component of the proteolytic machinery operating in necrosis. Consistent
with this view, we have not observed proteolytic processing of caspases or cas-
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pase activation during primary necrosis induced by mercury in Jurkat T cells or
in L929 cells exposed to TNF in the presence of Z-VAD-fmk (unpublished observations). The involvement of cathepsins in autoantigen cleavage during necrosis
was first reported by Gobeil et al. [150], who demonstrated that lysosomal-rich
fractions from Jurkat T cells promoted in vitro the cleavage of purified PARP
into fragments identical to those found in lysates from Jurkat cells undergoing
necrosis. These investigators also showed that purified cathepsins B and G, but
not D, were able to generate in vitro the necrotic PARP fragments.
6.5.4
Topo I, a Model to Study Mechanisms of Cathepsin-mediated Autoantigen
Cleavage During Necrosis

Anti–topo I autoantibodies are associated with diffuse cutaneous involvement
and pulmonary fibrosis in patients with systemic sclerosis (SSc), and their serum levels correlate positively with disease severity and activity [151, 152]. The
original molecular target of these autoantibodies was designated Scl-70 (scleroderma-associated autoantigen of 70 kDa) because of its migration as a 70-kDa
band on SDS-PAGE [153, 154]. Subsequent studies demonstrated that this 70kDa band was a proteolytic fragment corresponding to the catalytic C-terminal
domain of topo I [155, 156]. A recent study demonstrated that anti–topo I autoantibodies from SSc patients recognize epitopes in the central and C-terminal
portions of the protein, but not in the N-terminus, suggesting that the 70-kDa
fragment is processed by antigen-presenting cells (APCs) to initiate an immune
response to topo I in vivo [151]. Consistent with this, fragmented topo I presented by DCs elicited a vigorous T-cell response in vitro more efficiently than
full-length topo I [157]. These observations strongly suggest that cryptic epitopes
generated by in vivo proteolytic fragmentation of topo I might drive the generation of anti–topo I responses in SSc.
Our group has demonstrated conclusively in two independent studies that
during apoptosis topo I is cleaved into a fragment of approximately 70 kDa,
whereas in necrosis or caspase-independent cell death, the protein is cleaved
into fragments of 70 kDa and 45 kDa [33, 34]. The 45-kDa fragment appears to
be specifically associated with necrotic cell death since it has been observed only
in cells undergoing primary necrosis, secondary necrosis, and caspase-independent cell death with necrotic morphology. We have proposed that the presence
of this fragment can be used to distinguish apoptosis from necrosis by immunoblotting analysis of dying cells. By contrast, the 70-kDa fragment appears in
most types of cell death. Samejima et al. [158] showed that during apoptosis
caspase-3 and caspase-6 cleave topo I to generate C-terminal fragments ranging
from 70 kDa to 80 kDa that are recognized by autoantibodies from SSc patients
and are catalytically active. Topo I fragments of 70–75 kDa are also produced by
GrB both in vivo and in vitro during CTL-induced cell death [117, 118].
In a recent study, we hypothesized that cathepsins, which were previously implicated in PARP cleavage and are released from lysosomes during necrosis
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Fig. 6.3 Immunoblots showing in vitro cleavage of topo I by individual cathepsins. Approximately 200 ng of purified human topo I
was incubated for 1 h at 37 8C with 1.5 mU
of various cathepsins. Lysates from untreated L929 cells and cells treated with
TNF/Z-VAD-fmk for 6 h were included as
controls for topo I cleavage during necrosis.
Caspase-3 was also included as a control for
in vitro cleavage of topo I into the 70-kDa
signature apoptotic fragment. Cathepsins L
and H generated the 45-kDa cleavage prod-

uct observed in necrotic cells. Cleavage of
topo I by cathepsin L was blocked by the
specific cathepsin L inhibitor Z-FY-CHO (left
panel). Cathepsin G generated the 70-kDa
fragment and other minor fragments. Cathepsin B generated a product of 75–80 kDa
not normally observed during cell death.
Cathepsin D did not cleave topo I. Bands
corresponding to intact topo I are indicated
by lines, whereas major proteolytic fragments are indicated by arrows.

[159], might be involved in the cleavage of topo I during necrosis. We demonstrated that this autoantigen is cleaved by cathepsins into its signature 70-kDa
and 45-kDa necrotic fragments in L929 cells undergoing necrosis induced
by TNF/Z-VAD-fmk. In vitro, cathepsins L and H produced both fragments,
whereas cathepsin G produced only the 70-kDa fragment (Fig. 6.3). In that
study, we observed that during L929 necrosis, cathepsin L activity leaks out of
lysosomes and into the cytoplasm and nucleus, whereas a portion of topo I relocalizes in the cytoplasm, suggesting that the two proteins can encounter each
other in each compartment. We also observed that Z-FY-CHO, a specific inhibitor of cathepsin L, delays necrosis and topo I cleavage by interfering with
cathepsin L processing and lysosomal disruption, suggesting that active cathepsin L contributes to the progression of necrosis. It should be noted that preliminary studies conducted in our laboratory using cathepsin L–deficient cell lines
failed to reveal that cathepsin L is essential for topo I cleavage and progression
of necrosis (Pacheco and Casiano, unpublished observations). This would support the view that cathepsins may play redundant roles in the cytoplasmic
destruction that is characteristic of necrotic cell death.
It is interesting to note that topo I fragments of approximately 70–75 kDa are
generated by caspases, GrB, and cathepsins [33, 34, 117, 118, 158, 159]. Because
these proteases cleave at different sites, it is unlikely that some of these cleavage
fragments are identical. It is possible, however, that topo I has a protease-sensi-
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tive region that includes recognition sites for various proteases. The susceptibility of topo I to proteolytic cleavage during classical apoptosis, GrB-mediated cytotoxicity, primary and secondary necrosis, and caspase-independent cell death
with necrotic morphology raises the possibility that cell death–associated fragmentation of topo I could trigger the production of autoantibodies against this
protein in certain patients with systemic sclerosis. Although it is expected that
the immune system should be tolerized against topo I cleavage fragments generated during physiological apoptosis, it is unclear whether cleavage fragments
generated during primary or secondary necrosis would be tolerogenic. These necrotic fragments are likely to be immunogenic because they might be taken up
and processed by DCs in the presence of “danger signals” released from necrotic cells, leading to DC maturation and activation [160]. We have also observed
that cleavage of topo I into 70-kDa and 45-kDa fragments can occur in cultured
endothelial cells undergoing necrotic cell death and that the fragments are recognized by the majority of SSc sera containing anti–topo I antibodies [159]. Because endothelial cell death appears to play an important role in the pathogenesis of SSc [161], it is possible that dying endothelial cells could serve as reservoirs of potentially immunogenic fragments of topo I in SSc patients, as long
as these fragments are presented to autoreactive lymphocytes in a proinflammatory context.
Our group is currently conducting additional studies to determine whether
other scleroderma-associated autoantigens are also susceptible to cathepsinmediated fragmentation. An issue that remains to be investigated, using cathepsin-deficient mouse models of autoimmunity, is whether the presence of specific cathepsins in vivo is essential for the generation of autoantibodies to topo I,
PARP, or other cathepsin substrates. Whether autoantigen fragments that are
produced during necrosis are immunogenic and capable of triggering autoantibody responses also remains to be fully investigated in animal models. Preliminary evidence for this comes from studies by Pollard et al. [149] demonstrating
that a 19-kDa fragment of the scleroderma-associated autoantigen fibrillarin uniquely generated during mercury-induced necrotic cell death was capable of inducing an anti-fibrillarin autoantibody response similar to that observed during
mercury-induced autoimmunity in B10.S (H-2s) mice. These results, combined
with the previous observation by the same group that mercury modifies the
structure of fibrillarin [18], suggested that an autoimmunity-inducing xenobiotic
such as mercury might generate unique immunostimulatory fragments from a
self-antigen, most likely by a combination of chemical modification and necrosis-associated proteolysis. An interesting study by Duthoit et al. [162] revealed
that oxidative stress–induced necrosis generates an immunoreactive thyroglobulin (Tg) fragment of 40 kDa that contains the immunodominant region recognized by anti-Tg antibodies in patients with autoimmune thyroid diseases. This
suggested that the necrotic fragmentation of Tg is associated with the development of anti-Tg autoantibodies in these diseases.
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The role of impaired phagocytosis of apoptotic cells in the development of autoantibodies in systemic autoimmunity has attracted considerable attention in recent years. Under normal circumstances, apoptotic bodies are recognized and
engulfed by phagocytic cells. Professional phagocytic cells such as macrophages
and DCs clear apoptotic cells swiftly, whereas nonprofessional phagocytes appear to take up apoptotic cells when they reach the later stages of the dying process [163]. This clearance process is facilitated by the presence of “eat me” signals exposed in apoptotic cells (e.g., phosphatidylserine), apoptotic cell recognition receptors in phagocytic cells (e.g., phosphatidylserine receptor, b2-glycoprotein 1 receptor, vitronectin receptor, complement receptors, and tyrosine kinase
Mer receptor), and serum proteins (e.g., complement cascade components such
as C1q, C-reactive protein (CRP), and serum amyloid protein) [164]. It is widely
accepted that the efficient clearance of apoptotic cells controls inflammatory responses by preventing the release of danger signals from dying cells and by
suppressing proinflammatory cytokines, such as TNF, that may be expressed by
macrophages [27, 28, 30, 49, 164]. This suppression is mediated by the production of anti-inflammatory mediators such as TGF-b, prostaglandin E, and IL-10
[164].
The efficient clearance of apoptotic cells is crucial for the avoidance of autoimmune responses to intracellular antigens [27, 28, 30, 34, 49, 164, 165]. This
clearance results in the exposure of intracellular self-antigens to the immune
system under non-inflammatory conditions, leading to tolerization of these antigens, regardless of whether or not they are modified by caspases. It has been
proposed that under these conditions circulating DC precursors take up apoptotic cells that they encounter in the various tissues and travel to lymphoid organs, where they present self-antigens from apoptotic cells to T cells in the absence of costimulatory molecules [137, 138, 166]. However, under certain circumstances these intracellular self-antigens could be processed and presented to
the immune system under proinflammatory conditions, potentially leading to a
pathogenic autoimmune response. These circumstances may include increased
secondary necrosis due to inefficient clearance of apoptotic cells, enhanced
apoptosis rates, infections causing cell death (both apoptotic and necrotic), or
the presence of proinflammatory molecules in the environment in which cell
death and clearance occurs [20, 21, 27–30, 163, 165].
Apoptotic cells that are not removed efficiently by phagocytosis ultimately lose
their cytoplasmic membrane integrity and undergo secondary necrosis (also referred to as late apoptotic stage, post-apoptotic necrosis, or post-apoptotic cell lysis) [34, 165]. Secondary necrosis occurs as a consequence of the disruption of
mitochondrial function, ATP depletion, and the activation of lysosomal enzymes. It is becoming evident that deficiencies in proteins involved in the phagocytic clearance of dying cells and immune complexes, including C1q, C-reactive protein, serum amyloid P (SAP), and the Mer tyrosine kinase, may lead to
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impairment of phagocytic function, with resulting excessive accumulation of
cells in different stages of the cell death continuum, particularly in secondary
necrosis [167–172].
The accumulation of cells in secondary necrosis would facilitate the release of
proinflammatory signals that induce DC maturation and presentation of modified self-antigens from the dying cells. Evidence for this comes from studies by
Manfredi and colleagues [173, 174], who demonstrated in vitro that excessive
apoptosis or delayed apoptosis leading to secondary necrosis, mimicking a failure of their in vivo clearance, was sufficient to trigger DC maturation and presentation of intracellular antigens. This could skew the outcome of cross-presentation of intracellular antigens to autoimmunity if intracellular antigens, proteins, and nucleic acids are presented to autoreactive lymphocytes under the appropriate cytokine environment. As mentioned previously, we have reported that
the transition from apoptosis to secondary necrosis is associated with proteolysis
of specific autoantigens [34]. In these studies, various cell lines were exposed
for up to 60 hours to specific apoptosis inducers. Under these conditions, cells
underwent a rapid apoptosis that gradually progressed to secondary necrosis.
This progression coincided with the loss of cytoplasmic membrane integrity, as
assessed by trypan blue exclusion, and irregular cellular fragmentation characteristic of late necrotic cell death. Immunoblotting analysis indicated that the
progression to secondary necrosis was associated with a second wave of proteolysis of specific intracellular autoantigens that are cleaved during apoptosis, including LEDGF/p75, PARP, SSB/La, topo I, and U1-70 kDa. Interestingly,
although some of the cleavage fragments produced during secondary necrosis
were also detected in primary necrosis, identical cleavage patterns were not observed in these pathways for all the autoantigens tested. This could be attributed
to differential compartmentalization of the proteases mediating these cleavages
during upstream events leading to primary and secondary necrosis.

6.7
Immunostimulatory Properties of Dying Cells

There is compelling evidence indicating that both apoptotic and necrotic cells
are capable of stimulating immune responses [139–144]. However, signals derived from necrotic cells appear to make these cells more efficient than apoptotic cells in eliciting immune responses. This concept was initially highlighted
by Gallucci et al. [160], who reported that DCs undergo maturation in vitro and
present antigens in a pro-immune manner in vivo upon stimulation by signals
from stressed, virally infected, or necrotic cells, but not from healthy or apoptotic cells. They proposed that signals derived from necrotic but not apoptotic cells
act as potent natural adjuvants. Along the same line, Sauter et al. [144] demonstrated that immature DCs efficiently ingest apoptotic and necrotic tumor cells,
but only the latter provide maturation signals. Remarkably, in these studies only
tumor cell lines, and not primary cell lines, induced maturation of DCs, suggest-
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ing that signals specifically associated with tumor cells may enhance the induction
of DC maturation factors. These authors also observed that the cellular damage
associated with necrosis has to be extensive enough to facilitate the release of
those maturation factors. It was also demonstrated that macrophages exposed to
necrotic, but not apoptotic, cells expressed increased levels of costimulatory molecules and stimulated specific T-cell responses [142–143]. More recently, two different studies provided evidence that DCs internalize both early apoptotic cells
and late apoptotic cells (secondary necrosis) with similar efficiency, but DCs that
had taken up cells in secondary necrosis acquired the mature DC phenotype and
had a higher capacity to stimulate T-cell responses [175, 176].
In contrast to these findings, several studies have shown that, like necrotic
cells, apoptotic cells are also capable of inducing maturation of DCs and stimulating immune responses in vivo [140, 141, 177]. Furthermore, it was demonstrated that DC uptake of apoptotic or necrotic cells alone does not shift the immune response from tolerance to autoimmunity in systemic autoimmune conditions [178]. Moreover, a recent report indicated that phagocytosis of apoptotic
or necrotic cells by macrophages does not lead to induction of expression of
proinflammatory cytokines in the macrophages clearing the dying cells [179].
However, these investigators also found that the clearance of necrotic cells (primary or secondary) is significantly less efficient than the clearance of apoptotic
cells, which could lead to macrophages remaining at the injury site longer, thus
increasing the likelihood of a proinflammatory state to develop. They also suggested that the proinflammatory environment produced by necrotic cells might
be due to the release of factors or proinflammatory cytokines from the necrotic
cells themselves.
What determines, then, whether apoptotic or necrotic cells become immunostimulatory? Based on the studies of Bondanza et al. [180], it seems that a twohit signal, composed of (1) autoantigens derived from dying cells (apoptotic or
necrotic) and (2) environmental signals or adjuvants at the site of the clearance
of death cells that induce DC maturation and immune responses, shapes the
features and severity of autoimmune disease. The nature of these “danger signals” is not entirely clear, but there is compelling evidence, as suggested by
Brouckaert et al. [179], that some of them are released from dying cells, particularly cells that have acquired the necrotic phenotype. Factors released from
dying cells that have been positively identified as potential “danger signals”
that trigger the production of inflammatory cytokines include the high-mobility
group 1 (HMGB1) protein [181–183], immune complexes containing nucleic
acids [184], uric acid [185], and heat shock protein 70 [186–189]. It is not clear
at the present time whether all these signals are released from both primary
necrotic and secondary necrotic cells. Scaffidi et al. [181] reported that HMGB1
is released by necrotic cells but retained by apoptotic cells and cells undergoing
secondary necrosis and that this represents a safeguard against confusing
necrotic from apoptotic cells.
An additional source of danger signals provided by necrotic cells could be
complexes between self-antigens and antigens derived from infectious agents.
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For instance, the induction of massive apoptosis by a viral infection in vitro was
found to be associated with DC-mediated activation of virus-specific CTLs [190].
Consistent with this observation, Salio et al. [191] reported that the capacity of
necrotic or apoptotic cells to induce DC maturation in vitro was dependent on
the presence of a mycoplasma infection, suggesting that cell death in the presence of an infectious agent provides the necessary proinflammatory signals for
stimulating a DC-mediated immune response. Green and Beere [192] argued
that extensive necrosis associated with an infection would induce an inflammatory response, leading the nearby DCs, which engulf both necrotic cells and infected apoptotic cells, to display costimulatory molecules and self-peptides derived from the dying cells, as well as foreign peptides from the infectious agent.
Given the mounting evidence suggesting that necrotic cells are a source of danger signals that could trigger a proinflammatory context and DC-mediated, antigen-specific immune responses, it would seem plausible that post-translational
modifications of autoantigens associated with necrotic cell death, such as cathepsin-mediated autoantigen proteolysis, may also give rise to potentially immunostimulatory forms of intracellular or membrane-associated autoantigens. Under a
proinflammatory cytokine environment, these modified autoantigens, which may
also expose cryptic epitopes, might be processed by mature DCs and presented to
either naïve T cells that have not been tolerized against the cryptic epitopes or to
autoreactive CD4+ and CD8+ T cells that escaped deletion due to defects in T-cell
apoptosis. Subsequently, the autoreactive CD4+ T cells may stimulate autoreactive
B cells to produce pathogenic autoantibodies, whereas CD8+ T cells may attack
tissues expressing the autoantigens, leading to organ damage. Figure 6.4 shows
a schematic diagram summarizing the various factors and dangers encountered
on the road leading from cell death to autoimmunity.

6.8
Conclusions

The progress achieved during the past decade in our understanding of biochemical mechanisms associated with cell death has significantly impacted the field
of autoimmunity. It is now evident that cell death has many different faces,
each of which may contribute to autoimmunity through diverse mechanisms.
These mechanisms include defects in genes involved in the regulation of the activation of T and B lymphocytes and the deletion of autoreactive lymphocytes,
excessive cell death induced by autoreactive CTL in target organs, modifications
in intracellular self-antigens that increase their immunogenicity, defective clearance of immune complexes and dying cells, and release of danger signals from
dying cells leading to a proinflammatory environment. As knowledge derived
from the molecular dissection of different variants of cell death in vitro and in
animal models of autoimmunity continues to accumulate, the potential role of
these variants in the generation of autoimmunity will become more evident.
This knowledge will facilitate the development of novel therapeutic strategies

6.8 Conclusions

Fig. 6.4 The road to perdition: summary of events implicated in the path
leading from cell death to autoimmunity.
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aimed at modulating the delicate balance between cell death and survival in
autoimmune diseases.
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7
Self-antigen Modification and Autoimmunity
Stuart M. Levine, Livia Casciola-Rosen, and Antony Rosen

7.1
Introduction

One of the hallmarks of the systemic autoimmune diseases is the striking association between clinical phenotype and the specific targeting of ubiquitously expressed cellular “housekeeping” proteins [1, 2]. These associations are so predictable that autoantibody tests are frequently used to confirm clinical diagnoses
and guide therapy. Specific examples of these associations include the targeting
of nucleosomal and splicing ribonuclear protein (snRNP) components in systemic lupus erythematosus (SLE), topoisomerase I in the diffuse form of scleroderma, centromere proteins in the limited form of scleroderma, and several
components of the translational machinery in the autoimmune inflammatory
myopathies. The molecules targeted by the immune system share seemingly little in common; they have diverse sizes, structures, functions and cellular localizations, and yet all become specifically targeted in the systemic autoimmune
diseases.
These associations of autoantibody response and phenotype are all the more
striking in light of several studies over the past decade that have demonstrated
that the immune responses to autoantigens in both animals and humans are
antigen- and T-cell driven. Autoantibodies have features of adaptive immune responses, as they undergo clonal expansion, class switching, and affinity maturation and demonstrate immunologic memory [3–5]. These findings have focused
attention on the circumstances during which autoantigens might have satisfied
the stringent criteria necessary for the initiation and propagation of a T cell–dependent immune response. These criteria include the presence of novel, nontolerized structure at suprathreshold concentrations in a pro-immune (i.e., inflammatory) environment. Of these, the most important criterion for initiation
of a primary T-cell response is that the molecule targeted has not been previously presented in that form and therefore failed to induce T-cell tolerance.
This chapter will focus on some of the mechanisms and circumstances in
which autoantigens might become modified to generate novel, non-tolerized
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structure, with a special focus on the contributions that proteolytic cleavage during certain forms of cell death have on this process.

7.2
Learning to Ignore the “Self ”: Immunologic Dominance and Crypticity

Over the past two decades, studies on various model antigens have made it clear
that an antigen’s macromolecular structure may influence its subsequent processing and presentation by MHC class II molecules [6–10]. Eli Sercarz has
shown that not all determinants on an intact protein antigen are equally immunogenic; due to certain structural features of the antigen itself, specific determinants are preferentially and reproducibly presented to T cells [11–13]. For a given antigen conformation, the processing pathway has constant and predictable
output, with few determinants effectively loaded onto MHC class II molecules
(dominant epitopes). Developing T cells that recognize dominant epitopes of
self-antigens in the thymus are thereby deleted. In contrast, cryptic epitopes are
not presented in significant amounts on MHC class II molecules, and potentially autoreactive T cells recognizing such epitopes are therefore not deleted
and persist. Since the products of antigen processing are constant under
homeostatic conditions, these cryptic epitopes are not generated under most circumstances and autoreactive T cells remain ignorant. However, were cryptic epitopes to be generated during some unusual antigen-processing event, autoreactive T cells recognizing these epitopes could conceivably be activated and drive
autoimmune responses to self-molecules [13].
Several factors contribute to the selection of a molecule’s immunodominant
epitope, including (1) its intrinsic affinity for MHC class II proteins; (2) the
properties of neighboring structural determinants that may influence the binding of this peptide to the binding groove; and (3) the sequence of unfolding and
specific cleavage along the endosome/lysosome pathway. Understanding how
the structure and processing of self-antigens might be altered during different
physiologic and pathologic states is therefore of significant relevance. Of particular importance are early proteolytic events and the effects of high-affinity binding of antibody or other molecules on subsequent antigen processing.
Experiments using tetanus toxin C fragment as a model antigen have demonstrated that a hierarchy of antigen-processing events exists that regulates the
loading of particular peptides onto an MHC class II molecule [14, 15]. First, it
has been shown that processing of tetanus toxin is initiated upon cleavage by a
lysosomal enzyme, asparaginyl endopeptidase (AEP), at a single defined site.
There is an absolute requirement for this cleavage event to generate the dominant T-cell epitope, as elimination of the AEP cleavage site by mutagenesis dramatically alters the efficiency of immunodominant peptide presentation to an
antigen-specific T-cell clone in vitro. Second, it has been demonstrated that a
single conservative mutation at the enzyme cleavage site leads to the generation
of novel epitopes during antigen processing. Third, inhibiting the AEP protease
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also alters processing of the whole antigen, resulting in different peptides being
loaded onto MHC class II [15]. Thus, in this example, antigen processing occurs
in a stepwise manner, with cleavage by a single, initial protease being necessary
for the subsequent processing steps that generate the dominant T-cell epitopes.
Subtle changes in antigen structure that alter such key upstream processing
sites can dramatically alter processing of the intact antigen. Where such
changes cause the revelation of epitopes not normally seen by the immune system, the subsequent development of an autoimmune response is enabled [16].
Is there any evidence that such altered processing may contribute to the development of autoimmunity to previously non-tolerized epitopes in vivo? Indeed,
several experimental systems have demonstrated that immunization with cryptic
epitopes can lead to the activation of autoreactive T cells. For example, immunization of mice with unprocessed mouse cytochrome c fails to induce an immune response. However, immunization with non-immunodominant peptides
derived from mouse cytochrome c activates T cells specific for these epitopes [9],
thereby establishing that challenging with “cryptic” peptides not generated during the natural processing of cytochrome c can activate specific T-cell responses
directed against the cryptic sequence.
Similar findings have been made using snRNPs as model antigens, where an
immune response against previously tolerized intact molecules could be initiated by immunizing mice with cryptic peptides derived from these molecules.
Once the initial peptide-specific immune response is generated, many components of the snRNP complex are subsequently targeted [17]. This phenomenon
of “epitope spreading” has been described in anti-snRNP autoimmunity in humans as well [18]. Therefore, in the context of human autoimmune disease, it
is possible that novel or impaired proteolysis could generate previously non-tolerized peptides that serve as the antigen source for initiating and propagating
an autoreactive T-cell response, and, by extension, an autoimmune humoral response as well.
Cryptic epitopes may also be generated in vivo via specific protease activity
that more efficiently destroys a dominant epitope in the thymus than in the periphery, preventing the deletion of autoreactive cells in the thymus and increasing the chances that antigen-processing events in the periphery could stimulate
these cells and contribute to tissue damage in a pro-immune context. This has
been demonstrated in the murine experimental autoimmune encephalomyelitis
(EAE) model of multiple sclerosis. In this model, the efficient cleavage of a
myelin basic protein (MBP) epitope by AEP destroys the dominant T-cell epitope recognized by encephalitogenic T-cell clones [19]. In the presence of AEP
inhibitors in antigen-presenting cells, presentation of the epitope is enhanced.
The authors propose that since AEP is highly expressed in thymic antigen-presenting cells, destructive processing by this enzyme limits presentation of this
epitope in the thymus and allows encephalitogenic T-cell clones to escape to the
periphery, where they contribute to tissue damage and disease.
This paradigm of dominance and crypticity raises two key questions to consider for the study of autoantigens: (1) whether a set of circumstances exists in
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vivo that could reproducibly lead to the altered processing of self-antigens during initiation of an autoimmune response; and (2) whether such conditions are
ubiquitous across the spectrum of the autoimmune diseases, or whether disease- and/or tissue-specific mechanisms might be important in modulating
these processing steps. Approximately a decade ago, and with these questions
in mind, we observed that autoantigens targeted in systemic autoimmune diseases, though sharing seemingly little else in common, are unified by their clustering and concentration within surface blebs on apoptotic cells. We proposed
that such molecules were unified by their propensity to undergo structural modifications during some forms of cell death, generating novel structures not previously tolerized by the host [20]. Accumulating experimental evidence indicates
that most autoantigens are indeed unified by their susceptibility to structural
modification during cell death [21–23], including striking susceptibility to cleavage by apoptotic proteases to generate novel fragments during this process.
Although this chapter focuses primarily on apoptosis-specific proteolysis as a
primary mechanism of structural change during cell death, other post-translational changes occur frequently during various death processes and may profoundly affect antigen processing and presentation [21, 24]. Examples of cell
death-associated autoantigen modifications include:
·
·
·
·
·
·
·

proteolytic cleavage,
phosphorylation/dephosphorylation,
isoaspartyl modification,
transglutamination,
deimination,
altered glycosylation, and
altered subcellular localization.

Autoantigens may undergo novel proteolytic modifications during necrotic death
that are distinct from those observed during apoptosis. Further, reactive oxygen
species (ROS) can also generate unique proteolytic fragments under certain circumstances, as demonstrated for the scleroderma autoantigen topoisomerase I
and the large subunit of RNA polymerase II, which undergo unique proteolysis
following metal-catalyzed reactions [25, 26] such as that which may occur during ischemia-reperfusion-type injury. Novel proteolysis also occurs in the setting
of mercury-associated cell death. Pollard and colleagues have shown that unique
antigenic fibrillarin fragments not seen during other forms of apoptotic and
non-apoptotic cell death are generated following mercury treatment both in vitro
and in vivo [27, 28].
Other non-apoptotic proteases have been implicated in generating autoimmune responses as well. Among the best-studied examples of this phenomenon
is the proteolytic degradation of the bullous pemphigoid autoantigen BP180
(collagen XVII) by matrix metalloproteinase 9 (MMP9) and neutrophil elastase
(NE). The role for MMP-9/NE-mediated proteolysis in the pathogenesis of BP is
illustrated by the following observations: (1) MMP9- and NE-deficient mice are
resistant to the subepidermal blistering seen in wild-type animals upon treat-

7.3 Proteolytic Cleavage of Autoantigens During Apoptosis

ment with anti-BP180 antibodies [29]; (2) MMP9 is released from tissue-infiltrating eosinophils at the sites of blister formation and is highly expressed in blister fluid [30]; (3) NE cleaves BP180 both in vitro and in vivo to induce blister formation [31]; and (4) MMP9 inactivates the serpin inhibitor of NE (a-1 proteinase
inhibitor), resulting in increased NE levels and subsequent increases in cleaved
BP180 at the dermal-epidermal junction [32].

7.3
Proteolytic Cleavage of Autoantigens During Apoptosis

Apoptosis, or “programmed cell death” (reviewed extensively in [33]), is a sequence of morphological and biochemical changes characterized by nuclear condensation and membrane blebbing [34]. During the apoptotic process, cleavage
and activation of a series of cysteine proteases called caspases result in the activation of a proteolytic cascade that cleaves downstream molecules that function
in pathways essential to cell survival [35, 36]. Cells that die via this pathway do
so in an orderly and predictable fashion and are thereafter cleared by macrophages in a non-inflammatory way, with prominent secretion of TGF-b and
IL-10.
The caspases, a family of cysteine proteases with an absolute requirement for
cleavage after aspartic acid, constitute the most prominent apoptotic protease
family [35]. In initial studies looking for modification of autoantigen structure
in apoptotic cells, we and others noted that although caspases cleave only a limited number of substrates during the apoptotic process (perhaps a few hundred
at maximum), autoantigens are highly represented among these molecules [37–
43]. In a minority of cases (e.g., NuMA, CENP-C), the cleaved form of the antigen is better recognized by patient autoantibodies than is the intact protein,
suggesting that cleavage may improve accessibility to the relevant epitopes [44].
There are also reports that some U1-70-kDa autoantibodies specifically recognize the apoptotically modified form of this molecule, and that such antibodies
are associated with distinct clinical features [45, 46]. In contrast, there are many
more examples of autoantigens (e.g., PARP, Mi-2) that are cleaved by caspases,
in which no effect of cleavage on recognition by autoantibodies is discernable.
While there is significant data demonstrating the effects of caspase cleavage
on autoantibody recognition of self-antigens, less is known about the effects that
such cleavage events have on T-cell recognition of these antigens. Recent studies
of patient T-cell responses to the U1-70-kDa antigen have demonstrated that
autoreactive T-cell clones specifically recognize a highly restricted set of epitopes
that are located upstream of both the caspase and granzyme B cleavage sites
[47]. Such autoreactive clones were not found in any of the healthy HLAmatched controls in this study. These data suggest that proteolytic cleavage
events may indeed be critical in generating autoreactive T-cell epitopes under
certain circumstances. Experiments addressing the effects of caspase cleavage
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on T-cell recognition of other naturally selected autoantigens have not yet been
performed, and although they are complex, they are of high priority.
The striking association of caspase-mediated cleavage and autoantigen status
is of significant interest but remains of uncertain mechanistic relevance. It remains unclear whether this association reflects events occurring during development of central or peripheral tolerance or events occurring during subsequent
immunization peripherally with self-antigens. Similarly, it is not known whether
the association requires cleavage by caspases, or whether the presence and
structural features of the cleavage site might influence antigen processing and
epitope selection. In terms of the first set of possibilities, the following observations are relevant:
1. Apoptotic cell death occurs throughout development and during tissue homeostasis; in these circumstances, the immune consequences are predominantly non-inflammatory and tolerance-inducing [48–51].
2. Apoptosis occurs with great frequency during lymphocyte development and
education in the thymus and bone marrow [52].
3. Significant experimental evidence indicates that apoptotic cells themselves
constitute a prominent source of toleragen in these settings [53, 54].
4. A role of apoptotic cells in the establishment and maintenance of tolerance
to peripheral tissues has also been established [55–60], providing the immune system with the appropriate forms of autoantigens that will likely be
encountered during homeostatic cell death of self-tissues.
Since caspase-mediated cleavages typify this form of tolerance-inducing cell
death, it is likely but still unproven that caspase fragments of autoantigens are
actively tolerized. Consequently, abnormalities in the processes regulating clearance of, and tolerance induction by, apoptotic cells may play important roles in
rendering individuals susceptible to initiation of systemic autoimmunity. The
phenomenon of decreased apoptotic clearance associated with systemic autoimmunity is seen in both human disease (as in patients with C1q deficiency) and
in animal models [61–63].
In addition to abnormalities in processes regulating clearance and tolerance
induction by apoptotic cells, recent studies have stressed the possibility that certain forms of apoptotic death may be pro-immune, particularly those occurring
occur during virus infection or killing of transformed cells. The associations
among (1) viral infection and initiation and flare-ups of autoimmune diseases;
(2) cancer and autoimmunity; and (3) the alterations in autoantigen expression,
structure, and conformation that are known to occur in such settings are highly
relevant in this regard. For example, viral infection may directly alter the structure of self-antigens. The structural changes that autoantigens undergo during
these forms of non-tolerance-inducing cell death may be particularly relevant in
selecting the molecular targets of such autoimmunity.

7.4 Cytotoxic Lymphocyte Granule–induced Death Pathways

7.4
Cytotoxic Lymphocyte Granule–induced Death Pathways

Cytotoxic lymphocytes induce target cell death through several different pathways, including ligation of the Fas receptor on the surface of the target cell, as
well as release of proteases (called granzymes) contained in lytic granules within the cytotoxic cell [64]. Transduction of the Fas signal occurs through multiple
protein-protein interactions that activate the caspase cascade by inducing processing of caspase-8 and -10 [65]. Cytolysis induced via the Fas pathway is thought
to be predominantly associated with immune regulatory processes [66, 67].
Granule pathway–mediated killing utilizes several granule components with
unique activities and is thought to be predominantly involved in more pro-immune death processes such as those that occur during clearance of virally infected or transformed cells.
The most abundant cytotoxic granule components are perforin (a pore-forming protein) and a family of serine proteases termed granzymes [68]. Perforin
has long been considered crucial for the entry of granzymes into the target cell,
but the mechanisms underlying its activity still remain controversial [69]. Following release into the cytosol with the help of perforin, granzyme B (GrB), a
rapidly acting apoptotic enzyme, catalyzes the cleavage and activation of several
downstream substrates, inducing apoptotic changes in the target cell (Fig. 7.1).
Prominent among the upstream mediators of the GrB effect are Bid and several
procaspases, which are directly cleaved by GrB to generate their active forms.
Thus, through the early cleavage and activation of Bid, GrB rapidly recruits the
mitochondrial amplification loop of caspase activation [70, 71]. GrB similarly
cleaves and activates effector caspases that further amplify the apoptotic proteolytic cascade, resulting in cleavage of multiple downstream substrates and generation of the apoptotic phenotype. GrB can also directly cleave several downstream signature death substrates, constituting an important caspase-independent death pathway that can lead to cell death even in the absence of caspase
activity [72, 73]. For example, GrB directly cleaves and activates the apoptotic nuclease DFF45/ICAD; such cleavage is required for optimal granzyme-induced
target cell death [74]. In an analogous fashion to that described above for the
caspases, autoantigens targeted in human autoimmune diseases are highly represented among these GrB substrates [37, 73, 75–80].
The most abundant serine protease in cytotoxic lymphocyte granules is granzyme A, whose mechanisms of action have recently been defined. GrA induces
a caspase-independent form of cell death, with several overall similarities to that
induced by caspases and GrB. For example, following entry into the cell and
translocation to the nucleus, GrA induces single-stranded DNA nicking by cleaving the nuclear assembly protein SET, also known as the inhibitor of GrA-activated DNAse, or IGAAD, to release the nucleoside diphosphate kinase NM23H1 (the GrA-activated DNAse, GAAD). This process of inactivating a DNAse inhibitor to induce DNA breakdown is similar to that seen in caspase and GrBmediated apoptosis, where ICAD (inhibitor of caspase-activated DNAse) is
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Fig. 7.1 Mechanisms of granule-mediated
cytotoxicity. Following cytotoxic T lymphocyte
(CTL) recognition of a virally infected or
transformed cell, granules containing perforin and granzymes are released into the target cell. After gaining entry into the cell, the
two major granzymes, A and B, can cause
cell death by apoptosis via several mechanisms. GrB can (1) cleave procaspase-3 and
-8, leading to downstream caspase activation
and cleavage of downstream substrates
including autoantigens; (2) cleave DFF45
(inhibitor of caspase-associated DNAse,
ICAD) to liberate DFF40 (caspase-associated
DNAse, CAD), which migrates to the

nucleus and causes DNA fragmentation;
(3) activate the mitochondrial apoptotic
pathway directly; and (4) directly cleave
downstream death substrates independent
of caspase activation. GrA induces caspaseindependent cell death via cleavage of SET
(inhibitor of granzyme A–associated DNAse,
IGAAD) to liberate NM23-H1 (granzyme
A-associated DNAse, GAAD), which translocates to the nucleus, resulting in DNA nicking and fragmentation. It can also directly
cleave nuclear targets such as lamins,
nucleolin, and histones. The coordinated
function of these enzymes leads to apoptosis of the target cell.

7.5 Many Autoantigens Are Specifically Cleaved by GrB

cleaved to release CAD (caspase-activated DNAse) [81, 82]. Interestingly, both
SET and NM23-H1 have been implicated in oncogenesis, although the mechanism for this link remains unclear.
Further, both GrB and GrA have been shown to alter mitochondrial transmembrane potential and function, although release of classic mitochondrial
mediators (i.e., cytochrome c, endonuclease G, apoptosis-inducing factor) is not
seen after GrA treatment [82], suggesting alternate mechanisms for GrAmediated mitochondrial disruption. GrA also cleaves lamins, histones, and the
nuclear phosphoprotein nucleolin, which are all known autoantigens in systemic autoimmune diseases [83–85]. Whether GrA cleaves other autoantigens,
and the immunological relevance of such cleavages, remains unknown at this
time but is of significant interest.
Finally, although CTL granules are replete with additional granzyme activities
(particularly in mice), the substrate specificity of these “orphan” granzymes remains unclear. Although this chapter focuses predominantly on GrB as a cytotoxic lymphocyte protease that may modify the structure of self-antigens, it is
important to note that this principle may be equally applicable to other granule
proteases.

7.5
Many Autoantigens Are Specifically Cleaved by GrB, Generating Fragments
Not Observed During Other Forms of Cell Death

The number of autoantigens that are cleaved by GrB is steadily growing (Table
7.1). The observation that many autoantigens targeted across the spectrum of
human autoimmune diseases are directly and efficiently cleaved by GrB is remarkable for several reasons:
1. Susceptibility to cleavage by GrB is a highly specific feature of autoantigens,
and non-autoantigens are not similarly susceptible to cleavage by GrB at sites
not cleaved by caspases [73].
2. A very similar group of autoantigens is cleaved by caspases and GrB,
although at distinct sites, thus generating different fragments [72].
3. The cleavage sites in autoantigens are uniquely suited to cleavage by GrB
and are resistant to cleavage by the upstream activating caspases (caspase-8
and -9) due to the enrichment of residues in the P2 and P3 substrate positions that are preferred by GrB but not tolerated by caspases [73].
4. GrB activation of caspases leads to significant amplification of caspase cleavages, and when efficiency of cleavage of a substrate by caspases and GrB is
similar, products of caspase cleavage generally predominate.
Generation of GrB fragments is thus enhanced by inhibition of the caspase
pathway [72, 73]. Also of particular note is that GrB and other components of
the lytic granule pathway are not expressed in the thymus [86], and cleavage
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Table 7.1 Autoantigens as granzyme B substrates.
Nuclear proteins

Cytoplasmic proteins

NuMa
Histidyl tRNA synthetase
U1-70-kDa
Alanyl tRNA synthetase
Topoisomerase I
Isoleucyl tRNA synthetase
DNA-PKcs
UFD2
Ku 70
SRP 72
XRCC4
Fodrin
B23
PMS1
La
Mi-2
NOR 90
CENP B
CENP C
PMScl
RNA polymerases I & II
Ki 67
PARP
Lamin B
Fibrillarin

Other
PDC-E2 (mitochondria)
GluR3B (neuronal surface receptor)
Golgin-160 (Golgi apparatus)
M3 acetylcholine receptor

products generated by such proteases are therefore unlikely to have been tolerized during development.
The striking association between susceptibility of a substrate to cleavage by
GrB and autoantigen status strongly suggests that these properties are mechanistically related. As noted for the caspases above, it remains unknown whether
it is the properties of the cleavage site or cleavage itself that plays a role in
selecting molecules against which autoimmune responses are generated. If
cleavage is the important parameter, the reciprocal relationship between caspase
activity and generation of granzyme-specific autoantigen fragments suggests
that initial immunization occurs in a setting in which caspases are under endogenous (e.g., IAP proteins) or exogenous inhibition (e.g., viral caspase inhibitors) [87–91].
The effect of autoantigen cleavage on recognition by autoantibodies has been
addressed in part using an immunoblotting approach; however, there is as yet
no common feature that unifies all the antigens in terms of antibody recognition. Indeed, it is striking that GrB cleavage can have various effects on recognition of different molecules by autoantibodies. Although infrequently observed,
GrB-generated fragments of autoantigens may be recognized better by autoantibodies than the intact molecule (e.g., the scleroderma autoantigen CENP-C [44],
enriched in patients with scleroderma and ischemic digital loss). There are also
clear examples where GrB cleavage of an autoantigen greatly inhibits recognition by autoantibodies. For example, Gershwin and colleagues [92] demonstrated

7.6 GrB-induced Cleavage of Tissue-specific Autoantigens

that autoantibodies recognizing the intact pyruvate dehydrogenase E2 subunit
(PDC-E2) fail to recognize the GrB cleaved form of PDC-E2. Similar findings
have also been made for XRCC4, a member of the DNA-PK/Ku complex of
autoantigens [93]. However, for most autoantigens studied, cleavage by GrB has
no effect on recognition by autoantibodies.
The fact that cleavage can enhance or destroy recognition of some molecules
by autoantibodies demonstrates that the GrB cleavage site can either enhance or
suppress accessibility of epitopes, occasionally at the level of the autoantibody,
but potentially more generally at the level of the T cell. Although autoantibodies
are excellent probes of the targets of the autoimmune response, they are less
well suited to defining the particular conformation of the antigen that initiated
the T-cell response. Interestingly, studies by Mamula and colleagues examining
the generation of autoimmune responses to an isoaspartyl-containing Sm-D or
cytochrome c peptide have demonstrated that T cells recognize only the isoaspartyl form of the antigen, while autoantibodies bind both modified and unmodified forms [94]. Defining the effects of the intact GrB cleavage site, and its
destruction after proteolysis, on the processing and presentation of antigens to
T cells therefore remains a major priority.

7.6
GrB-induced Cleavage of Tissue-specific Autoantigens

Structural changes of autoantigens induced by post-translational modification
can alter the processing of self-antigens and influence the ability to generate an
immune response against self. For example, recent studies have shown that the
neuronal glutamate receptor subunit 3 is an autoantigen in patients with a severe form of pediatric epilepsy, Rasmussen’s encephalitis [95]. Autoantibodies
tend to be of low affinity, and many recognize a well-defined extracellular epitope residing in the receptor-activating epitope that is aligned on the surface of
the folded protein [96]. Of note, the GrB cleavage site contains an asparagine
that is normally N-glycosylated and is found within a major epitope that is recognized by autoantibodies in Rasmussen’s encephalitis [80]. Interestingly, Gharing and colleagues showed that deglycosylated GluR3 is susceptible to cleavage
by GrB, whereas the glycosylated form of this receptor is poorly cleaved, possibly because the N-linked sugar sterically hinders the ability of GrB to bind to its
substrate. The authors postulate that inflammatory events may inhibit the glycosylation of GluR3, thus rendering it susceptible to cleavage by GrB, and potentially to initiation of GluR3-directed autoimmunity.
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7.7
Novel Conformation of Phenotype-specific Autoantigens

In spite of the fact that many autoantigens in systemic autoimmune diseases
are ubiquitously expressed, there is nevertheless a striking association of specific antibody responses with unique clinical phenotypes. One potential explanation for this observation is that changes in autoantigen structure may be limited
to the relevant disease microenvironment and may contribute to initiation of an
autoimmune response. As several autoantigens that are targeted in systemic
autoimmune diseases can also be targeted in patients with hepatocellular carcinoma (HCC), we have sought to define microenvironment-specific changes in
autoantigens in liver tissue of patients with HCC as a model system in which
to investigate the link between autoantigen expression and cancer. Interestingly,
the nucleolar HCC autoantigen B23 (nucleophosmin) exists in a truncated form
in HCC liver, lacking six amino acids at the N-terminus. While full-length B23
(expressed in all other tissues) is very resistant to cleavage by GrB, HCC B23 is
strikingly sensitive to such cleavage [97].
B23 has also been found to be a scleroderma autoantigen associated with the
development of pulmonary hypertension [98] and, in an analogous fashion to
HCC B23, is also uniquely cleaved by GrB in differentiated smooth muscle cells
[99]. Whether this selective cleavage in vascular smooth muscle cells reflects expression of cleavable B23 in areas of hyperplasia that is characteristic of pulmonary hypertension is unknown, but the association is tantalizing nonetheless.
The striking restriction of a novel B23 conformation to the likely sites of immunization may indicate that distinct autoantigen conformations responsible for
specific cellular functions (e.g., cell growth) are present during disease initiation
and/or propagation. It is possible that such pathways of autoantigen expression
and conformation may become therapeutically tractable in the autoimmune diseases.

7.8
Conclusion: A Model of Antigen Selection During Cell Death

The clustering and concentration of autoantigens at the surface of apoptotic
cells, in combination with the striking tolerance-inducing function of apoptotic
cells, have focused attention on abnormalities in apoptotic cell execution and
clearance as potential susceptibility and initiating factors in systemic autoimmunity. The susceptibility of the majority of autoantigens across the spectrum of
human autoimmune diseases to cleavage by aspartic acid–specific apoptotic proteases is a major unifying feature of this apparently unrelated group of molecules. We propose that caspase-cleaved autoantigens are the major form of the
molecule tolerized during development and homeostasis, and that where apoptotic cell clearance is normal, tolerance to such fragments is fully established.
Abnormalities in clearance of apoptotic cells and tolerance induction may allow
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autoreactive T cells recognizing caspase-cleaved antigens to persist and potentially to be activated by a large load of apoptotic cells containing caspase-induced
fragments. We further propose that certain pro-immune circumstances (e.g., viral infection, early tumorigenesis) in which the cytotoxic lymphocyte granule
pathway is active, and the caspase pathway potentially inhibited, allow preferential activity of the granzyme pathway, generating novel autoantigen fragments
not previously tolerized by the host. Such fragments may allow the generation
of cryptic epitopes during antigen processing, and autoreactive T cells recognizing cryptic epitopes may become activated. Alternate modifications of autoantigen structure occurring during cell damage or death (e.g., other proteolytic cleavages, deimination, oxidation, isoaspartyl formation, glycosylation) may similarly
be important in modifying the processing and presentation of self-antigens and
thus in initiation of autoimmunity. Direct demonstration of the differential immunogenicity of different forms of proteins in dying cells remains a major priority.
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8
Detection of Autoantibodies
Rufus W. Burlingame and Carol Peebles

8.1
Comparison of Common Techniques

Indirect immunofluorescence (IIF) is the most common technique to measure
autoantibodies in clinical labs today because it is the technique used in the
most common test, screening for antinuclear antibodies (ANAs) [1]. The substrates used for IIF are primarily tissue culture cells or cryostat organ sections
from rodents or primates that are fixed onto glass slides. The substrate is overlaid with a dilution of the test serum, incubated, rinsed, and overlaid with
a fluorescein (FITC)-conjugated anti-human immunoglobulin. It is incubated
again and rinsed and a cover slip is added (Fig. 8.1). The results are then observed for specific reactivity by a trained technician using a fluorescent microscope. The pattern and relative intensity of fluorescence are described. A normal
sample has negligible fluorescence. For screening assays such as ANAs on Hep2 cells, any fluorescent pattern in the nucleus is considered positive and the
lack of staining is negative. For some specific IIF tests, only a particular pattern
or set of patterns is considered positive, while any other pattern or the lack of
staining is negative. Class-specific antisera, i.e., anti-IgG, -IgA, or -IgM, are used
in certain IIF assays, while a polyspecific detecting reagent is used in others.
Fluorescent tags other than FITC may also be used.
There is wide variation in detecting reagents. These include the specificity,
i.e., IgG-, IgM-, IgA-, or polyspecific, the concentration of the detecting antibody,
whether or not the detecting antibodies are affinity-purified, the type of fluorescent tag on the antibody, and the number of fluorescent molecules per antibody
molecule. The fluorescent molecule-to-protein ratio is very important as too
high a ratio can cause nonspecific binding to the substrate. Today, very highquality reagents can be obtained from many sources. In most applications IIF is
both a very sensitive and specific test. For example, the presence of autoantibody can often be detected with the same sensitivity as the equivalent ELISA.
Usually this is about two serial dilutions more sensitive than detecting the same
autoantibody by Ouchterlony immunodiffusion.
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Fig. 8.1 Illustration of the steps performed
in IIF tests. First the antibody interacts with
the antigen (left panel). After washing the
slide, a detecting antibody that is conjugated
to a fluorescent tag is added. The detecting

antibody will bind to any patient antibody
that is bound to the antigen. The detecting
antibody can be visualized in a fluorescent
microscope (right panel).

There are two disadvantages of the IIF technique in large clinical laboratories.
First, a relatively high amount of skilled labor is required to perform the test.
Addition of sample and detecting reagent, and wash steps, can be easily automated. However, a trained technologist must read and interpret the slide by examining it under a fluorescent microscope and must manually enter the resulting data into the laboratory’s information system. Second, there is significant
variation between laboratories performing IIF tests. Part of the variation is
caused by the subjective interpretation of the fluorescent pattern by the person
examining the slide. Other factors leading to high inter-laboratory variation are
the differences between microscopes, different detecting reagents used by different manufacturers of the same test, and the dilution of the patient sample that
is chosen for use by a laboratory. Even with these problems, IIF is still the best
technique to use for detecting some autoantibodies (see below) and is the only
technique available for detecting others.
Ouchterlony immunodiffusion is a powerful technique in many ways [2]. The
assay is simple to perform and yields very high specificity, and no special equipment is needed. It requires only a crude soluble extract for the antigen, and the
labor to perform the test is very low. Serum is put in one well in an agar plate
and a soluble extract from spleen, thymus, or tissue culture is put into another
well in the plate and allowed to incubate over one or two days. If there is a precipitating reaction between antibodies and antigens, a visible precipitin line will
form between the well containing the serum and the well with extract (Fig. 8.2).
Reactivity to any precipitating antigen in the extract can be detected. A control
serum with known reactivity must be included next to the sample in order to
identify the specific reaction that occurs. If precipitin lines from two adjacent
wells meet, they contain the same autoantibody. If the precipitin lines cross, the
antibodies are different, whereas if they form a “T” there is partial identity.

8.1 Comparison of Common Techniques

Fig. 8.2 Illustration of the three types of positive results that occur in Ouchterlony immunodiffusion. When antibodies from two different sources are the same, the precipitin
lines will curve and come together, forming
a line of identity (left panel). If the antibodies in the two sources are different, their
precipitin lines will remain straight and will

cross each other (center panel). If one
source has two precipitating antibodies and
the other source contains just one of them,
the precipitin lines will meet, but there will
also be a spur that protrudes from the sample that has two reactivities (right panel).
Sometimes two separate lines form in samples that have two reactivities.

While the test is simple and specific, there are also serious limitations to this
technique. The antibody-antigen complex must form a visible precipitin line.
This means that the amounts of both antibody and antigen must be optimized.
Only certain antibody-antigen pairs will form precipitin lines since there must
be multiple reactive epitopes on the antigen to allow cross-linking and precipitation of the antibody-antigen complex. Thus, antibodies that do not precipitate
an antigen, and antibodies to antigens that are insoluble, cannot be detected by
Ouchterlony immunodiffusion. Additionally, each positive reaction needs to be
tested next to a positive control, which requires large amounts of control sera,
and reading the Ouchterlony plate requires time and skill. This technique is excellent when a small number of samples need to be tested, but it is difficult to
use on a large number of samples.
Most large laboratories use ELISA to detect a wide variety of autoantibodies
[3]. In this technique purified antigen is coated onto the wells of a 96-well microtiter plate. The antigen binds extremely tightly to the plastic in the ELISA
plate because the plastic is naturally reactive or has been activated by radiation.
Once the antigen has bound to the plate, it will not come off in low or high
pH, detergent, sheer stress, or chaotropic agents. The vast majority of proteins
and protein-nucleic acid complexes bind directly to the ELISA plate, as does denatured DNA. Native DNA will not bind to the plate directly and binds instead
to a positively charged substrate that must be added to the ELISA plate first. A
wide variety of antigens saturate an ELISA plate at concentration between 2 lg
mL–1 and 4 lg mL–1. Interestingly, it is easy to add six to eight different antigens to an ELISA plate at near-saturating concentrations of each, and little or
no inhibition of antigen binding to the ELISA plate is detected. One interpretation of this finding is that there are a wide variety of microenvironments on the
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ELISA plate, and each antigen is preferentially binding to a different microenvironment. Inhibition of binding among most antigens is noticed after eight to
10 different antigens are added to the plate at the same time. Occasionally an
antigen binds to the ELISA plate so well that other antigens never inhibit its
binding, while another antigen may be out-competed at a relatively low concentration of other antigens.
After the antigen is bound to the plate and any free binding sites are blocked,
the plate is ready for use. Diluted patient serum is added to the well and incubated, and the well is washed. At this step any specific autoantibody that reacts
with the antigen on the plate will stay bound to the antigen, while all other antibodies will be washed away. After washing, a detecting anti-human antibody
conjugated with an enzyme is added to the well and incubated. If antibody from
the patient is bound to the antigen, the conjugated detecting antibody binds to
the patient antibody. If no patient antibody is bound to the antigen, all the detecting antibody will be washed away. After the wells are washed, the bound
conjugate is detected by adding a substrate that changes color in the presence
of the enzyme on the detecting antibody.
The detecting antibody is typically goat anti-human IgG that is conjugated to
horseradish peroxidase. This is detected by a dye, such as TMB (3,3',5,5'-tetramethylbenzidine) or ABTS (2,2'-azino-di-[3-ethylbenzthiazolinsulfonate]), that
changes color in the presence of the enzyme and hydrogen peroxide. The
change in color is quantified on a spectrophotometer and is proportional to the
amount of enzyme in the well, which is in turn proportional to the amount of
autoantibody bound to the antigen on the plate. Other specificities of the detecting antibody such as anti-IgM, anti-IgA, or anti-polyvalent are used when appropriate. Different enzyme-substrate pairs or chemiluminescent reactions can also
be used to detect the bound autoantibodies.
ELISA is an extremely robust and flexible technique. Many tens of thousands
of samples are tested by ELISA every day in clinical labs around the world. In
both clinical and research laboratories, hundreds of different antigens have been
used as substrates. There are many attractive features of ELISA compared to
other techniques used to detect autoantibodies. It can be a sensitive and specific
test. It can be performed manually with just some pipettes and an inexpensive
plate reader, or the process can be completely automated on a large machine
that can perform ELISAs on four to eight plates simultaneously. All steps from
making dilutions of patient sera to reporting the results of the ELISA to the
central computer can be automated on such a machine. Also, the results from
ELISA are objective. If a standard curve is used and there is an international
standard for quantitation, such as the World Health Organization standard for
DNA, the results can be reported in international units and the test is considered quantitative. If a single point calibrator is used and there is no international
standard, the results are reported in arbitrary units and are considered semiquantitative.
Another advantage of ELISA is that usually there is only one antigen on
the plate, so there is no interference from other antibodies in a serum. Most
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ELISAs can be performed in two to five hours total time, so it is easy to do one
or two runs per shift in a clinical or research laboratory. In the early days of
ELISA plate manufacturing, the plates were not always uniform and it was necessary to run controls and samples in duplicate. Today, the ELISA plates are extremely uniform and samples can safely be run in singleton. Depending on the
number of calibrators and controls run on a plate, this means that over 90 samples can be run on one plate, lowering the cost per test. ELISAs show good
within-run variation, usually between 5% and 10%, as well as good between-run
variation, usually 10% to 15%. Careful manufacturing procedures for both the
ELISA plates and the components in the kits mean that there is good lot-to-lot
reproducibility. All of the above reasons contribute to the fact that ELISAs are
the main technique used to detect specific autoantibodies in clinical laboratories
throughout the world today.
One large impetus for the development of new ELISAs is to replace IIF assays. The latter tests require experienced laboratory technicians to run them,
and their interpretation is subjective. In contrast, ELISAs can be automated and
are objective. There has been limited success so far replacing the HEp-2 IIF test
with an ANA ELISA because of the multiplicity of antigens needed for a good
screening test. However, there has been good success when only one antigen is
needed to replace an IIF assay. Tissue transglutaminase (tTG) was recently discovered to be the endomysial antigen from primate esophagus [4]. Additionally,
the antigen in two different IIF assays, anti-keratin and perinuclear factor, was
identified as citrullinated filaggrin [5]. The smooth muscle pattern of IIF on sections of stomach that is found in people with autoimmune hepatitis is caused
by autoantibodies to f-actin [6]. These discoveries led to the development of ELISAs that allowed for more widespread testing than was possible using IIF.
There has been a dramatic increase in testing for anti-tTG to help diagnose celiac disease and an even more dramatic increase in testing for anti-citrullinated
proteins to help diagnose rheumatoid arthritis (RA). It is not practical to screen
large numbers of people by IIF techniques, while it is relatively easy to do so
using ELISA.
Another driving force behind new ELISAs is the discovery of new diagnostically important autoantibodies. In some cases these replace a test using another
technology such as IIF, but sometimes these are completely new tests. Examples of the latter are ELISAs for GP210 and Sp100 to help diagnose primary
biliary cirrhosis (PBC) [7], for soluble liver antigen to help diagnose autoimmune hepatitis [8], and for anti-Saccharomyces cerevisiae mannan antibodies to
help diagnose Crohn’s disease [9].
ELISAs have a number of limitations as well. For some purposes other techniques are better. As mentioned below, IIF on HEp-2 cells is a more sensitive
screening test for autoantibodies found in connective tissue diseases, rheumatoid factor (RF) is usually detected by agglutination assays, and Ouchterlony immunodiffusion may be more appropriate to detect extractable nuclear antigens
(ENAs) in small laboratories. Milligram quantities of pure, immunoreactive
antigen are required to manufacture ELISAs. Some antigens are difficult to iso-
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late in milligram amounts or in immunoreactive form. For some tests, such as
atypical or X-ANCA (anti-neutrophil cytoplasmic antibody), lupus anticoagulant,
and some patterns on HEp-2 cells, the reactive antigen is not known and thus
it is impossible to make a corresponding ELISA.
Many other techniques are used to detect autoantibodies in clinical and research laboratories. These include counter-immunoelectrophoresis, Western
blot, and agglutination assays. Because they are not as common in clinical laboratories as the three techniques mentioned above, they will not be covered in
this chapter. Entire chapters of books have been written about all of these techniques [10–12].

8.2
Comparison of Common Tests

The most commonly performed test to measure autoantibodies in clinical laboratories is IIF to screen for the presence of ANAs [1] (Fig. 8.3). Almost all patients with systemic lupus erythematosus (SLE) are ANA positive, so a negative
result on this test virtually rules out SLE [13]. Patients with many other systemic autoimmune diseases, as well as some healthy individuals, are also positive for ANAs [14]. Thus, a positive result is suggestive that the person has an
autoimmune disease, but it is not diagnostic. Originally, the ANA IIF test was
performed on thin sections of tissue such as mouse kidney. Because of the
relatively small size and random orientation of the cells, only a few staining
patterns could be observed on this substrate. Also, antibodies to one of the
more common autoantigens, SS-A/Ro, were not detected on mouse kidney
slides [15]. A significant improvement to screening for ANAs occurred when
cells that grow in a monolayer in culture, like HEp-2 cells, were used as the
substrate instead of mouse kidney sections. HEp-2 is a human cell line that
grows on the surface of the slide and has a relatively large nucleus. The cells
are present in all stages of the cell cycle and contain antigens not present in rodent cells, including SS-A/Ro, proliferating cell nuclear antigen that is present
at the S phase of the cell cycle [16], and other cell cycle–related antigens. In addition, certain autoantibody specificities, such as anti-centromere, yield clearly
identifiable patterns using IIF on HEp-2 cells because of the pattern seen in mitotic cells [17]. While centromere staining is detected in rodent tissues, it is not
specifically identifiable, as it requires mitotic-phase cells for confirmation. Other
fluorescent patterns in the nucleus include homogeneous, fine-speckled, coarsespeckled, and nucleolar. Several different antibody specificities can yield the
same pattern on HEp-2 cells; therefore, it is necessary to perform follow-up testing in order to identify the specificity of the antibody (see below). There are also
several structures in the cytoplasm of the cell that react with autoantibodies,
particularly mitochondria, Golgi, tRNA synthetases, ribosomes, and GW bodies.
Some of these autoantibodies are useful for diagnosing autoimmune diseases
[18].
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Fig. 8.3 Patterns of immunofluorescence on
HEp-2 cells. (A) Antibodies to fibrillarin stain
the nucleolus of most cells and decorate the
mitotic chromosomes in cells undergoing
mitosis. (B) Antibodies to PCNA show various levels of staining in cells that are in S

phase but do not stain cells in other phases
of the cell cycle. (C) Antibodies to SS-A/Ro
yield a fine-speckled pattern. (D) Antibodies
to centromere proteins yield small dots in all
cells. In cells that are in mitosis, the dots
are aligned with the mitotic chromosomes.

The IIF test for ANA on HEp-2 cells is powerful because it can detect any autoantibody that binds to structures inside the cell. Antibodies with both known
and unknown specificities, giving a wide variety of patterns, are seen. However,
as mentioned above, there are a number of problems associated with this test
in the clinical lab. It requires a trained technologist to read the slide and thus is
labor intensive. There is large lab-to-lab variation in reporting results of IIF on
HEp-2 cells due to differences in microscopes such as the power of the objectives and the strength of the fluorescent light, differences in technicians’ interpretation of the IIF patterns, differences in the conjugates used to detect the
bound autoantibodies (IgG-specific compared to IgG-, IgA-, IgM-, or polyspecific), and differences of the starting dilution of serum (1:40, 1:80, 1:160) among
laboratories [14]. More subtle variation is caused by differences in the ways that
HEp-2 cells are fixed by various manufacturers [19]. Nonetheless, IIF on HEp-2
cells is the gold standard for screening for ANAs. International standards for
identifying many patterns and determining the cutoff between negative and
positive are available for ANA screening by IIF on HEp-2 cells [20]. Clinical laboratories could use these standards so that more uniform results can be obtained among laboratories.

165

166

8 Detection of Autoantibodies

Recently, several ELISAs to screen for ANAs were developed [21, 22]. They
have gained some popularity because they are easy to automate to reduce labor,
the results are objective rather than subjective, and there is not much variation
among results performed on ANA ELISAs from the same manufacturer in different laboratories. Notwithstanding these improvements over IIF on HEp-2
cells, the ANA ELISA has many drawbacks. The differences between the ANA
ELISAs produced by different manufacturers are much greater than the differences between various HEp-2 cell preparations. Additionally, no ANA ELISA detects all of the autoantibodies detected by HEp-2 cells or all the autoantibodies
made by people with diagnosed disease. Thus, some SLE patients are negative
on an ANA ELISA but positive by IIF on HEp-2 cells. This defeats the main
purpose of the traditional ANA screening test, because a negative result on the
ANA ELISA does not rule out SLE. Thus, a negative result on an ANA ELISA is
not as useful diagnostically as a negative HEp-2 reading. However, since the
best ANA ELISAs will detect the majority of diagnostically important autoantibodies but not many autoantibodies of unknown clinical relevance, a positive result by an ANA ELISA may be more indicative that a person has an autoimmune disease than a positive result by IIF on HEp-2 cells. To a large extent this
depends on the cutoff used between positive and negative, since a low cutoff
can yield many positive results on an ANA ELISA even in the normal population. The rheumatologist should know what type of ANA screen is used in the
laboratory where he sends his patients for testing.
A large number of autoantibodies besides ANAs are detected by IIF on various substrates. Three of the most common and diagnostically important IIF
tests are anti-DNA on Crithidia luciliae substrate, ANCA on neutrophils, and
anti-endomysial antibody on primate esophagus. These same autoantibodies are
identified by other techniques as well. Certain advantages and pitfalls in measuring these antibodies are common to all IIF tests, while others are specific for
each type of test.
Because the presence of anti-native DNA antibodies is one of the criteria for
diagnosing SLE [13], these autoantibodies have more clinical utility than most.
The technique for measuring anti-DNA autoantibodies that has the greatest
clinical utility is immunoprecipitation of radiolabeled DNA, commonly called
the Farr assay [23]. Patient serum is mixed with radiolabeled DNA, and immune
complexes are precipitated with ammonium sulfate. The amount of precipitated
radioactivity compared to the radioactivity left in solution determines the
amount of anti-DNA autoantibodies present. This technique is quite sensitive
and specific, and for many years it was the most common method used in
laboratories to measure anti-DNA antibodies. However, it is labor-intensive and
uses radioactivity, so it is not as commonly performed today. Either anti-DNA
ELISAs [24] or IIF on Crithidia luciliae [25] has largely replaced it. Crithidia luciliae has DNA in both the nucleus and the kinetoplast. Depending on the
method of fixation and the fine specificity of the anti-DNA autoantibodies, an
anti-DNA–positive sample stains both the nucleus and the kinetoplast or just
the kinetoplast.
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Numerous studies have compared these three different types of assays [26,
27]. Virtually all of the studies show that the Farr assay has the best clinical sensitivity and specificity to help diagnose patients with SLE. The DNA ELISA is
also sensitive, but it is not as specific for SLE patients as the Farr assay. In addition, DNA ELISAs made by different manufacturers vary widely from each
other. This is mostly caused by the way that the DNA is bound to the ELISA
plate, but is also influenced by the cutoff between positive and negative supplied with the kit and the isotype specificity of the detecting reagent (IgG- or
polyspecific). IIF on Crithidia luciliae is the least sensitive of these methods. The
general interpretation that ELISA measures both high- and low-affinity antibodies while the Farr assay measures only high-affinity antibodies and IIF measures a subset of anti-DNA antibodies cannot be correct. If this interpretation
were right, the ELISA would measure all anti-DNA antibodies, the Farr assay
would detect most of those detected by ELISA but not others, and IIF would detect just some of those. This is not what is found. There is usually an 80–90%
overlap of reactivity between the techniques, with each technique measuring antibodies that are not detected by the other techniques and not detecting some
that are measured by one or both of the other techniques [26, 27]. Thus, there
must be complicated interactions between anti-DNA antibodies and the various
forms of DNA used to detect the antibodies. Briefly, the Farr assay measures all
classes of antibodies that can bind to soluble DNA in high salt and may also
measure histone-containing immune complexes that can bind to DNA and
cause it to precipitate in high salt [28]. High salt increases the strength of hydrophobic interactions, decreases the strength of ionic interactions, and does
not affect van der Waals interactions, the three main forces used in antibodyantigen binding. The DNA in both ELISA and Crithidia luciliae is not soluble
but is bound to a solid phase and is thus constrained compared to the DNA in
the Farr assay. The kinetoplast DNA in Crithidia luciliae is thought to be supercoiled, while the DNA in most anti-DNA ELISAs is not. Furthermore, even
subtle differences in the positively charged substrate used to bind DNA to the
ELISA plate can cause large differences in the anti-DNA antibodies detected.
The amount of single-stranded DNA in the double-stranded DNA preparation is
also important because many people without SLE make anti-single-stranded
DNA antibodies. Finally, the specificity of the conjugate (IgG- or polyreactive)
that is used to detect the anti-DNA autoantibodies in the ELISA and Crithidia
luciliae assay is a strong variable. The subtle differences in the results from
these three techniques are not as clinically important as might be expected because the diagnosis of SLE requires that a number of symptoms and laboratory
results be positive in a given patient [13, 26].
Positive ANCA results by IIF on ethanol-fixed neutrophils aid in the diagnosis
of Wegener’s granulomatosis – a rare, life-threatening inflammation of the arteries – and some other types of small-vessel vasculitis. Three specific patterns
on ANCA IIF tests are diagnostically important. The c-ANCA pattern, which
has a coarse-speckled cytoplasmic stain with interlobular accentuation, indicates
that the patient has Wegener’s granulomatosis. A perinuclear pattern called
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p-ANCA is sometimes found in patients with Wegener’s granulomatosis but is
more common in people with microscopic polyangiitis. [29]. The p-ANCA can
be confirmed on formalin-fixed neutrophils by the conversion of the perinuclear
pattern to a c-ANCA. Follow-up testing by ELISA for two specific autoantibodies, anti-myeloperoxidase (MPO) for p-ANCA and anti-proteinase-3 for c-ANCA,
can confirm the IIF results [30]. Patients with anti-PR3 reactivity often have
more severe disease than those with anti-MPO antibodies [31]. A few patients
with Wegener’s granulomatosis are positive on ANCA IIF but not on anti-MPO
or PR3 ELISAs, so the ANCA IIF should not be replaced with the ELISAs.
The third important pattern is called X-ANCA or atypical ANCA. This is a
perinuclear pattern that is different from p-ANCA and is found primarily in
patients with inflammatory bowel disease [32]. The atypical ANCA on ethanolfixed neutrophils becomes negative on formalin-fixed neutrophils. Any pattern
other than the three described above should be called “negative” or “indeterminate.” Sometimes the presence of another antibody can mask a c-ANCA or
p-ANCA pattern. For example, a strong homogeneous pattern of the nucleus of
the neutrophil is not a positive ANCA result because it is not perinuclear.
Obviously, it requires a well-trained technician to correctly read ANCA slides.
For many years the gold standard to diagnose people with celiac disease was
a characteristic finding on biopsy of the small intestine. Additionally, virtually
all of these patients showed an endomysial pattern by IIF on primate esophagus
that was from IgA autoantibodies. Recently it was found that autoantibodies to
tTG cause the IIF pattern typical of patients with celiac disease [4]. Originally,
guinea pig tTG was used as the substrate in ELISA, but it was less sensitive
and specific than IIF on primate esophagus. Now that human rather than guinea pig antigen is used, the ELISAs are as good as or better than IIF [33], because antibodies that interfere with IIF do not affect ELISA results. Celiac disease is caused by an immunologic reaction to gluten in wheat and other grains
and is typically diagnosed in children who have a failure to thrive and in some
other people with stomach ailments. The cure is for the patient to go on a gluten-free diet, which is safe and simple but not easy because wheat is present in
so many foods.
With the availability of the tTG ELISA, more immunologic screening for celiac disease has been performed in the last few years than ever before. The disease has been found to be more prevalent than previously expected. When an
adolescent population in Switzerland was screened for anti-tTG autoantibodies,
this reactivity was found in about 1 in 150 people [34]. Because some people
with subclinical celiac disease have symptoms that are not usually associated
with the disease, such as headache, muscle ache, or general fatigue, the ability
to perform widespread screening will be very useful [35]. The symptoms of
many people with subclinical celiac disease improve on a gluten-free diet. This
is an example where an improvement in technology allowed wider testing of
the general population and new insights into the frequency and manifestations
of a disease. There is also some discussion among gastroenterologists that a
biopsy does not need to be performed to diagnose celiac disease when a person
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has a positive anti-tTG test, in conjunction with improvement on a gluten-free
diet. If this becomes standard, a serologic test will replace an invasive diagnostic
procedure.
There are many more clinically useful IIF tests to detect autoantibodies found
in both systemic and organ-specific autoimmune diseases. All IIF tests require
a large amount of skilled labor to read and interpret the slide. For a number of
autoantibodies, alternative tests are available in a format like ELISA that is less
labor-intensive and less subjective. Sometimes the ELISA performs as well as or
better than the IIF test, while in other cases the ELISA is different enough from
the IIF test that it yields different clinical sensitivity and specificity. Each autoantibody-antigen system needs to be examined individually.
The first three autoantibodies detected were rheumatoid factor (RF), the falsepositive VDRL (Venereal Disease Research Laboratory) result, and lupus erythematosus (LE) cell factor. Interestingly, at the time these tests were developed no
one knew that they were measuring an autoantibody-antigen reaction. Agglutination of sheep red blood cells coated with rabbit IgG was used to detect RF,
usually found in patients with RA [36]. Flocculation seen under a microscope of
the reagent from the VDRL was used to detect reagin, which is found in people
with syphilis and in some people with SLE. The SLE patients were usually negative on a separate test to detect anti-syphilis reactivity and thus were considered
false positive on the VDRL test [37]. Phagocytosis of nuclei by segmented neutrophils seen in a stained blood smear was used to detect LE cell factor [38]. In
one form or another, these autoantibodies are still commonly measured today
and the techniques used to detect them have evolved over the years.
RFs are autoantibodies that recognize the Fc portion of IgG. Most RFs are
IgM class, but may also be IgG or IgA. RFs are found in 50–90% of rheumatoid
arthritis patients. RFs are sometimes present even before symptoms of disease
develop but become positive in a higher percentage of RA patients as their disease progresses [39]. Even with the large technological advances over the last 50
years, RFs are still often measured by agglutination tests. Some labs still use
IgG-coated red blood cells or latex beads, but more often the test is performed
in a nephelometer or related machine so that the test is completely automated.
Because they are pentamers, IgM antibodies are detected with approximately 10
times more sensitivity than IgG antibodies in agglutination tests. Therefore, any
agglutination test is biased to detect IgM isotypes.
ELISAs that detect RFs use IgG-, IgM-, and IgA-specific detecting reagents to
detect RFs of each immunoglobulin class. RFs are increased in people with
acute infections, some chronic infections such as hepatitis C virus, certain autoimmune diseases such as Sjögren’s syndrome, and rarely in healthy individuals
[40]. Thus, they are not specific for rheumatoid arthritis. A new diagnostic test
to help identify people with rheumatoid arthritis has recently been discovered.
The antigen in two IIF tests that were used to help diagnose RA, the anti-keratin test on rat stomach and the perinuclear factor test on buccal cells, was identified as citrullinated filaggrin [5]. An ELISA that contains a peptide with the
modified amino acid citrulline was developed [41]. At this time the best-accepted
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test is to a cyclic citrullinated peptide (CCP) that mimics a citrullinated epitope
on filaggrin. Anti-CCP antibodies are found in about 65% of RA patients and
are rarely found in people with infections or other autoimmune diseases [42].
Anti-CCP antibodies are found early in the course of disease, often when RFs
are not present. About 80% of RF-positive RA patients are also positive for antiCCP antibodies. Importantly, about 40% of RF-negative RA patients are positive
for anti-CCP. There is clinical utility in measuring both RF and anti-CCP.
Someone who is positive for both autoantibodies is very likely to have RA. Because some RA patients are positive for only one or the other autoantibody,
measuring both autoantibodies detects a greater percentage of RA patients than
does measuring one autoantibody alone.
Flocculation of VDRL was generally used as a test for syphilis. When more
specific tests for anti-treponema antibodies were developed, it was shown that
some people with SLE yielded false-positive results on the VDRL test. Today, the
VDRL reagent has been replaced by tests that are more specific for anti-treponema antibodies. An anti-cardiolipin ELISA is used to screen for the type of autoantibodies that yielded the false-positive VDRL results in patients with SLE. The
false-positive VDRL test is one of the criteria to diagnose SLE [13]. Recently, it
was suggested that this criterion be changed to a positive anti-cardiolipin result
[43]. However, an anti-cardiolipin test and a false-positive VDRL test do not measure the same antibodies [44].
Besides people with SLE, anti-cardiolipin autoantibodies are found in people
with antiphospholipid syndrome, a condition in which the chances of thrombosis, stroke, and recurrent fetal loss are increased. Patients with syphilis make
true anti-cardiolipin antibodies. However, the majority of diagnostically important autoantibodies measured by the anti-cardiolipin ELISA actually react with
beta 2-glycoprotein 1 (b 2-GP1), a positively charged serum protein that binds to
the negatively charged cardiolipin on the ELISA plate [45, 46]. The b 2-GP1
originates in bovine serum added to the blocking solution for the cardiolipin
ELISA plate or the sample diluent or from the patient’s serum itself. Once b 2GP1 binds to cardiolipin, it becomes reactive with the autoantibodies in sera.
b 2-GP1 can also bind directly onto an ELISA plate in an immunologically active
form. The titers of anti-cardiolipin and anti-b 2-GP1 antibodies have a relatively
strong correlation with each other. The data so far suggest that some “anti-cardiolipin” autoantibodies bind epitopes on b 2-GP1 alone and that some bind an
epitope comprised of both cardiolipin and b 2-GP1, but virtually none of them
bind to cardiolipin by itself. Because of historic precedence, the terms “antiphospholipid syndrome” and “anti-cardiolipin” antibodies are still used, even though
they are technically incorrect.
Another assay that measures autoantibodies that are correlated to an autoimmune coagulation disorder is the lupus anticoagulant test [47]. This test is performed on plasma that has been treated with calcium and phospholipid. A positive result is a prolonged clotting time, which is ironic because people with this
activity are at risk for increased clotting in vivo. There is only a modest correlation between anti-cardiolipin, anti-b 2-GP1, and the presence of lupus anticoagu-
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lant. Finding an ELISA that matches the lupus anticoagulant test is an active
area of research because the lupus anticoagulant test is clinically correlated with
clotting problems in SLE patients, some of whom are anti-b 2-GP1 negative. Because the lupus anticoagulant has not been identified, it is possible that it is
not an autoantibody, while it also might be a set of autoantibodies.
For many years the LE cell test to help diagnose people with SLE was routinely performed in many laboratories throughout the world. In its most typical
form, clotted blood was passed through a strainer to break open some lymphocytes, and allowed to incubate for several hours. A drop was smeared on a slide,
stained, and examined under a microscope. LE cells were formed when a segmented neutrophil engulfed nuclear material [38]. This occurred in the presence
of three things: autoantibodies that bound the nuclear material, active complement, and viable cells. LE cell reactivity was found predominantly in people
with SLE, but also in people with drug-induced lupus and lupoid hepatitis. Numerous studies in the 1950s through the 1970s found that adsorption with chromatin (called deoxyribonucleoprotein at that time), but not its individual components, i.e., DNA-free histone or histone-free DNA, could remove LE cell reactivity from sera [48, 49]. Thus, it was concluded that anti-chromatin, but not antiDNA or anti-histone, autoantibodies accounted for LE cell reactivity. Recently,
some papers have suggested that antibodies to histone H1 account for the LE
cell reactivity [50]. There is no explanation for many other researchers finding
the opposite result.
The LE cell test is very labor-intensive, is difficult to reproduce, and requires
fresh blood. It is rarely performed in the U.S. today but is still performed in
other countries. It has largely been replaced or supplemented by anti-DNA testing for these technical reasons. However, the LE cell factor was generally found
in a higher percentage of SLE patients than were anti-DNA autoantibodies, so it
would be clinically useful if there were an ELISA to replace it [13]. The antichromatin ELISA has many of the same properties as the LE cell test. Antichromatin autoantibodies are more common than anti-DNA in SLE patients,
and they are found in people with SLE, drug-induced lupus, and lupoid hepatitis but not other diseases [51]. Additionally, numerous studies from labs around
the world found that anti-chromatin autoantibodies are a sensitive and specific
marker for SLE and correlate with kidney disorders or active disease [52]. These
are similar to correlations with the LE cell assay.
Autoantibodies to ENAs such as SS-A/Ro, SS-B/La, Sm, RNP, and Scl-70 are
common in people with systemic connective tissue diseases such as SLE, Sjögren’s syndrome (SS), and systemic sclerosis (SSc) [53]. Jo-1 is an extractable cytoplasmic antigen and antibodies to it are helpful in diagnosing people with
polymyositis or dermatomyositis (PM/DM) [54]. Originally, all these antibodies
were detected by the Ouchterlony immunodiffusion technique. This is still the
technique used in hundreds of small laboratories and some large ones. Once
the above antigens were purified, these tests could all be performed by ELISA.
This was the method of choice for large laboratories for several years. Because
autoantibodies to the ENAs are typically measured in all people suspected of
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having one of the autoimmune connective tissue diseases, they were the first
autoantibodies detected by the three multiplex technologies described in the last
section.

8.3
Comparison of Antigens, Conjugates, and Cutoff Values

By far the most important parameter in an ELISA, or in any test that measures
a specific autoantibody, is the antigen. Each antigen has to be optimized to detect the clinically important autoantibody it was designed to measure. Very often
a native antigen produced in a human or closely related mammal works better
than a cloned antigen or an antigen from a source far removed from humans
on the evolutionary tree. The interpretation generally given for this finding is
that most autoantibodies are produced by an immune response against the antigen in the host. So even though the immune response is abnormal in the sense
that the person is reacting against something in their own body, it is a typical
antibody response because the autoantibodies are exquisitely tuned to recognize
the antigen that stimulated them in the first place.
Native antigens may work best for a number of reasons. Some autoantibodies
recognize epitopes that are expressed in a macromolecular complex comprised
of two or more separate macromolecules. There are diagnostically important antibodies in SLE and drug-induced lupus patients that recognize chromatin but
not isolated DNA-free histones or histone-free DNA [55, 56]. Similarly, antibodies recognizing the native RNP particle, but not the individual proteins or RNA
moiety, are found in patients with SLE and mixed connective tissue disease [57].
In some cases autoantibodies recognize parts of proteins that are changed by
post-translational modifications. The best example of this is the recently discovered autoantibody reactivity in RA patients that recognize only proteins whose
arginines have been changed to citrulline [5]. Finally, there are numerous examples of autoantibodies that recognize conformational epitopes that are present
on the native form of the protein but not on the denatured protein [58].
For the above reasons, cloned proteins expressed in bacteria or insect cells,
and synthesized peptides, rarely work as well as native antigen to detect autoantibodies. Some exceptions to the above statement are autoantibodies against ribosomal P proteins that react with a 23-amino-acid peptide [59] and autoantibodies to SS-A/Ro-52 that react with the denatured protein better than the native [60].
The most important feature in the conjugate is the class of immunoglobulin
that it recognizes. The main choices are the class-specific antibodies that recognize the heavy chains of IgG, IgM, or IgA and the polyspecific conjugates that
react with all the heavy chains. Antibodies that recognize the kappa and lambda
light chains are also polyspecific because all classes of immunoglobulins have
the same light chains. For some tests, such as IgM RF, IgA anti-tTG, and IgG
anti-CCP, there is no debate about the most important class of immunoglobulin
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to measure. However, for many other very common tests there is no consensus.
This is particularly true for IIF on HEp-2 cells, anti-DNA by both ELISA and
IIF, anti-histone, and anti-MPO and anti-PR3. Some manufacturers make kits
with IgG-specific conjugates, while others are made with polyspecific conjugates. Any attempt to make international standards for these antibodies needs
to take into account the different specificities of the conjugates that are used in
different laboratories.
The cutoff value between negative and positive in a test that measures autoantibodies is extremely important. In subjective tests such as IIF, the technician
examining the slide under the microscope has to decide what strength of immunofluorescence and what pattern should be considered positive. Different
people and microscopes may give different results. The results with Ouchterlony immunodiffusion are less subjective than IIF but still depend on the
sharpness of the eyes, the indirect light source, and the attention to detail of
the viewer.
One of the main advantages of ELISA over many other techniques to measure
autoantibodies is that it is objective. The optical density (O.D.) of the patient is
compared to that of a calibrator or standard curve and given a value. The biggest challenge to anyone developing an ELISA is setting the value that divides
negative or indeterminate from positive. Kits made by various in-house methods
and by different manufacturers may yield opposite results on a given sample
simply because the cutoffs are quite different. This dichotomy arises because
different statistical methods and different control groups are used to determine
the cutoff between negative and positive.
The most egregious approach occurs when normal blood donors are used as
the control group and a value of two or three standard deviations above the
mean is chosen as the cutoff. In this case, both the control group and the statistical analysis are inappropriate. Very rarely is the blood from a healthy person,
such as the average blood donor, sent to a clinical laboratory for autoantibody
tests. Usually the person is sick. Thus, the correct control group should consist
of people with autoimmune diseases who are expected to be negative for the autoantibody in question and people with infectious diseases with symptoms similar to those of an autoimmune disease. Very often these latter groups have higher antibody levels, and higher binding on ELISA, than normal blood donors.
The average and standard deviation are useful statistical tools only when the
distribution of values in a population yields a normal, or bell-shaped, curve. In
an ELISA, the distribution of values in the negative population is not bell
shaped but usually resembles the right half of a bell. That is, a large percentage
of the population will yield the lowest results, with smaller and smaller percentages yielding higher and higher results.
The best way to determine the correct cutoff is to perform a simple nonparametric statistical analysis of the expected negative and positive groups [61]. All
the samples should be put in rank order from highest O.D. to lowest O.D. At
least 60, but preferably about 200, patients who are expected to be negative for
the autoantibody but have symptoms related to the disease in question should
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be tested. In addition, more than 20, or as many as possible, people with the
disease or known to be positive for the autoantibody should also be tested. After
all the patients and controls are put in rank order, one can examine the results
and determine the best cutoff to yield the optimum sensitivity and specificity
for that ELISA.
A recent paper showed great differences in the specificity, but only moderate
changes in the sensitivity, of the anti-chromatin ELISA depending on the cutoff
that was chosen. When a cutoff was used that yielded 98% specificity (i.e., 2%
positive) in blood donors, the sensitivity was 86% in SLE patients, the group
who were expected to be positive [62]. However, the specificity in other groups
that were expected to be negative was poor. People with infectious diseases also
showed 2% false-positive results, while 13% of SSc patients were positive. With
this cutoff this test has a high sensitivity but poor specificity, and it may not
help doctors in their diagnosis. When the value for the cutoff was raised so that
no blood donors were positive, then no one with infectious diseases or SSc was
positive, while the sensitivity in the SLE patients only dropped to 71% (A. Doria, personal communication). With this cutoff the test is still quite sensitive, but
is now very specific and has significant clinical utility.

8.4
Comparison of Multiplexed Assays

Many hundreds of different autoantibodies have been identified in the literature, but only a small percentage of them have proven to be clinically useful.
Sometimes an autoantibody profile in a person can help a doctor determine
whether the person has an autoimmune disease or not, and which one they
have [53]. The autoantibody profiles for people with systemic rheumatic diseases
show that certain sets of autoantibodies are associated with SLE, SS, SSc, RA,
and PM (Fig. 8.4). It is clearly useful to measure all autoantibodies associated
with rheumatic diseases at one time, but would it be an advantage to the doctor
to detect all of the clinically useful autoantibodies to all autoimmune diseases
in a single test?
The majority of the clinically useful autoantibody tests have been cleared by
the FDA for in vitro use to help diagnose autoimmune diseases. These include
those to help diagnose connective tissue diseases such as RA, SLE, SS, SSc, and
PM/DM; gastrointestinal diseases such as celiac disease, Crohn’s disease, and
ulcerative colitis; autoimmune liver diseases such as PBC and autoimmune
hepatitis types I and II; autoimmune vasculitides such as Wegener’s granulomatosis and Goodpasture’s syndrome; autoimmune endocrine diseases such as
Hashimoto’s thyroiditis and Graves’ disease; and autoimmune coagulation disorders such as antiphospholipid syndrome. Examples of clinically useful autoantibody tests that have not been cleared by the FDA include antibodies to help diagnose pernicious anemia, autoimmune skin-blistering diseases such as pemphigus and pemphigoid, and some autoimmune neurological diseases. Auto-
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Fig. 8.4 Illustration of ANA profiles in people with rheumatic diseases. The Y-axis
shows the percentage of people who are
positive for a given autoantibody, while the
X-axis is divided into various rheumatic diseases. For example, many people with SLE
have numerous antibodies: 60% have antiDNA, 70% have anti-chromatin, 25% have
anti-Sm, etc. Some other diseases have
less diversity of autoantibodies. Anti-RNP
is almost the only autoantibody seen in

patients with MCTD. Antibodies to SS-A/Ro
and SS-B/La are found in a high percentage
of patients with SS and in a smaller percentage of patients with SLE.
Abbreviations: MCTD = mixed connective tissue disease; dSSc = diffuse systemic sclerosis; CREST = calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly,
and telangiectasia; DLE = drug-induced
lupus; SS = Sjögren’s syndrome.

antibodies may be useful prognostic markers in people with type 1 diabetes if a
method is discovered for preventing diabetes in those who are most at risk.
Sometimes, the symptoms found in people with the above autoimmune diseases are actually caused by infectious diseases. Ulcers caused by infection with
Helicobacter pylori yield the same symptoms as autoimmune gastrointestinal disease; infectious liver disease can be similar to autoimmune liver disease; people
with hepatitis C virus or Lyme disease often have symptoms similar to RA.
Would it be clinically useful to test for a wide variety of antibodies to infectious
disease organisms at the same time one tested for autoantibodies?
Using multiplex technology, dozens, hundreds, or even thousands of parameters can be measured simultaneously on a single sample. In one way, a technique such as IIF on HEp-2 cells is a multiplexed test. There are thousands of
antigens that are present in the fixed HEp-2 cell. Reactivity to many of them
can be detected by immunofluorescence. A few reactivities, such as centromere,
can even be identified at the molecular level by their pattern. But testing sera
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for reactivity on HEp-2 cells is more generally considered a screening test because most positive results cannot be clearly identified at the molecular level.
Also, at this time pattern-recognition software is not advanced enough to automate evaluation of the slide. Similarly, Western blot – where proteins are separated by gel electrophoresis and transferred to a membrane, and then antibodies
against them are detected – is a multiplex technology. However, a positive reaction is often ambiguous because many different proteins may migrate to the
same spot on the gel.
Another system that is related to a true multiplexed assay is the large automated ELISA machine. The multiple tests are performed sequentially rather
than simultaneously, but because all of the tests are finished in one day, the results are similar to a true multiplexed test. A large automated ELISA system
can run tests on eight ELISA plates at one time. Each plate can have up to four
different assays on it (three strips of eight wells each). Thus, a total of 24 samples and controls can be tested on 32 different assays in real time. This yields
the performance of a small multiplexed assay by brute force.
There are a large number of true multiplex technologies available in research
today (reviewed in [63]). Some types of multiplex technology, such as the
ordered arrangement of expressed cDNA clones or any other large array of
unknown proteins or peptides, are more like screening assays than multiplexed
assays. These techniques can be used in research to discover new autoantibody
reactivities but not in the clinical laboratory. It is not clear whether technologies
such as the Nanobarcode will be appropriate for measuring autoantibodies.
Three of the multiplex technologies have progressed to the point where they
are available to measure autoantibodies against known antigens today. Two are
used in both research and the clinical lab, while one is still in the research
phase. The first of these three is line blot, which is related to Western blot.
However, in a line blot purified antigens are put on a membrane in known locations [64]. A narrow strip of membrane typically 7–10 cm long has 10–20 narrow lines of antigen sprayed on it with easily visible space between each line. If
it becomes important to test more antigens simultaneously, the strip can be
made longer. For applications manufactured in-house, antigens can be applied
by a pipette in dots. When large numbers of line blots are manufactured, the
same technology used in inkjet printers is used to transfer the lines of antigen
onto the membrane. As in a Western blot and ELISA, diluted patient serum is
incubated with the strip and washed away, and then conjugated detecting antibody is incubated with the strip and finally washed away. Although other detection technologies are available, bound antibodies are typically detected by a
chemical reaction in which a dye becomes insoluble in the presence of the conjugated enzyme and precipitates out as a dark gray line. The readout for this
test is an estimate of the intensity of any lines by eye; alternatively, the strip can
be put in a scanner and the intensity of each line can be quantitated. Each line
is a known antigen and can have an intensity used for the cutoff between negative and positive that is specific for that antigen. Machines have been developed
to automate almost the entire process. They can perform the entire test from di-
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luting the patient sample up to the step of stopping the development of the
chemical reaction used to detect conjugated antibody. The only thing that needs
to be done manually is to either read the strips by eye or manually place them
in a scanner and run the scanning program. The limits to this technology are
the number of strips that can be processed in a given time, the size of a strip
that can be easily handled, and the number of lines that can be reliably separated by eye or a scanner. About 50 different lines or dots with a different antigen for each line could fit on a 20-cm strip. Making the strip wide enough for
two columns would allow 100 different tests per strip.
Microarrays are similar to line blots in which everything has been miniaturized and compacted to the size of a microscope slide [65]. The slide can be
made of glass or plastic and can be treated in various ways. Alternatively, the
slide can be covered by a membrane made of nylon, nitrocellulose, or PVDF.
Thousands of dots of antigen can be placed on the slide or membrane in
known places using a computer-controlled robotic arm and a micropipette capable of dispensing nanoliters of liquid [66]. The micropipette technique, or the
technology used in inkjet printers, can be used to put antigens on a membrane.
Often the same antigen is put in several locations in the microarray, allowing
for redundancy in measuring reactions, which decreases the number of falsepositive and false-negative results due to assay variability.
The assay conditions for the microarray are very similar to those for IIF. Diluted patient sample is incubated with the slide and washed off, and then the
slide is incubated with a detecting antibody conjugated to a fluorescent probe
and finally washed. The processed slide is placed in a fluorescent microscope,
and the amount of fluorescence at each dot in the microarray is recorded. Special software recognizes the pattern of known negative and positive control dots
and thus identifies the location of every dot on the slide. Obviously, the antigen
at each location is known. The amount of fluorescence from each dot is measured, repeat measurements of the same antigens are combined, and a quantitative or semi-quantitative result is given for each antigen. This is a very powerful technique because of the large numbers of reactions that can be measured
on one sample at the same time. In research, this technology allows the investigator to ask questions and obtain answers about autoantibodies that could not
be addressed previously. It is not clear how the microarray technique will be
used in clinical laboratories. At this time the main drawbacks to this technique
are the specialized equipment necessary to make the slides and the time it takes
to read each sample and process the data from an entire slide. Results are generally not available in real time.
The third multiplex technique uses a dual laser flow cytometer from Luminex
Corporation that can measure antibody reactivity on 100 different antigens simultaneously [67]. Specifically, the flow cytometer has been specially set up to
measure beads that are dyed internally with various amounts of two different
fluorescent dyes. These dyes are both stimulated with the same wavelength of
light, but they emit their fluorescence at wavelengths that are different enough
from each other that they can be separated by filters with no cross-contamina-
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Fig. 8.5 Nine of the 100 bead regions available to the Luminex 100. The X-axis is the
fluorescent intensity of classification dye #1
and the Y-axis is the fluorescent intensity of
classification dye #2. The white circles desig-

nate the regions, and the dots inside each
region represent beads that have the appropriate fluorescent intensities of dye #1 and
dye #2. This is an example of an assay using
nine different bead sets.

tion. This allows the accurate measurement of the intensity of the fluorescence
from each dye in each bead to be done in real time using a single laser and
appropriate filters and detectors (Fig. 8.5). Based on the amount of fluorescence
of each dye, 100 different beads can be identified. To be precise, the beads are
identified by “different absolute amounts of two fluorescent dyes,” but usually it
is said that the beads have 100 different “colors.” Luminex Corporation owns
the patent on using two different dyes per bead and is the only company offering this technology.
The beads are all 5.6 microns in diameter. Because of the uniform size of all
the beads, aggregates of two or more can be detected based on the side scatter
of each particle passing through the first laser. Data collected from aggregated
beads are not used. The second laser of the flow cytometer can stimulate a fluorescent dye such as phycoerythrin, which is used on the detecting antibody.
The beads are made of the same type of carboxylated polystyrene, also called
“latex,” that has been used in antibody-antigen tests for over 50 years. Using
standard chemistry, the carboxyl groups on the beads are activated to bind to
amino groups on the antigen of interest [68]. The antigen is incubated with the
beads and is covalently attached to them. Other types of chemistries can be
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used to cross-link hydroxyl [69] rather than amino groups to the beads. It is also
possible to modify the antigen by adding amino groups to it so that it can react
with the bead. It takes about two hours to perform the coupling reaction of antigen to the bead, and it is straightforward to couple enough beads to perform
tens of thousands of tests. Many differently colored beads can be processed at
the same time. Once antigens have been coupled to their individual bead sets,
the beads are all mixed together to form the multiplex assay.
The Luminex 100 flow cytometer sips the beads from a 96-well plate. Up to
100 different bead sets can be in each well, and each bead set can be coated
with a different antigen. One way to maximize the potential for multiplexing in
the Luminex is to coat the 100 bead sets in the first well with one group of 100
antigens, the 100 bead sets in the second well with a group of 100 different
antigens, etc. In this way, 9600 antigens could be tested in a microtiter plate.
The assay is performed similarly to those described above, except there are no
wash steps. The diluted patient sample is incubated with the beads in the well
of a microtiter plate. Then the phycoerythrin-conjugated detecting antibody is
added. Finally, the beads are read on the Luminex 100 flow cytometer. Fifty
beads from each bead set are analyzed, and the median fluorescent intensity of
each set is calculated. It takes about 20 s for the beads in each well to be analyzed. Thus, the entire 96-well plate is read and all of the results are reported in
about 30 min. At some point Luminex may make a three-laser flow cytometer
that will be capable of measuring 1000 different bead sets.
What are the pros and cons of each of the three types of multiplex technologies? Two of the three technologies, line blot and the Luminex flow cytometer,
are commercially available today and are used in many clinical laboratories to
report patient results and in many research laboratories. The microarray technology at this time is restricted to research laboratories that build their own systems. The three technologies have different limits to the number of autoantibodies that they can simultaneously measure. The Luminex system is limited to
100 sets now, and possibly 1000 in the future. Thus, 100, or eventually 1000, autoantibody reactivities can be measured in a single well. If one considers the
whole microtiter plate as a reaction vessel, then 9600–96,000 autoantibodies
could be measured at one time. The Luminex beads use approximately 10% the
amount of antigen needed for an ELISA. The line blot is limited by the number
of lines that can be separated without magnification and can fit into a reasonably sized strip. This is probably in the range of 50–100 lines. It also utilizes
about 10% of the antigen needed for an equivalent ELISA. The microarray has
the most potential for measuring large numbers of different autoantibodies simultaneously. Currently, more than 1000 dots can be put on a slide. If the slide
were made larger or the dots more dense, 5000–10,000 dots could be put on a
single slide. The manufacture of the slide can be automated to a large degree.
The biggest advantage of the microarray is that extremely small amounts of
antigen are used in each test, perhaps 10,000–100,000 fewer than needed for
ELISA. Scaling up the manufacture of the slides for microarrays requires better
machines, but not large-scale production of antigens.
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Both the line blot and the Luminex technologies yield reportable results in
real time, i.e., within seconds or minutes after performing the test. At this time
the microarray requires a large amount of scanning on a microscope and data
analysis in a computer, so results are not available in real time. If enough work
were put into automating the detection system, it is probable that results for
the microarray could be reported in near real time.
The largest problem facing multiplex testing is validating every test in the
multiplex. A certain percentage of antigens will not attach to a given substrate
in an antigenic form, and a certain number of antibody-antigen systems require
unique buffers or other conditions for optimal performance. As more and more
antigens are put on the line blot, on the matrix for the microarray, or on different beads, there is a greater chance that certain antibody-antigen pairs will not
work as expected, yielding either false-negative or false-positive results. There
are a number of possible solutions.
One option is to spend all the time necessary to optimize the coating of every
antigen onto the substrate and the detection of every type of autoantibody. This
requires a large effort for each antigen-antibody set. Since multiplexing by definition is the measurement of many different things at the same time, it is impossible to optimize most variables for each antibody-antigen system. The patient dilution, buffers, incubation time, and detecting reagent must be the same for all autoantibody-antigen pairs. Thus, these parameters are determined, and the only remaining variable is the way that each antigen is attached to the substrate.
Each technology has limits to the flexibility of attaching antigens to the substrate. A large amount is known about ways to coat antigens onto latex beads
because immunologists have been doing that for over 50 years. Standard procedures are available to coat proteins and polysaccharides via covalent linkage
through amino and hydroxyl groups, respectively. Many cross-linking agents are
readily available to try novel methods of covalent attachment of macromolecules
to latex beads.
One way to add flexibility in attaching antigens to either the line immunoassay or the microarray is to manufacture the substrate out of more than one material. Two or more treatments of the glass or several types of membranes could
be put together. Antigens that did not attach in an immunogenic way to one
substrate could be bound to one of the others.
Another option is to ignore any troublesome antigens and assume that the
large quantity of antigens that do work will overcome the lack of antigens that
do not work. This approach is very useful in a research setting where the objective is to study a global autoimmune response or to detect novel autoantibodies.
It also can be used to detect new profiles of autoantibodies because of the ease
of testing such a large number of antigens at one time. However, certain autoantibodies have been proven over the years to have important clinical utility. If
these key autoantibody-antigen systems do not work extremely well, the system
as a whole will not have a good clinical utility.
Even with the large number of autoantibodies that can be measured on these
multiplex tests at one time, it will probably not be possible to measure all clini-
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cally important autoantibodies simultaneously. For one reason, some clinically
important autoantibodies are IgA, such as anti-gliadin and tTG, while others
are IgM, such as RF, anti-cardiolipin, and b 2-GP1. The vast majority of diagnostically important autoantibodies are IgG. Thus, in most systems an IgG-specific
detecting antibody is preferred over a polyspecific detecting antibody. In fact, it
is known that some IgM autoantibodies are not clinically important and can
yield positive results in normal blood donors [70]. Thus, a polyspecific detecting
reagent would probably yield too many false-positive results to be clinically useful. Also, IgG anti-f-actin helps to diagnose autoimmune hepatitis [6], but IgA
anti-f-actin autoantibodies may be useful in diagnosing celiac disease [71]; therefore, it would be clinically useful to know the class of antibody bound to this
antigen.
It is possible that a system could be devised to spectrally discriminate IgG,
IgA, and IgM detecting reagents in these multiplex assays. For example, the
proposed third laser in the Luminex flow cytometer could be used to detect a
second conjugate instead of expanding the number of beads counted from 100
to 1000. In the microarray, class-specific detecting antibodies with different fluorescent probes on them could be mixed together, and the scanning microscope
could have a series of filters that would allow the system to detect each conjugate separately. In the line immunoassay, it might be possible to make enzymesubstrate pairs that yielded differently colored precipitates. Of course the simplest solution would be to run the exact same test three times, once each with
the three different detecting systems.
Besides the potential difficulty with the conjugate, another problem with an
assay that tries to measure all important autoantibodies at the same time is that
there are a number of known autoantibodies that cannot easily be measured in
a solid-phase assay. One example is anti-fibrillarin, an autoantibody found in patients with SSc. These antibodies can be detected in immunofluorescence and
immunoprecipitation assays, but not in ELISA [72]. Another reason is that the
specificity of some autoantibodies, such as atypical or X-ANCA, is not known
[73]. A specific test to measure this autoantibody cannot be developed until the
antigen is known.
What are the advantages of multiplex testing for autoantibodies in a clinical
laboratory? The new multiplex technologies will likely decrease labor costs because many different tests are run simultaneously. Another advantage is that a
very high percentage of all autoantibodies of known clinical significance can be
detected at one time. Perhaps some new clinically important patterns of autoantibody reactivity will be discovered because of multiplex technology. However, it
will be difficult to detect all important autoantibodies in one multiplex test for
the reasons mentioned above. Similarly, some autoantibodies may not be detected at the most optimal sensitivity and specificity because they are part of
a multiplex and not a stand-alone assay optimized for their detection. Nonetheless, sometimes laboratories are willing to switch to new technologies as long as
the results are still satisfactory to the doctor. Examples of this are changing
from the Farr assay to the anti-DNA ELISA, and from IIF on HEp-2 cells to the
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ANA ELISA for ANA screening. Neither of the new ELISAs is as clinically useful as the original test, but both are still good and are much easier to perform
than the original test. If doctors do not complain, the labs will use the cheaper
and more convenient technology even if it is slightly less clinically relevant. This
approach is acceptable in diagnosing autoimmune diseases because there is
usually no single laboratory test that can rule in or rule out a diagnosis. Because there are no formal standards set by the FDA for autoimmune tests,
510(k) clearance has been given to tests that have over 15% false-positive rates
in the normal population [74], or less than 50% agreement for positive samples
with the predicate device [75]. Thus, for autoimmune tests, both the doctor and
the clinical laboratory must understand the systems that they are using. There
is not much variability allowed for most tests for infectious diseases because the
laboratory test is often the one and only diagnostic criterion. Only a perfect result is acceptable in many types of infectious disease assays.
What disadvantages exist in multiplex testing in a clinical laboratory? The two
largest problems with performing multiplex testing in clinical laboratories concern performing tests that are not ordered by the doctor and performing tests
that are not clinically relevant even if they were ordered by a doctor. In the first
instance, a doctor may want to measure the titer of anti-DNA antibodies just to
see whether an SLE patient has responded to therapy to decrease a flare-up in
their disease [76]. Similarly, a doctor may want to measure anti-SS-A and SS-B
autoantibodies in a pregnant woman just to see whether her child is at risk for
being born with a form of congenital heart block [77]. Should these samples be
tested on a multiplex of 10 or 100 or 1000 autoantigens? Assuming that the
software can suppress the results of all tests except the ones ordered, is it legally
or ethically right to do so? Some countries and U.S. states have passed laws
stating that a clinical laboratory may not perform a test that was not ordered on
a sample. These laws were designed to prevent fraudulent billing on chemistry
panels where all tests were performed (and billed) because the machine performed all tests at once, even if only one was ordered. Even in places where it
is not the law, some laboratories have internal regulations stating that they are
not allowed to perform a test that was not ordered. Some countries have a law
where a lab must report the results of all tests performed on a patient, even if
only one test was ordered and paid for. Even though multiplex tests for autoantibodies were not envisioned when these laws and regulations were passed, the
tests could well fall under the shadow of these rules.
A clinical lab could get around these problems by offering only the multiplex
autoantibody profile, not individual autoantibody tests. Thus, the doctor would
always order the entire autoantibody profile. Laws and regulations that were
passed to stop previous abuses in clinical laboratories may make this approach
difficult, too. In some countries and U.S. states, it is illegal to perform clinical
tests for conditions that the patient does not have. Thus, if a patient has symptoms of rheumatic disease, it is reasonable to test them for autoantibodies
found in any of the autoimmune rheumatic diseases. In this case a small multiplex test is easily justified. However, is it also reasonable to test them for auto-
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antibodies found in people with autoimmune liver, gastrointestinal, coagulation,
vasculitic, and endocrine diseases and related infectious diseases? It may be possible to get around the above restrictions by using software and billing practices
that report only the tests ordered by the doctor and bill the patient only for tests
that are reported. These practices would be within the spirit of most laws and
regulations.
Assuming that legal and ethical questions about multiplex testing for autoantibodies are resolved, the issue then comes down to the cost of the technology
to the laboratory. Clinical laboratories are not willing to increase the cost of
reagents even if they can more than make up for this increased cost with the
decreased cost of labor. This occurs because the lab rarely fires workers when
laborsaving technology is adopted. Thus, it is extremely difficult for a lab to justify an increase in the cost of reagents, regardless of the theoretical savings in
labor. This means that the price of the multiplex test must be relatively inexpensive. A way to roughly calculate the allowable price of a multiplex test is to add
up the costs of all reagents and kits used for autoimmune testing in a laboratory and divide that sum by the number of patients that were tested. This yields
the average cost of autoantibody tests per patient. Assuming that the perfect
multiplexed test can measure all autoantibodies at one time, this sets an upper
limit on the value of the test to a clinical laboratory.
As described above, some patients with symptoms of systemic rheumatic disease may be tested for up to 10 different autoantibodies. Most patients with
symptoms of other autoimmune diseases such as celiac disease, autoimmune
liver disease, vasculitis, and thyroiditis are tested only for the presence of two to
four autoantibodies. This constraint probably limits the price of an all-encompassing autoantibody multiplex test to no more than five times the price of an
individual test. If a great savings in labor were achieved, the price could be
somewhat higher. If measuring large autoantibody profiles yields a powerful
clinical utility, a higher cost could also be justified.
What technology might be most suited for a clinical laboratory? Currently,
less than 50 different autoantibody tests are approved by the FDA for use in diagnosing autoimmune diseases. Perhaps that number will more than double to
around 100 different specificities in the next decade or two. If that is the case,
then any of the multiplex technologies will work because all can detect 100 different reactivities at one time. Market forces such as price, ease of use, and clinical sensitivity and specificity would determine which multiplex technology, if
any, will predominate. Legal and ethical decisions also need to be made about
multiplex testing in clinical laboratories. If small profiles of autoantibodies become the norm in clinical laboratories, then the two technologies currently in
use, line blot and the Luminex flow cytometer, will probably continue to dominate the market for multiplex autoantibody testing. If it becomes clear that
there is a clinical utility in measuring 1000 or more different antibodies at one
time, then the microarray on a slide will become a staple for testing autoantibodies in clinical laboratories.
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Synthetic Peptides for the Analysis of B-cell Epitopes
in Autoantigens *
Jean-Paul Briand and Sylviane Muller

9.1
Introduction

While it is well known that serologic markers are only an aid to diagnosis, they are
regarded with great interest for monitoring or predicting the evolution of autoimmune diseases. Validated biomarkers and surrogate markers are sorely needed for
evaluating the risk of developing an autoimmune disease in predisposed patients
or for identifying the onset of overlapping syndromes that often complicate longterm follow-up of patients. Such markers are also critical for research based on
clinical trials [1]. Proteins recognized by circulating antibodies from patients with
autoimmune diseases have been intensively studied over the two decades since
cDNA-encoding autoantigens have become available. Analysis of sera from autoimmune patients with recombinant fragments of different lengths and with short
overlapping peptides in immunoprecipitation assays or in solid-phase assays, such
as enzyme-linked immunosorbent assays (ELISA) and Western immunoblotting,
has revealed the presence of dominant B-cell epitopes, recognized by most if not
all sera, and minor epitopes, recognized by only a fraction of the sera tested. Detailed studies of large series of patient’s sera collected longitudinally have demonstrated that some of these epitopes are targeted by antibodies from patients with
specific diseases or disease subsets, while others are not specific to a single disease
but the corresponding peptides can advantageously replace the natural protein,
which is often difficult to extract and purify.
Innovative technologies, such as peptide arrays and biosensors, as well as the
exploitation of large peptide libraries have recently opened up new perspectives.
Completely novel strategies for high-throughput screening have emerged and
new reactivities have been characterized from arrays constructed with hundreds
of proteins and peptides. Peptides bearing natural or non-natural modifications,
as well as peptide mimics of protein or non-protein antigens (DNA, RNA, carbohydrates), have been designed and might replace native antigens in routine
* A list of abbreviations used is located at the end of this chapter.
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immunoassays. Although numerous conformational epitopes have not yet been
characterized and cannot be identified by the approaches classically used in epitope-mapping studies, peptides and peptide analogues may represent valuable
probes for establishing specific and sensitive early diagnostic tests. They may
also lead to the design of high-affinity ligands for purifying autoantibodies and
for the development of tolerogenic peptidomimetics relevant to immunointervention. These different past and recent advances will be reviewed followed by
examples of epitope-mapping studies with peptides and recombinant fragments
(when available) from a set of selected autoantigens.

9.2
Autoantibodies as Diagnostic Markers

Some of the antibodies produced by patients with systemic (non-organ-specific)
or organ-specific autoimmune diseases are clinically useful for diagnosis, since
their appearance is restricted to certain diseases or disease subtypes. These include antibodies to double-stranded (ds)DNA, Sm antigen, and ribosomal P proteins in systemic lupus erythematosus (SLE); DNA-topoisomerase I in systemic
sclerosis (SSc); citrullinated-modified proteins in rheumatoid arthritis (RA);
tRNA synthetase in myositis; glutamic acid decarboxylase and the protein tyrosine phosphatase–like molecule (known as IA-2) in insulin-dependent diabetes
mellitus (IDDM); thyroid peroxidase and thyroglobulin in autoimmune thyroiditis; and the E2 component of pyruvate dehydrogenase (PDC-E2) in primary biliary cirrhosis (PBC) [2–8]. While many antibodies are highly specific to a particular disease, the usefulness of some of them as diagnostic markers is relatively
poor due to their low prevalence. For example, this is the case for anti-Sm antibodies, which are a good marker for SLE but are found in only 5% (in Europe)
to 20% (in North America) of lupus patients. On the other hand, the levels of
some antibodies remain relatively constant in the serum of patients during the
course of a disease, while other antibodies have fluctuating levels, depending on
the phase, active or quiescent, of the disease. In the latter case, monitoring particular serum antibody subsets may be useful for prognosis. It is worth noting
that the presence of particular antibody subsets in the serum of healthy individuals seems to predict the subsequent development of autoimmune diseases [6,
7]. This observation obviously complicates the setup and interpretation of assays
since the serum of any “healthy” individual used to determine the threshold for
positivity for each test may happen to be unexpectedly positive.
Before we describe in more detail the methodologies used to characterize
serum autoantibodies with peptides and give some results that are relevant for
a better definition of autoantibody specificity, it is important to highlight some
basic concepts that are fundamental for a proper interpretation of data. As
pointed out by Kavanaugh in his editorial [9], “improper use of (laboratory) tests
may result in misdiagnosis, needless additional testing, and inappropriate therapy.” As is the case with other laboratory tests, it is important to be aware of pos-
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sible pitfalls of each peptide-based assay, to include the appropriate positive and
negative controls, and to know the limitations of interpretation (sensitivity, intra-test variability, specificity) of each test. At the peptide level, improper synthesis or the use of peptides of low quality can dramatically affect the data and lead
to false conclusions. In addition to summarizing well-established results, the object of this chapter is also to lay emphasis on the weak links of peptide-based diagnostic assays and to propose some solutions for the standardization of such
tests. We will first set out two domains of peptide chemistry that have been intensively developed and have resulted in expansion of peptide-based-immunochemistry7namely, multiple peptide synthesis and multiple peptide presentation.

9.3
Synthetic Peptides

The phenomenal range of current applications of synthetic peptides is the consequence of the development of the chemistry of peptide synthesis over the last
50 years. It was in 1954 that Du Vigneaud and colleagues [10] accomplished the
synthesis of oxytocin and in 1963 that the first chemical synthesis of human insulin was achieved by the team of Meienhoffer. These two hormones were produced by applying the classical methods of synthesis in solution, which require
purification and characterization of intermediate peptides at every step. This
approach generally requires many months of efforts and is the prerogative of experienced organic chemists.
The introduction in 1963 of the concept of solid-phase peptide synthesis
(SPPS) by Merrifield considerably modified the existing state of the art [11].
This methodology revolutionized the synthesis of peptides and allowed the rapid
production of synthetic antigens, biologically active peptides, artificial proteins,
active enzymes, and peptide libraries.
In this approach, an N-a-tert-butyloxycarbonyl (Boc) amino acid is covalently
linked to a solid support. The Boc group is removed by trifluoroacetic acid
(TFA) and a second Boc amino acid is coupled to the free amino terminus of
the resin-bound amino acid. Since most of the side products of reaction and degradation are dissolved in the reaction mixture, all of the intermediate steps of
purification, which are necessary for synthesis in solution, are reduced to simple washings. At the final step of the procedure, the peptide is cleaved from the
resin by a strong acid, usually hydrogen fluoride (HF). The advantages of SPPS
are to be found in its speed, the relative ease of its implementation, and the fact
that it is a method that can be completely automated. At present, the maximal
amount of peptide synthesized on solid phase can vary from grams to kilograms, but quite often a few milligrams are amply sufficient to meet the needs
of immunologists.
In essence, the central protocol detailed by Merrifield in his original paper
has changed very little. However, the development of combinations of amino
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acid–protecting groups has been continuously refined to allow the selective regeneration of the a amino function in the presence of side chain–protecting
groups and to achieve complete deprotection of the final peptide with clean removal from the inert support.
In particular, a very successful and extensively explored “orthogonal” SPPS
approach using the base labile 9-fluorenylmethyl-oxycarbonyl (Fmoc) group has
been developed since 1978 [12, 13]. This method of synthesis uses the Fmoc
group for protecting the a-NH2 function [14] and the tert-butyl group for protecting the side chain functionalities of the amino acids. This combination avoids
both repeated acid treatments and the use of HF inherent in the Boc/benzyl
procedure. The approach is called “orthogonal” because Fmoc is cleaved by a
base (usually piperidine) and the peptide is cleaved from the resin by an acid
(TFA). The use of TFA for the final cleavage of the peptide from the resin requires an ester linkage that is relatively labile to acids. This requirement has led
to the introduction of handles (or linkers) between the C-terminal amino acid
and the resin. Handles are generally defined as bifunctional spacers that attach
the initial residue to the polymeric support in two steps. These handles are all
designed so that the final release of the peptide chain from the support can be
carried out without the use of strong acids or bases to provide the C-terminal
residue as a free acid (-COOH), carboxamide (-CONH2), peptide hydrazine, or
one of a number of less common carboxyl derivatives. The handle approach is
appropriate for a wide range of parent supports. Overall, such advances in the
Fmoc procedure have contributed to a wide acceptance of this synthesis method
throughout the international scientific community.
This part of the present review is meant not as a review of all of the possibilities that exist in the field of solid-phase peptide chemistry, but rather to provide
specific information to the reader who is seeking an introduction to multiple
peptide synthesis and multiple peptide presentation for immunological applications. It is also meant to warn immunologists against the pitfalls created by the
use of poor-quality peptides.
9.3.1
Multiple Peptide Synthesis on Classical Resin Supports

The increasing use of peptides for immunological research and the steady discovery of new natural peptides endowed with biological activity have led over
the last 20 years to the development of new methods and new devices for the
preparation of individual peptides in large numbers.

9.3.1.1 Resin Supports
To be suitable for use in peptide synthesis, the solid support must meet a number of well-defined criteria. Since the synthesis of peptides takes place within
swollen beads, the polymeric support must demonstrate physical and chemical
stability when subjected to the various steps of synthesis and allow solvents and
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reagents to diffuse readily to the peptide chain, during both synthesis itself and
cleavage of the peptide from the resin.
Fmoc SPPS can be carried out as either a batch or a continuous flow process.
In the former technique, the peptide resin is contained in a reaction vessel and
the reagents are added and removed manually or by using a fully automated device. In the continuous flow method, the resin is contained in a column
through which reagents and solvents are pumped continuously. Equipments
necessary for this type of continuous flow synthesis are commercially available
and have been adapted in some cases to automated multiple peptide synthesis.
Polystyrene Resin The beaded polystyrene resin introduced by Merrifield is still
commonly used, and this support is well adapted to batch SPPS using either
Boc or Fmoc amino acids. The first support successfully used by Merrifield [11]
was a copolymer of polystyrene cross-linked with 2% divinylbenzene. In 1971,
Gutte and Merrifield recommended polystyrene cross-linked with 1% divinylbenzene as the support of choice for the large majority of applications. Beads of
polymer are swollen in an organic solvent and molecular events take place within the swollen resin matrix in the same manner as they do in a homogeneous
solution ([15] and references therein). All of the reactive sites on the polymer
network are fully and equally accessible in less than 10–6 s. The peptide-resin
beads thus have to be kept highly swollen throughout the synthesis. Based on
these characteristics, robots have been successfully developed for multiple peptide synthesis, using simple diffusion of solvents and reagents during all the
steps of peptide assembly.
Polyethylene Glycol-Polystyrene Graft Supports Polyethylene glycol-polystyrene
graft supports, such as Tentagel (PEG-PS/POE-PS), are another range of widely
used solid supports that are suitable for both continuous flow and batch synthesis in Fmoc SPPS. Their architecture is based on a cross-linked polystyrene
backbone grafted with polyethylene glycol (PEG) or polyoxyethylene (POE) [16,
17]. Due to the spacer effect of polyoxyethylene, the reactive sites located at the
end of the spacers are totally separated from the cross-linked backbone and are
totally solvated. In continuous flow, chemical efficiency is improved by the physical stability and compression strength of the graft supports, which allow for
ultrahigh-speed continuous flow synthesis. Based on the same principle, a flowstable polyethylene glycol dimethyl acrylamide (PEGA) support has been synthesized by Meldal [18]. PEG resins are also widely used for the synthesis of resinbound peptide libraries.
PEG-based resins have interesting immunological applications: the peptide
may be synthesized in a usual way attached to the resin via a stable amide
bond. A one-step side-chain deprotection using TFA yields a polyoxyethylenelinked peptide epitope conjugate [19] that can be used as an antigen and an immunogen.
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9.3.1.2 Devices
Semiautomated Simultaneous Multiple Peptide Synthesis The first approach involving semiautomated simultaneous multiple peptide synthesis was developed
by Houghten and was called the “Tea-bag method” [20]. In this system, the individual resins for simultaneous peptide synthesis are contained in separated
solvent-permeable polypropylene bags enabling optimal applications of the
many identical repetitive steps involved in SPPS. Peptides can be assembled
using either a Boc-based process and cleavage in a multiple vessel HF apparatus
[20] or a Fmoc-based process [21]. The Tea-bag method is said to allow one person to synthesize 120 different 15-residue peptides in two to four weeks in
amounts of 10–1000 mg each. However, this method is designed for manual operation and involves numerous sorting steps that must be carried out with the
greatest care.
Machine-based Multiple Peptide Synthesis To eliminate any errors during synthesis, some fully automated simultaneous multi-channel synthesizers have
been developed (see, e.g., [22]). Using such synthesizers, it is possible to assemble eight to 12 different peptides in parallel, which allows the chemist to prepare about 40 peptides of 15–20 residues in amounts of tens of milligrams per
week, thus easily meeting the needs of a research laboratory.
A series of laboratory robots have also been adapted to Fmoc multiple peptide
synthesis of a large number of peptides in milligram quantities [23–25]. The
synthesis is carried out in a rack of 48 to 96 test tubes with reagents supplied
by one arm of the robot, while all of the washing procedures are handled by the
other arm. This method satisfies most of the criteria for successful multiple
synthesis and it is automatic. However, the operation of a conventional laboratory robot is time-consuming and serial in nature. On some models, active vortex
mixing ensures production of peptides at a quality comparable to that obtained
with classical monosynthesizers.
Manually operated devices for parallel multiple column SPPS in continuous
flow version have also been proposed [26]. A fully automatic, online-monitored,
multiple-column synthesizer was later developed by the Meldal’s team.
9.3.2
Multiple Peptide Synthesis on Specific Matrices

In spite of the rapidity and efficiency of classical SPPS, the amount of work required for synthesizing the hundreds and thousands of different peptide analogues needed for epitope mapping and for screening immunological and biological activities of proteins has quickly become prohibitive. For many preliminary
studies, only a small amount (less than 1 mg) of each peptide is required. As a
result, considerable effort has been made to develop supports and techniques
for multiple peptide synthesis. Incidentally, it can be mentioned that polystyrene-grafted polyethylene film matrices [27] and cotton fabric [28] have been
used in an novel manner for multiple peptide synthesis, but this section will fo-
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cus on two supports that are easily available to a research laboratory and widely
used by the scientific community: polyethylene supports and cellulose paper.

9.3.2.1 Polyethylene Supports for the Multi-pin Synthesis Technology
The multi-pin peptide synthesis procedure was originally developed for epitope
mapping using ELISA [29]. It is referred to as PEPscan, a term widely used by
immunochemists (see Section 9.4.2). Using a Boc procedure, peptide synthesis
was performed on polyethylene rods, also known as “pins,” that had been previously immersed in a solution of acrylic acid and c-irradiated, producing about
50–100 nmol peptide per pin. Using this technique, it was not possible to cleave
the synthesized peptides from the support. Later, the introduction of the Fmoc
procedure and cleavable linkers made it possible to obtain peptides in solution.
Since then, the scope of the multi-pin method has been extended by changing
the pin shape to a two-piece format consisting of a support stem and a detachable crown. In addition, higher levels of polymer grafted to the crowns have
been achieved. Grafting of 2-hydroxy-ethyl-methacrylate (HEMA) to polyethylene
crowns proved to be the most reproducible procedure and yielded surfaces well
suited to peptide synthesis. Radiation grafting of HEMA to the polyethylene
crowns generated a hydroxylated polymer, and it was therefore possible to attach
suitably protected amino acids or handles, as in the case of classical solid supports. Loading in the range of 1–2 lmol per crown was then achieved [30]. Larger pin formats and new graft polymers have since allowed further improvements of this technology, which is now an alternative to beaded cross-linked resins and allows handling large numbers of peptides in multiple parallel synthesis ([31] and references therein).

9.3.2.2 Cellulose Paper for SPOT Synthesis
Simultaneous syntheses at distinct positions on a membrane support were introduced by Frank in the late 1980s [32]. This allowed a PEPscan-like approach
to be designed with parallel synthesis of large numbers (thousands) of peptides
on distinct areas of one sheet of paper. Cellulose paper has excellent resistance
to most organic solvents, and Fmoc SPPS is perfectly compatible with the cellulose support. The concept of SPOT synthesis is suitable for both manual and
automated operations using robots. The SPOT method provides simple, economical, and rapid access to large numbers of short peptide sequences at the
nanomolar scale for biological screening purposes. The scale of synthesis can
be easily increased to the range of lmol/spot using a thicker paper such as
Whatman 3MM. As in the case of classical resins, the paper sheet needs to be
chemically derivatized to introduce suitable anchors for the synthesis of immobilized or dissolved peptides. Overlapping peptides spanning an entire protein
sequence can be synthesized to localize epitopes (SPOTscan method). Each peptide can be further analyzed to determine the contribution of each individual
amino acid residue (see Section 9.4.3).
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Alternatively, as many as 100 discs can be tightly stacked in column reactors
or sealed in “Tea-bags” and then allowed to react simultaneously with the same
amino acid derivative in each column or “Tea-bag” [33, 34]. For example, using
146 “Tea-bags,” Van’t Hof and coworkers synthesized 146 ´ 100 peptides on paper discs and were able to test 100 antisera with 146 different peptides in a reasonable time [35].
At the same time, Laursen and coworkers [36] developed a method for the simultaneous synthesis of peptides as spots on a derivatized polypropylene membrane. This method presents some similarities with the multi-spot method of
Frank but uses a membrane that is not commercially available.
SPOT synthesis is simple, easily accessible, and, unlike polypropylene pin
methods, very economical in terms of solvents and reagents. However, the quality control of the synthesized peptides is not easy to manage and the size of the
peptides is limited.
9.3.3
The Quality of Peptides

It has long been assumed that immunologists/immunochemists need only
crude or partially purified peptides. As crude or improperly purified peptides
generally rapidly degrade, even if they are kept freeze-dried at 2–6 8C, this belief
has certainly caused the publication of many results that could not be reproduced in the same laboratory or by other research teams. Moreover, there have
been several examples of unexpected immune responses to contaminants and
altered peptides formed during a synthesis ([37] and references therein). In fact,
despite all the refinements brought to peptide chemistry, side reactions still occur during synthesis and cleavage of the peptides, and these have to be taken
into account.
For example, problems associated with incomplete couplings and deprotection
have not been totally solved. Problem-causing, or “difficult,” sequences are characterized by reproducible stretches or repetitive incomplete aminoacylations
and/or incomplete deprotection. They are caused by the tendency of the peptide
chain to form hydrogen-bonded aggregates either with other peptide chains or
with the polymeric support [15]. Few authors have proposed approaches for predicting difficult sequences ([38] and references therein), and they all point to intermolecular aggregation caused by b-sheet hydrogen bonding as the major
source of difficulties in peptide coupling. This effect of aggregation is easily visible in batch synthesis, where resin swelling is reduced, and in continuous flow
synthesis, where a broadening of the deprotection peak is observed. The net result of incomplete peptide-bond formation is that the peptide chains formed are
closely related to the target peptide but are missing one or more amino acid
residues.
These difficult sequences generally occur at 5–15 residues from the resin.
There is a general relationship between the side chain structure of a peptide
and its tendency for aggregation: Ala, Val, Ile, unprotected Asn, and Gln are ef-
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fective in promoting association, while trityl (Trt) protection of Gln and small
hydrophilic groups, such as acetamido methyl (Acm), reverse the aggregation effect. Amino acid residues such as Pro and Ser are virtually never found within
difficult sequences, presumably because these residues impose a turn in the
peptide chain. The loading of the resin also has a significant effect. High loading can exaggerate the phenomenon, but the nature of the solid support apparently has no major effect on aggregation.
With the Boc procedure, the problem of difficult sequences does not seem to
be related to incomplete removal of the Boc group, but rather to incomplete acylation. With the Fmoc procedure, a slow acylation is generally linked to an incomplete or slow Fmoc deprotection of the preceding amino acid. On sophisticated machines with feedback control, the problem is in part solved by using repeated deprotection and increased time in the following acylation step. Several
sophisticated approaches have been used for breaking the peptide conformation
on the solid support and promoting a coupling reaction. They include the use
of dimethyl sulfoxide/N-methylpyrrolidinone (NMP) mixtures, NMP/dimethyl
formamide mixtures containing 1% Triton, chaotropic salts in organic solvents,
and higher temperatures. However, the most novel solution used to solve the
aggregation problem has been reported by Sheppard and coworkers [39]. These
authors have proposed introducing reversibly N-substituted amino acids into the
peptide chain for preventing the formation of intermolecular hydrogen bonds.
Only occasional residues need to be substituted in order to inhibit interchain
association during an entire synthesis. The pseudoproline-protected dipeptide
building blocks developed by Mutter and coworkers [40] act similarly by preventing inter- and intramolecular hydrogen bonding, a limitation of this approach
being that serine or threonine must be present in the sequence.
Besides problems related to difficult sequences, other undesired reactions and
racemization of amino acids may occur during peptide assembly. For example,
in the Boc procedure, the formation of aspartimide and its opening via addition
of bases has long been observed [41]. In the Fmoc procedure, unexpectedly high
aspartimide and piperidide formation has been detected in crude products
when, in the peptide sequence, Asp (OtBu) is followed by Asn, Gln (tritylprotected or not), Gly, Arg (2,2,5,7,8-pentamethylchroman-6-sulfonyl, Pmc), Cys
(Acm), Cys (Trt), Ser, and Thr [42].
It is important to realize that each peptide behaves individually, not only during peptide assembly but also during the purification process. Mainly hydrophilicity, but also the size and conformation that characterize each peptide, governs
its solubility in a given solvent and its retention time measured by high-performance liquid chromatography (HPLC). This makes it almost impossible to automate purification processes. As a consequence, purification and analysis (mass
spectrometry and/or amino acid analysis) constitute the main bottlenecks of the
multiple synthesis approach.
Last but not least, since at the end of the purification procedure peptides are
present as salts (e.g., trifluoroacetates when the last purification step has been
performed in solvents containing 0.1% TFA), lyophilized peptides inevitably
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contain counterions and residual water. Therefore, even if a peptide is said to
be 95% pure, the net amount of peptide (the so-called net peptide content),
which depends on its amino acid composition, may only account for 50–85% of
the powder. Companies proposing peptides generally advertise whether they are
selling peptides by net peptide weight. Obviously, this parameter is of the highest importance for quantitatively evaluating the reactivities of antibodies with a
particular peptide.
In conclusion, immunologists/immunochemists have to be aware that each
peptide must be considered as a unique reagent that should be handled with
great care.

9.3.4
Branched Peptides or Peptide Dendrimers

Synthetic branched polypeptides were introduced by Hudecz and coworkers (see
[43] for a review) in the early 1980s. They have emerged as a new class of artificial proteins with potential biomedical application, particularly in vaccine design
and serodiagnosis. They were based on a poly[Lys-(DL-Ala3)] backbone. Since
then, several variations of branched peptides have been developed, which differ
only in the design of the core matrix (Fig. 9.1). Some can be produced by classical solid-phase synthesis methods, such as the multiple antigen peptide (MAP)
system, whose core contains two or three levels of geometrically branched lysine
residues [44]; the template-assembled synthetic protein (TASP), whose core
template is made of linear or cyclic peptides with lysine side chains for peptide
anchoring [45]; and, more recently, a sequential oligopeptide carrier (SOCn)
formed by the repetitive [Lys-Aib-Gly] moiety [46]. Such branched peptides are
also known as peptide dendrimers [47].

9.3.4.1 The MAP System
The MAP system (Fig. 9.1) is certainly the most popular type of peptide dendrimer and has been demonstrated to be a very efficient immunogen as well as a
useful antigen for ELISA. The core matrix of lysine residues can be designed
for anchoring multiple copies of the same peptide (monoepitope MAPs) or two
different peptides (diepitope MAPs). In the case of monoepitope MAPs, the core
matrix is built using Boc Lys (Boc) derivative in the Boc procedure or Fmoc Lys
(Fmoc) derivative in the Fmoc procedure to reach the desired branched level.
The diepitope core matrix is synthesized using the same strategy, but a Boc Lys
(Fmoc) derivative is introduced at the last branching level, allowing the synthesis of two different peptide antigens on separate branches. One peptide sequence is synthesized using a Boc procedure and the other by a Fmoc procedure. Alternatively, introduction of Fmoc Lys (Dde) derivatives makes possible
the synthesis of diepitope MAPs using a Fmoc procedure exclusively ([48] and
references therein).

9.3 Synthetic Peptides

TASP presentation

Fig. 9.1 Schematic illustration of three oligomeric peptide systems.

9.3.4.2 The TASP Construct
Originally, the TASP construct (Fig. 9.1) was designed to enhance intramolecular folding of amphiphilic helices covalently attached to a template, but this type
of construct has also been used to raise peptide antibodies that cross-react with
the native protein. Molecular dynamics calculations suggest that the template

199

200

9 Synthetic Peptides for the Analysis of B-cell Epitopes in Autoantigens

folds as an anti-parallel b-sheet connected by a type II b-turn and cyclized via a
disulfide bridge ([49] and references therein). The four attachment sites of the
peptides (amino groups of Lys residues) are oriented on the same side of the
template plane.

9.3.4.3 The SOCn Construct
Like the TASP construct, the SOCn (Fig. 9.1) has been designed with a predetermined three-dimensional structure that defines the spatial arrangement of the
attached antigenic peptides. Nuclear magnetic resonance experiments and molecular dynamics suggest that the average structure of the template is a distorted 310 helix. A detailed conformational study of SOCn conjugates indicated
that antigenic peptides covalently linked to the template do not interact with
each other or with the carrier [46], which is certainly not the case in the MAP
system. On the other hand, it seems that antigenic peptides presented as SOCn
conjugates retain the initial conformation of the free peptide, thus preserving
their topological characteristics.

9.3.4.4 Synthesis of Dendrimers
As mentioned above, MAPs, TASPs, and SOCn can all be made by classical solid-phase synthesis by using appropriate Lys derivatives. However, these are
high-molecular-weight macromolecules, often exceeding 15 kDa, which makes
their synthesis by stepwise solid-phase methods and subsequent purification to
high homogeneity challenging, even though impressive pieces of work have
been published. To overcome this problem, a convenient modular strategy has
been proposed by several authors [47, 49, 50] who developed chemoselective
strategies for the preparation of branched peptides by ligating unprotected purified peptide segments to a purified core matrix. In this approach, maximal advantage is taken of the ability to synthesize, purify, and characterize separately
the different compounds (template and peptides of interest). Then, the target
dendrimer is produced directly in the final unprotected form.

9.4
Peptide-based Methods for Detection and Quantification of Autoantibodies

After problems associated with synthesis and purification of peptides have been
discussed in the first part of this chapter, the next step is to find an appropriate
assay to determine whether these synthetic peptides are recognized by autoantibodies present in the patient’s sera. Solid-phase immunoassays such as ELISAs
remain the most widely used technique for detection and quantification of autoantibodies using synthetic peptides. However, a new generation of tests providing for simultaneous screening of several hundred or even thousands of peptides using autoimmune sera has been recently introduced. These emerging

9.4 Peptide-based Methods for Detection and Quantification of Autoantibodies

methods allow investigators to considerably improve epitope-mapping studies
by using, for example, overlapping peptides covering the total sequence of large
proteins as well as peptides bearing post-translational modifications. The number and potential diversity of the peptides tested also provide for identification
of valuable peptide mimics of non-protein autoantigens, such as carbohydrates
or dsDNA. Identifying peptide mimotopes should not only improve detection of
autoantibodies recognizing non-protein autoantigens but also allow characterization of conformational epitopes that, generally, cannot be identified by classical
tests using a limited number of peptides corresponding to linear sequences in
the cognate protein.
9.4.1
ELISA Using Synthetic Peptides

Several ELISA formats can be used with peptides to delineate linear and conformational epitopes of a protein [51–53]. In a classical approach, the capacity of a
candidate peptide tested in the liquid-phase to inhibit the interaction between a
protein adsorbed on the plastic surface of a microtiter plate and antibodies contained in the patient’s serum is measured. Bound antibodies are subsequently
revealed by adding a second antibody against human IgG and/or IgM conjugated to an enzyme, generally horseradish peroxidase, alkaline phosphatase, or galactosidase. Finally, the absorbance of colored product is measured. It is important to understand that this type of immunoassay will select autoantibodies
reacting with the solid-phase immobilized parent protein only, to the exclusion
of any other antibody subsets, which may be important for diagnosis. Also, it is
important to bear in mind that this approach reveals only the epitopes presented by the immobilized protein and mimicked by the peptide in solution.
Alternatively, an indirect assay can be set up, wherein peptides are directly adsorbed to the wells of a microtiter plate, serial dilutions of patients’ sera are incubated in the peptide-coated wells, and bound antibodies are revealed by a second antibody against human Ig linked to a selected enzyme. For B-cell epitope
mapping, a complete set of overlapping peptides covering the whole length of
the protein is used. This strategy has been applied, for example, to histones
[54–56]; 52-kD SSA/Ro protein (Ro52, [57]); D1 protein of Sm antigen (SmD1,
[58–60]); A, C, and 70K proteins of the U1 small nuclear ribonucleoprotein
(snRNP) antigen (U1A, U1C, U1-70K; [61–63]); hnRNP A2/B1 protein [64]; and
human thyroprotein receptor [65]. This ELISA format presents numerous advantages insofar as it is simple, fast, and easily automatable, but it also has a
number of conceptual limitations directly related to peptide adsorption to plastic. Direct adsorption of a peptide can affect its conformation and mask a portion of its surface. Furthermore, the efficacy of adsorption of a peptide can vary
widely according to its length, charge, and solubility; the pH and composition
of coating buffer; and the type of plastic of the microtiter plates (polyvinyl, polystyrene with or without plastic activation) (Fig. 9.2; Dali and Muller, unpublished). Based on our experience, peptides that comprise at least 15 residues are
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Fig. 9.2 Relative coating efficacy of various
synthetic peptides on polystyrene microtiter
plates. Biotinylated peptides of different
lengths and charges were allowed to adsorb
onto polystyrene microtiter plates (MaxiSorp,
Nunc, Roskilde, Denmark) overnight at 37 8C.
For coating the plates, peptides were suspended in 0.1 M carbonate buffer pH 9.6 at
a concentration of 0.5 lM (black) and 2 lM

(gray). Adsorption of biotinylated peptides
was evaluated by incubating peptide-coated
plates with streptavidin conjugated with peroxidase. The final reaction was visualized by
adding 3,3',5,5' tetramethylbenzidine in the
presence of H2O2. The peptides are arranged
by length in the figure (the shortest are on
the left and the longest are on the right)
(Dali and Muller, unpublished data).

in general efficiently adsorbed to plastic after incubating the peptide solution in
the wells overnight, at room temperature or 4 8C. However, even for experts, it
remains difficult to predict whether a peptide will be a “good” or a “moderate”
plastic binder, and when a careful internal calibration of the tests has not been
performed, it is often impossible to compare quantitatively the various absorbance values measured with a panel of peptides.
To overcome such drawbacks, some authors (see, e.g., [66]) recommended the
use of peptides conjugated to a carrier protein (bovine serum albumin, ovalbumin) to increase the coating efficiency and diminish the amount of peptide
used per assay. Others proposed the use of multi-presentation systems such as
MAPs, TASPs, and SOCn (see Sections 9.3.4 and 9.5) to avoid coupling the peptides with a carrier. When unconjugated peptides are used, their effective binding to the plate must be checked, e.g., by using anti-peptide antibodies or by incubating with enzyme-conjugated streptavidin when biotinylated peptides are
used (Fig. 9.2). Likewise, when peptide conjugates are used as antigens, the
yield of effective peptide coupling must be controlled and the stability of conjugates checked over time [67, 68]. Moreover, the choice of a conjugation procedure is crucial since the antigenic activity of a peptide can be dramatically affected by different coupling procedures [68, 69]. Consequently, the chemical
agent used to conjugate the peptide with an appropriate carrier must be carefully chosen according to each specific sequence.

9.4 Peptide-based Methods for Detection and Quantification of Autoantibodies

To ensure reliability of peptide-based ELISAs used to monitor autoimmune
sera, several important points must be routinely checked:
· Unrelated peptides or, preferably, scrambled peptides containing the same
amino acid residues in a different order compared to the parent sequence
should always be tested in parallel as controls; because patients’ sera can contain a diversity of autoantibodies whose range of specificities is not known
with certainty, control peptides need to be selected with care.
· When conjugated peptides are used, it is necessary to verify the absence of reaction with the carrier or, preferably, with the carrier presenting the control
peptide; false reactions have been found with patient’s antibodies cross-reacting, for instance, with bovine serum albumin or ovalbumin.
· The absence of a reaction of enzyme-labeled second antibodies with peptides
in the absence of antibodies must be verified.
· A large number of sera from normal donors must be tested in the same
ELISA conditions to define the cutoff value for positivity for each peptide. It
is known that certain classes of autoantibodies are surprisingly common in
the normal population; for example, low levels of anti-SSA/Ro antibodies are
present in 5–15% of the normal population [70].
· In isotyping studies, particular attention should be paid to the specificity of
secondary enzyme-labeled antibodies with regard to their ability to reveal
equally well all IgG subclasses, as certain minor subclasses can be increased
in autoimmune situations, e.g., peptide-reacting antibodies of the IgG3 subclass in lupus mice [71], and are poorly detected with most commercial enzyme–labeled anti-IgG antibodies [72].
· Finally, it should be stressed that several factors can generate high ELISA
background. False positivity may be due to aggregates present in sera from
collections that have been stored for a long time, even in good conditions.
Many laboratories routinely heat sera to 56 8C, which can cause major problems in nonspecific binding in ELISAs due to the presence of aggregates in
sera. False positivity can also result from cross-reaction of antibodies with
nonfat bovine milk or normal serum used as blocking agents to prevent nonspecific adsorption of proteins to wells. These added reagents can contain
self-antigens such as DNA and histones [73]. Bovine IgG can contaminate bovine serum albumin [51]. Patients’ sera can also contain circulating self-antigens. For example, the presence of nucleosomes and proteinase-3 (a neutrophil primary granule that is recognized by cytoplasmic anti-neutrophil cytoplasmic antibodies, cANCA) in the serum of normal and/or autoimmune patients has been demonstrated. Rheumatoid factors also can cause a high level
of false positives. Finally, anti-albumin autoantibodies have been detected in
the serum of autoimmune and infected patients [74, 75]. Many of these
recommendations are also useful when other types of solid-phase immunoassays are utilized.
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9.4.2
The PEPscan Technique

To perform a fast concurrent synthesis of peptides for epitope-mapping studies,
Geysen et al. [29] introduced a method of linear peptide epitope scanning that
can be used for the synthesis of hundreds of peptides on polyethylene pins and
direct testing of their antigenic activity without removing them from the support (see Section 9.3.2.1). The initial method used radiation-grafted polyethylene
pins arranged in an 8 ´ 12 matrix with the format and the spacing of a microtiter plate, which allowed the pin-attached peptides to be directly tested by ELISA
[76]. Complete sets of overlapping peptides have been used to map various antigens with autoantibodies. For example, the complete sequence of Ro60 protein
[77]; SSB/La protein [78]; SmD1 and BB' proteins [79–82]; U1A, U1C, and U170K proteins [83–85]; proteinase-3 [86]; heat shock protein (Hsp) 60 in children
with IDDM [87]; and human sperm protein Sp17 [88] were assayed in this manner.
In the period between 1984 and 1995, the method was greatly improved [89,
90]. Peptides were made on a similar solid support but were biotinylated and
cleaved before recapture and testing. This additional cleavage step made it possible to analyze the purity and identity of the peptides, which could not be done
with the earlier test format. Moreover, a spacer was introduced between the
crown and the antigenic sequence to minimize steric interference between the
simultaneous binding of the peptide to the capture molecule (avidin or streptavidin) and to the antibody. This method is also attractive because only small serum aliquots are required for each test. Replicates are possible, compatible with
statistical analysis. Biotinylated peptides can also be used in modes other than
direct binding, e.g., as competitors in a solution-phase antigen-antibody reaction
or on tissue slices.
9.4.3
The SPOTscan Technique

Another method for systematically screening autoepitopes with short overlapping peptides is based on the SPOTsynthesis introduced by Frank (see Section
9.3.2.2). Detection of antibodies bound to peptides immobilized on paper can
be achieved by conventional solid-phase ELISA or Western immunoblotting procedures. In general, highly sensitive chemiluminescent reagents are used. Membrane-bound peptides are reusable many times (>50) if the peptides are not irreversibly modified by the assay procedure and if bound antibodies have been
completely removed [91]. Signal patterns can be documented and quantitatively
evaluated utilizing the most recent image analysis tools. This method has been
widely used for the mapping of autoantigens such as U1C [62]; SSB/La [92];
SmD1 [60]; the ribosomal phospho (P) proteins P0, P1, and P2 [93]; the Goodpasture antigen contained in human a3 chain of collagen IV [94]; proteinase-3
[95]; centromere-associated protein A (CENP-A) [96, 97]; the so-called PM/Scl-
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100 antigen recognized by antibodies from patients with polymyositis-scleroderma overlap syndrome [98]; and early endosome antigen 1 (EEA1) [99]. We have
shown in our laboratory that the results obtained with overlapping peptides covering U1C protein prepared using either the SPOTsynthesis method or conventional techniques leading to free peptides tested by indirect ELISA largely
agreed [62].
9.4.4
Biosensors

Optical biosensors have been used for a large range of immunological applications. They can be used for quick measurements of biomolecular interactions in
real time without requiring label reactants. Many review articles have analyzed
the scope and limitations of optical biosensors [100, 101]. In the domain of
autoepitope mapping with peptides, however, very few reports have been published. They concern, for example, the characterization of major epitopes recognized by cANCA in the proteinase-3 using the surface plasmon resonance BIAcore biosensor [102] and the test of monoclonal autoantibodies generated from
lupus mice using nucleosomes, dsDNA, and peptide 83–100 of histone H3
[103]. Screening for epitope-specific autoantibodies using biotinylated peptides
immobilized on streptavidin chips in the BIAcore system has also been used to
detect autoantibodies against the b1-adrenergic receptor in sera of patients with
idiopathic dilated cardiomyopathy [104] and the angiotensin II receptor 1 in patients with preeclampsia [105]. While positive responses were obtained in both
cases, the low level of specific antibodies present in IgG fractions did not permit kinetic analysis. Thus, surface plasmon resonance had no obvious advantages for screening autoantibodies over more simple techniques such as ELISA.
In the case of sera from patients with Chagas’ disease, analysis for anti-receptor
autoantibodies was made difficult by the presence of antibodies directed against
polyanionic epitopes, resulting in a high background on the carboxylated dextran matrices used in the BIAcore system [106]. However, autoantibodies from
the same patients were successfully used after purification by affinity chromatography to quantify the affinities of the various antibodies for epitopes on T. cruzi ribosomal proteins compared to those on human ribosomal proteins [107].
9.4.5
Autoantigen Microarray Technologies

In the past few years, miniaturized autoantigen-array technology has been developed to perform large-scale antibody screenings [108–115]. In this method,
thousands of autoantigens (proteins and peptides) can be distributed onto 10cm2 microscope slides coated with poly-l-lysine. These “chips” maintain reactivity for months. The protein- and peptide-coated slides are incubated with diluted
patients’ sera and subsequently revealed with an anti-human Ig secondary antibody labeled with a fluorescent marker. For one slide presenting several hun-
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dred (up to & 1000) different antigens, 0.2–2 lL of undiluted serum sample is
required. It has been shown that results obtained with this method fit well with
those obtained with ELISA, in particular when the sera from autoimmune patients were tested with peptides [116]. A large-scale array analysis including synthetic peptides has been applied to sera from mice with experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis (MS) [117]. Similar strategies are currently used to screen sera from animal models and patients
with SLE, IDDM, RA, and PBC [115].
There are a number of obvious advantages of miniaturized multiplexing
methodology. First, many autoantigens and candidate autoantigens can be studied simultaneously, using small amounts of biological fluids such as serum, cerebrospinal fluid, synovial fluid, or antibodies eluted from diseased tissue such
as kidney or brain plaques. Second, isotyping of autoantibodies that bind to individual antigens becomes possible, allowing an even finer analysis of the immune response. Third, deposition of antigens on slides allows one to study essentially any biomolecule, including lipids, carbohydrates, nucleic acids, protein
complexes, polypeptides, truncation mutants, peptides, and post-translationally
modified proteins and peptides. Finally, the sensitivity of such tests has been
found to exceed that obtained by standard ELISAs, and with the introduction of
newly developed detection methods (new fluorophores in particular), even higher sensitivities should be reached.
The major limitation of planar array-based autoantibody profiling is that
many antigens do not adhere to the poly-l-lysine surface (particularly negatively
charged proteins and peptides) and many proteins denature when the slides dry
within minutes of spotting. Several technologies are being developed to overcome these limitations, including identification of novel surfaces for planar arrays and creation of liquid-phase assays (reviewed in [113, 114]).
9.4.6
Emerging Technologies for Biomarker Identification with Peptides

Novel nanomaterials have been developed, such as carbon nanotubes that can
be functionalized with a large variety of components, including synthetic peptides [118, 119]. New specific biosensors based on this technology should soon
be available for screening autoantibodies with peptides. Feasibility has been recently demonstrated with monoclonal antibodies and whole U1A snRNP autoantigen [120]. Furthermore, novel methods for detection are undergoing rapid
development, including, for example, addressable laser bead assays based on
microspheres embedded with laser reactive dyes coupled to peptides. Such an
assay is commercially available for the testing of autoantibodies to ribosomal
proteins P0, P1, and P2 present in the serum of patients with SLE [121]. In this
test, beads are coated with a peptide called C22 located at the conserved C-terminus of the three proteins [122, 123] and routinely used in various homemade
and other commercial immunoassays [93, 121, 124].

9.5 Multiple Peptide Presentation

9.5
Multiple Peptide Presentation

The multi-presentation of a reactive peptide (e.g., as a MAP or SOCn; see Section 9.3.4) is often used to increase the sensitivity of tests. Multi-presentation of
antigenic motifs on a scaffold considerably enhances the avidity of the interaction and improves the level of detection of autoantibodies. It may also be seen
as a valuable alternative to assays using peptides that adsorb poorly onto plastic
supports, such as the C22 peptide of ribosomal P proteins [125]. For example,
MAPs have been used successfully with SmD1 C-terminal peptide [59], the ribosomal C22 peptide [121, 124, 126], and a peptide of the mitochondrial PDC-E2
antigen associated to lipoic acid [127]. Examples of constructions with SOCn include peptides of the La/SSB antigen, the motif PPGMRPP present in several
RNP proteins, and peptides of the a-subunit of the Torpedo nicotinic acetylcholine receptor (AchR), a target of autoantibodies from patients with myasthenia gravis [46, 128–130].
Multi-presentation of autoantigenic peptides as MAPs and SOCn may thus
have important applications in diagnostic assays. Actually, it is possible that, in
the case of autoantigens, such constructions mimic the structure of self-antigens better than single peptide copies do. It has been observed that epitopes of
self-antigens are often made of repeated sequences, either as a single molecule
(typical examples include DNA or RNA, CENP-A, and histone H1 [131, 132]) or
within macromolecular complexes. For example, autoantibodies react frequently
with the well-studied PPPGMRPP motif present in several snRNPs (SmB/B’,
U1A, and U1C), with RG-rich regions present in SmD proteins, hnRNPA1, fibrillarin, and nucleolin, and with the RNA-binding motif called RNP1 present
in U1-70K, U1A, hnRNPA2/B1, SSB/La, and SSA/Ro proteins [133–135]. This
multi-presentation considerably enhances the avidity of the interaction and may
be important pathologically, e.g., for the spreading of the autoimmune response
during the course of the disease [136].
While some peptides seem to be highly antigenic when presented as MAPs
or at the surface of pins or phages, in certain cases the respective monomeric
sequences do not exhibit the same properties. As pointed out above, such findings may be linked to the sensitivity of assays based on multimeric constructions. They may also result from the fact that the conformation of peptides free
in solution is quite different from that of the same sequence in the MAP construct or synthesized at the surface of pins or phages. In the case of a peptide
anchored to SOCn, however, it has been demonstrated that the original structure of the free peptide seems to be preserved [46]. Furthermore, a multivalent
binding of antibodies is possible with MAPs, pins, or phages. Thus, there are
some limitations to keep in mind when multimeric presentations are used.
These can include higher background in ELISA, possible false-positive reactions, and a lower solubility of constructions compared to monomeric peptides
[137].
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9.6
Peptides Containing Natural Modifications and Structural Motifs

It is well recognized today that synthetic peptides are valuable antigenic probes
because they are chemically controlled and can be produced in large numbers
and amounts at a moderate cost compared to peptides generated from purified
or recombinant proteins. In addition, peptides offer the possibility of introducing during synthesis modified residues and cofactors that are normally present
in natural molecules or added at specific stages of the cell cycle. This strategy is
particularly attractive since several antigens targeted by autoantibodies contain
such modified residues and cofactors, the presence of which is necessary for
the antigen to be recognized by patients’ antibodies. This is the case, for example, for PDC-E2 antigen (which contains lipoyl cofactors and is recognized by
autoantibodies from patients with PBC); glycosylated p68 autoantigen, glycosylated collagen, and deiminated fibrin (which are closely associated with RA);
phosphorylated components of RNA polymerase I and II and phosphorylated
proteins of the serine/arginine family (which are associated with SLE); and
SmD1/D3 proteins (associated with SLE) and myelin basic protein (MBP; associated with MS), which both contain symmetrical dimethyl arginine [138–146].
Studies describing the reactivity of patients’ antibodies have been reported with
ubiquitinated peptides [147], with peptides containing a lipoyl acid moiety [127,
148] or symmetrical dimethyl arginine [146], and with a cyclic peptide called
CCP containing deiminated arginine (citrulline) residues. CCP-based kits are
commercially available for detecting antibodies in RA [149–151]. Some of these
modifications play a spectacular “all-or-nothing” role. For example, the synthetic
C-terminal peptide 95–119 of SmD1 containing symmetrical dimethyl arginine
was recognized by most of the anti-Sm patients’ sera and by the monoclonal
antibody Y12, whereas homologous peptides with asymmetrical dimethyl arginine residues or non-modified arginine residues were not recognized [146].
Detailed studies of several autoantigens have shown that in patients’ sera, antibodies react specifically with zinc finger motifs. This intriguing feature has
been described for Ro60, which contains a zinc finger motif in residues 305–
323 [152], and poly(ADP ribose) polymerase (PARP), which contains two zinc
fingers, called F1 and F2, involved in DNA strand-break repair [153–155]. In the
latter case, antibodies from patients with SLE and mixed connective tissue disease (MCTD) showed much weaker reactivity with peptides mutated at the cysteine residues involved in zinc coordination.
Natural modifications of peptides have been shown in certain instances to be
necessary to maintain their recognition by autoantibodies. It is unclear whether
this means that, in vivo, such post-translational modifications do occur in the
cognate proteins and are directly involved in the breakdown of tolerance and
initiation of the autoimmune response. However, this possibility and its many
potential implications in the etiology of autoimmune diseases are actively being
explored [156–158].

9.8 Mimotopes

9.7
Peptides Containing Non-natural Modifications

N-acetylation, carboxamidation, and introduction of peptide bond surrogates are
supposed to reduce the susceptibility of peptides to proteases and/or generate
structures that are more stable in solution and therefore more reactive with antibodies. In some cases, it is enough to introduce an acetyl group at the N-terminus end and/or a carboxamide group at the C-terminus of the peptide to increase its reactivity with patients’ antibodies. For example, it has been observed
that peptide 304–324 of Ro60 is much more reactive with sera from patients
with SLE and SS when it is blocked at both ends [159]. However, this result is
difficult to predict because, as discussed by Saitta et al. [160], depending on the
position of the epitopes recognized by autoantibodies, blocking the free amino
group at the N-terminus of the peptide may also alter its antigenicity [161, 162].
This observation requires attention since in several mapping methods (e.g.,
PEPscan, SPOTscan), peptides are immobilized via their C-terminus and are
generally acetylated at their N-terminus.
Peptide analogues containing modified peptide bonds have also been tested
with autoimmune sera. Thus, the activity of retro-inverso peptide analogues of
the sequences 130–135 of histone H3, 304–324 of Ro60 protein, and 277–291 of
Ro52 protein has been evaluated with the sera from lupus mice and patients
with SLE and SS [159]. In these analogues, also referred to as retro-all-D peptides, the amino acid side chains are oriented in the same way as in the original
sequence, while the direction of the CO-NH bond in the backbone is reversed
[163, 164]. Depending on the sequences, the retro-inverso analogues were recognized by autoantibodies as well or even better than their natural counterpart
[159]. Since autoimmune sera generally contain elevated levels of proteases due
to peripheral inflammation in autoimmune individuals, such stable analogues
might represent valuable probes for immunodiagnostic assays. Their stability in
the serum of autoimmune mice or in the presence of protease cocktails has
been shown to be increased by a factor of 10 to 700 [164–166]. Other backbone
modifications might lead to heteroclitic peptide analogues of interest. Notable
examples are peptides containing reduced peptide bond CH2-NH or b 3-amino
acid residues giving rise to analogues with NH2-CH(R)-CH2-COOH bonds
[167–169].

9.8
Mimotopes

In recent years, several formats of chemical peptide libraries and phage-display
libraries have yielded numerous sequences considered to be good binders for
autoantibodies. To reveal high affinity for autoantibodies and to identify specific
binders, these libraries have often been used with monoclonal autoantibodies of
interest. However, they have also been used with human sera that contain sub-
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populations of antibodies directed against known or unknown antigens. These
sequences of linear or conformational epitopes have been identified as sequences of so-called “mimotopes.” According to the definition introduced by
Geysen’s group, mimotopes are not peptide structures with one or two natural
amino acid exchanges only (which are simple peptide analogues), but “molecules able to bind to the antigen combining site of an antibody molecule, not
necessarily identical with the epitope inducing the antibody, but an acceptable
mimic of the essential features of the epitope” [170]. Therefore, mimotopes can
be peptides capable of mimicking epitopes of carbohydrates, lipids, lipopeptides,
or nucleic acids. It is beyond the scope of this chapter to describe the technical
aspects of the strategy used to identify such mimotopes. Numerous review articles are available that describe this approach in full methodological detail (see,
e.g., [171–175]) and discuss their potential [176–178]. We will mention only a
few examples of mimotopes specifically recognized by autoantibodies, such as
mimotopes recognized by serum antibodies from patients with polymyositisscleroderma overlapping syndrome [179], Cogan’s syndrome [180], or MS [181]
and mimotopes recognized by synovial fluid antibodies from patients with RA
[182]. In the former case, for example, the sequence of the mimotope, a 16-amino-acid peptide, was identified in the PM/Scl-100 antigen [179]. However, the
sequence of peptides identified using phage-display or chemical libraries generally cannot be identified in any proteins present in available databases [183].
Carbohydrate-mimicking peptides have also been identified by using chemical
libraries [184]. Because it is much easier to synthesize and manipulate peptides
than complex sugars, identifying mimics of carbohydrate surrogates may yield
valuable probes for selecting autoantibodies and for further therapeutic use.
The same strategy was used to identify DNA mimotopes recognized by antibodies from lupus patients (reviewed in [185]). A series of DNA mimotopes was
identified using monoclonal or polyclonal antibodies from lupus individuals
and mice, corresponding, for example, to the sequences D/EWD/EEYS/G [186–
189], RLTSSLRYNP [190], or XXXDCTXNTUUCQL/Y/DXE (where U is an aromatic residue [F, Y, or W] and X is any residue) [191]. A 44-amino-acid fragment
recognized by pathogenic anti-DNA antibody 3E10 has also been identified
[192]. Contrary to the findings of other studies, this monomeric peptide was
found to correspond to a sequence of HP8, a protein of the osteonectin/SPARC
family of extracellular matrix proteins. Several experiments including mutagenesis have demonstrated that binding of both dsDNA and HP8 protein occurs
through overlapping portions of the antibody-binding site.
Identifying carbohydrate, DNA, or nucleosome peptide mimics can have huge
applications for both diagnosis and therapy. Therefore, this line of research is
being actively pursued by several teams, but numerous limitations hamper the
development of this strategy. It has been shown in particular that mimotopes
identified using phage-display libraries are poorly reactive in their monomeric
form [193, 194]. It seems that their multi-presentation either as MAPs or as carrier protein conjugates, for example, is required for their recognition by the antibodies used for their selection. Furthermore, in contrast to multimeric peptide
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constructs, immunization of animals with the monomeric peptide form does
not generate cross-reacting and pathogenic antibodies. These findings may be
related to some of the limitations exposed above [69]. Affinity measurements as
well as thermodynamic and structural studies should help us to understand the
mechanisms involved in the recognition of these DNA mimics.

9.9
Cross-reactivity of Autoantibodies with Synthetic Peptides and the Cognate Protein

Numerous studies of autoimmune sera and monoclonal autoantibodies using
synthetic peptides to identify epitopes of a protein have failed to locate autoepitopes in the sequence of the cognate protein. This finding was expected since it
is well known that short peptides rarely mimic the conformational epitopes that
constitute the large majority of antigenic sites of a protein or a complex. Such
results, although always disappointing, are generally well accepted. However,
systematic studies of several autoantigens have revealed the presence, in sera
from patients or from lupus-prone mice, of antibodies reacting with peptides
but not with the whole protein itself. These antibody subsets coexist with other
antibody subpopulations reacting with both the peptides and the full-length parent protein or with the whole protein only. The presence of the former antibody
population often has been ignored because, in general, investigators first select
sera that react with a particular protein, examining the reactivity of positive sera
with peptides only later to delineate the epitopes recognized in the parent protein. In fact, these antibody subsets might be more important than initially recognized. In longitudinal studies, antibodies cross-reacting with peptides are often detected significantly before antibodies reacting with the cognate protein.
This phenomenon has been described in the case of histones [54, 103, 195], several ribonucleoproteins such as SmBB'/N [128, 196], SmD1 protein [58–60, 64,
134], U1-70K protein [63], U1A protein [197], hnRNP A2/B1 protein [64], Ro52
protein [57], and PARP [153, 154].
It is difficult to know whether truly distinct antibody populations are effectively produced in autoimmune patients and animals. It could be argued that
the fact that the reaction observed with peptides is stronger than with the parent protein simply reflects a difference in the inherent sensitivity of the respective assays. Visualization of cross-reactions is better when peptides bearing a
major epitope, rather than whole purified or recombinant proteins, are tested in
optimal conditions. We should also bear in mind that most antigens (including
antigens in apoptotic bodies) are complexed in vivo with other proteins and/or
nucleic acids, which may lead to exposure of epitopes that might not be readily
accessible when the isolated protein is used in ELISA or Western immunoblotting. On the other hand, we cannot exclude the possibility that, besides antibodies reacting with native proteins and nucleoprotein complexes, antibodies reacting with denatured proteins are also produced. Such antibodies might be better
revealed by using short peptides, rather than the whole protein from which they
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are issued. A hypothesis has been proposed in which such “non-native” proteins
(denatured/defolded or damaged self-proteins) might participate in the initiation
or propagation of the autoimmune response [86, 198–200]. Finally, another explanation rests on the fact that cleavage of autoantigens during apoptosis is responsible for generating autoantibodies that preferentially recognize fragments
rather than full-length proteins [201–207]. Thus, this subpopulation of autoantibodies should not be ignored in our investigations or interpreted as an insignificant antibody subset, as they might reflect important features of the autoimmune response.

9.10
Selected Examples of Epitope Mapping with Synthetic Peptides

Systematic studies using the same antibodies under different conditions have
revealed that epitope mapping is largely affected by the type of assay used (ELISA, Western immunoblotting, precipitation) and the nature of the antigen
(short or long peptides, recombinant fragments, monomeric vs. multimeric presentation). For example, in some cases the free peptide used in solution as inhibitor is most active, while in others antibodies react preferentially with immobilized peptides adsorbed to a solid phase or conjugated to a carrier [208, 209].
As illustrated above, the level of conformational mimicry between peptide and
protein can be increased by presenting the peptide in a particular way, for example, after coupling to a carrier protein [152] or as a MAP or a SOCn construct
[193]. Conversely, such types of multi-presentation can be deleterious and induce an unsuitable conformation in the peptide. All these considerations, added
to the fact that very different antibody probes (patients’ sera and monoclonal antibodies) are used in different laboratories, may explain some of the discrepancies noted in the literature regarding the identification of B-cell autoepitopes.
Several recent articles provide a comprehensive review of autoepitope mapping
illustrated by specific examples [68, 210–215]. Although notable discrepancies
were found between independent studies, these reviews also mention a number
of important similarities in the results, allowing one to identify emerging dominant epitopes or antigenic regions of patho-physiological importance that may
serve as valuable probes for diagnosis or for developing therapeutic strategies.
This chapter was not intended to provide the reader with a compilation of
autoepitopes described so far in the current literature, but rather to describe the
advantages and limitations of different approaches used in this field and to
highlight the potential interest in using synthetic peptides for diagnostic purposes. Below we have selected a few model antigens that belong to very different classes of proteins and whose epitopes have been studied in different laboratories with a variety of approaches (Fig. 9.3). For other examples, see [213], in
which a similar representation of epitopes in the histones H1, H2A, H2B, H3,
and H4 and of RNP protein U1-70K, U1A, U1C, SmD1, SmBB', hnRNPA2,
Ro60, Ro52, and SSB/La can be found. See also [214] for additional information
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Fig. 9.3 Schematic representation of linear
epitopes recognized by autoantibodies from
patients and mice with systemic autoimmune diseases. Adapted from the original
references indicated on the right. The data
generated from studies using experimental
animals immunized with autoantigens are
not reported. In proteinase-3 (A), residues
H44, D91, and S176 form the catalytic triad;
there are two glycosylation sites in residues
N102 and N146 (*) and four disulfide bridges. In calreticulin (B), distinct sequences
were recognized by IgA antibodies from
patients with PBC, autoimmune hepatitis,
or celiac disease [219]. They are not

individualized in the figure. In DNA topoisomerase I (C), the globular core and the
COOH-terminal domain (C-t) are responsible for the catalytic activity of the protein.
The Y723 residue in the human sequence is
critical for topoisomerase I activity. The antigen named Scl-70 (70 kDa) is a degradation
product of the 100-kDa protein. In the figure,
the reactivity of IgG, IgA, and IgM from patients with SSc or from subsets of patients
with SSc is shown. Recombinant fragments
were tested by Western immunoblotting and
in some cases also by ELISA and immunoprecipitation assays [226, 227].

213

214

9 Synthetic Peptides for the Analysis of B-cell Epitopes in Autoantigens

(C) DNA Topoisomerase I (100–110 kDa)

Fig. 9.3 (continued)

on calreticulin, Ku70, and Ku80 antigens, 60S ribosomal protein P2, filaggrin,
histidyl-tRNA synthetase, and PM/Scl 100 antigen. The examples we have selected are (1) proteinase-3, a 29–32-kDa serine proteinase recognized by antibodies from patients with Wegener’s granulomatosis (for a review on proteinase-3
epitopes, see [215]); (2) calreticulin, a 46-kDa calcium-binding protein with multiple regulatory functions that is targeted by autoantibodies in various diseases,
including SLE, subacute and neonatal lupus, SS, RA, MCTD, hepatic and celiac
disease, and hepatocellular carcinoma, as well as some parasitic diseases; and
(3) DNA topoisomerase I, a 100–110-kDa nuclear protein that relaxes supercoiled DNA for cellular functions such as replication, recombination, transcription, and DNA repair. Anti–DNA topoisomerase I antibodies are disease-specific
diagnostic marker antibodies for SSc. Figure 9.3 presents the results obtained
in humans by using synthetic peptides in different test formats and recombinant fragments when available.

9.11 Concluding Remarks

9.11
Concluding Remarks

It is unrealistic to believe that the complete map of epitopes of a protein can be
established, as there are several levels of complexity. First, an epitope is defined
as a structural element recognized by the paratope of the antibody tested. This
means that, by definition, each antibody, which is unique, will define a unique
epitope. Second, with the method used routinely, only linear epitopes are identified. It is well known that conformational epitopes represent the large majority
of epitopes of a protein or a macromolecular complex. In the case of autoimmune diseases, since the antigen that gave rise to antibodies is generally far
from known, identifying the “true” epitopes recognized by serum circulating antibodies is virtually impossible. Third, perception of what constitutes an epitope
is largely operational. It is beyond the scope of this review to debate on the concept of epitopes and paratopes and their thermodynamic interaction. From a
practical point of view, however, as discussed by several authors, discrepancies
found in the literature result mostly from the fact that investigators have used
different techniques (and therefore have visualized different types of interaction), different antigenic probes, and different serum samples. Fourth, with regard to the latter aspect, an important drawback comes from the inherent
nature of the immune response, which changes and matures with time. This
phenomenon, called “epitope spreading”, has been studied by several teams of
investigators in animals immunized with peptides or in autoimmune patients
and animals, and it has been observed at both the B-cell and T-cell level in systemic and organ-specific autoimmune diseases (e.g., SLE, MS, and IDDM) as
well as in individuals infected by different pathogens. Epitope spreading complicates the design of sensitive diagnostic tests developed to identify a maximum
of patients suffering from the same disease subset. A possible solution would
be to use a cocktail of peptides to cover a majority of individuals and improve
the sensitivity of assays. Several peptides, e.g., in SmD1, Ro60, Ro52 and ribosomal P proteins, have already shown great potential for distinguishing SLE patients from patients with other rheumatic or inflammatory diseases [59, 60, 81,
152, 230–232]. CCP is an important marker for patients with RA [233], and a
lipoylated peptide of the E2 antigen has proved to be specifically recognized by
patients with PBC and not by non-PBC patients with anti-mitochondrial M2 antibodies [148]. As advocated by Leslie et al. [234], screening the general population to identify individuals at high risk for some autoimmune diseases or particular forms of these debilitating diseases could have an important impact. This
requires simple, rapid, inexpensive, and discriminative assays. Newly introduced
methods, based on peptides or peptidomimetics, might represent powerful
approaches to predict, quantify, and follow the progression of the disease, allowing some patients to receive early an adapted treatment that can prevent progression to clinical disease and limit the impact of the disease. It is anticipated
that emerging multiplexed assays, as well as new peptide probes containing
post-translational modifications to better mimic the natural antigens or mimo-
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topes identified from random libraries, should give rise in the near future to
highly specific and valuable peptide-based diagnostic assays for autoimmune
diseases.

Abbreviations

AchR
Boc
cANCA
CCP
CENP-A
Dde
ds
EAE
ELISA
Fmoc
HIV
hnRNP
HPLC
HSP
IDDM
MAP
MBP
MCTD
MS
PARP
PBC
PDC-E2
PEG
RA
Ro52, Ro60
SLE
SmD1
snRNP
SOCn
SPPS
SS
SSc
TASP
TFA
Trt
U1A, U1C,
U1-70K

acetylcholine receptor
N-a-tert-butyloxycarbonyl
cytoplasmic anti-neutrophil cytoplasmic antibodies
cyclic citrullinated peptide
centromere-associated protein A
1-(4,4-dimethyl-2,6-dioxo-cyclohexylidene)ethyl
double-stranded
experimental autoimmune encephalomyelitis
enzyme-linked immunosorbent assay
9-fluorenylmethyl-oxycarbonyl
human immunodeficiency virus
heterogeneous nuclear ribonucleoprotein
high-performance liquid chromatography
heat shock protein
insulin-dependent diabetes mellitus
multiple antigen peptide system
myelin basic protein
mixed connective tissue disease
multiple sclerosis
poly(ADP ribose) polymerase
primary biliary cirrhosis
E2 component of pyruvate dehydrogenase
polyethylene glycol
rheumatoid arthritis
52- and 60-kDa SSA/Ro protein
systemic lupus erythematosus
protein D1 of Sm antigen
small nuclear ribonucleoprotein
sequential oligopeptide carrier
solid-phase peptide synthesis
Sjögren’s syndrome
systemic sclerosis
template assembled synthetic protein
trifluoroacetic acid
trityl
proteins A, C, and 70K of the U1 snRNP antigen
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10.1
Characteristics and Classification of Systemic Autoimmune Diseases

Diseases can be characterized as autoimmune by direct, indirect, and circumstantial evidence [1]. Direct evidence is given by the presence of disease-specific
autoantibodies (AABs) and/or autoreactive T cells that cause organ dysfunction
and/or chronic inflammation. Animal models with spontaneously developed or
induced diseases that resemble autoimmune diseases (AIDs) in humans may
provide indirect evidence. Circumstantial evidence includes the association with
other AIDs, the presence of AABs (regardless of their pathogenic role), the association with major histocompatibility complex (MHC) haplotypes, the infiltration of lymphocytes into target organ(s), germinal centers in the lesions, infiltrating lymphocytes with restricted V-gene usage, and favorable response to immunosuppression. The etiologies and pathological mechanisms involved in the
development of AIDs are incompletely understood. There is no doubt that
genetic as well as environmental factors are responsible for the induction, development, and progression of AIDs. According to clinical manifestations and
autoimmune responses, AIDs may be considered organ-specific or non-organspecific (systemic).
Systemic autoimmune diseases represent a very heterogeneous group of AIDs
with manifestations on multiple tissues or organs and include rheumatoid arthritis (RA, see Chapter 12), connective tissue diseases (CTDs), anti-phospholipid syndrome, and systemic vasculitides. The CTDs can be classified as systemic lupus
erythematosus (SLE; see Chapter 11), systemic sclerosis (SSc, scleroderma),
Sjögren’s syndrome (SjS), idiopathic inflammatory myopathies (autoimmune
myositides, including polymyositis [PM] and dermatomyositis [DM]), as well as
various overlap syndromes (mixed connective tissue disease [MCTD] and PMSSc overlap syndrome) and undifferentiated (unclassifiable) CTDs. Even within
a defined disease entity (e.g., SLE according to the criteria of the American College
of Rheumatology), there is large heterogeneity, and hence added complexity,
regarding clinical manifestations, genetic background, and autoantibody profiles.
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Table 10.1 Nature and examples of disease-specific autoantibodies.
Disease group

Autoantibodies
directed against

Examples of autoantibody
reactivities

Non-organ-specific (systemic) Widely distributed autoantiAIDs
gens:
· Rheumatoid arthritis

Citrullinated proteins/
peptides
Non-organ-specific, highly
conserved nuclear or cytoplasmic antigens
Phospholipids (PL) and
PL-associated proteins
Enzymes of neutrophil
granulocytes and monocytes

Citrullinated filaggrin

Organ-specific AID

Tissue/organ-specific antigen(s)

Acetylcholine receptor
Intrinsic factor
Thyroperoxidase

Multiple organ-specific AID

Tissue/organ-specific antigens of different organs

· Connective tissue diseases

· Antiphospholipid
syndrome
· Systemic vasculitides

Double-stranded DNA
DNA topoisomerase I
tRNA synthetases
Cardiolipin
b2-glycoprotein I
Myeloperoxidase
Proteinase 3

Furthermore, there is strong and accumulating support for familial clustering of
specific manifestations of multiple systemic autoimmune diseases caused by genetic but perhaps also shared environmental factors [2].
Circulating disease–specific AABs are hallmarks of AIDs regardless of their
pathogenic role. Whereas AABs in organ-specific AIDs are directed against antigens that are expressed in the targeted organ(s), AABs in systemic AIDs respond to widely distributed antigens. In autoimmune polyglandular endocrine
syndromes that do not represent systemic but multiple organ-specific diseases,
different organ-specific AABs are present (Table 10.1).

10.2
Distinguishing Features of Systemic Autoimmune Disease-specific Autoantibodies

There are striking differences in most features between naturally occurring
AABs and disease-related AABs that are induced during the pathogenesis of organ-specific and systemic AIDs. Here we will focus on the main aspects of the
humoral autoimmune response associated with systemic AIDs.
10.2.1
Heterogeneity of the Autoimmune Response

Although the autoimmune response in a defined AID is characterized by major
molecular recognition patterns to the main autoantigen(s), this response is not
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uniform among patients with the same disease but may be heterogeneous with
regard to the AAB’s isotype, affinity/avidity, and epitope specificity as well as
with regard to the intra- and intermolecular epitope spreading. Those variations
may be in part responsible for differences in the results obtained by different
AAB detection assays (see Section 10.2.4) and in variations in AAB profiles, in
the pathogenicity of AABs, and in the clinical course of the disease. For example, proteinase 3 (PR3) antibodies of different patients with Wegener’s granulomatosis (WG) recognize a limited number of epitopes of overlapping regions on
PR3, but with interindividual differences in epitope specificity at the time of diagnosis and with intraindividual changes of epitope specificity during the
course of disease [3]. Further investigation is required to determine whether the
epitope specificity is responsible for the pathogenicity of PR3 autoantibodies.
Anti-dsDNA antibodies in sera of patients with SLE are heterogeneous in relation to cross-reactivity with some proteins [4, 5]. The cross-reactivity of human
SLE anti-dsDNA antibodies with a-actinin may contribute to the pathogenesis of
lupus nephritis [5]. Heterogeneity may also occur regarding the recognition of
distinctly modified forms of the respective autoantigen(s). An association between recognition of either apoptotically or oxidatively modified forms of the
U1-70-kDa autoantigen with different clinical disease manifestations has been
described [6].
10.2.2
Racial/Ethnic Variations in Frequency, Epitope Recognition, and
Clinical Relevance of Disease-related Autoantibodies

Many studies have shown differences in the clinical as well as autoimmunologic
presentation of systemic autoimmune diseases by race or ethnicity. This could
be explained in part by different distributions of major histocompatibility complex (MHC) class II alleles as well as polymorphisms of genes coding for immunoglobulins, immune mediators, and regulators or genes coding for the appropriate autoantigen(s) itself. The distribution of many of the SLE-, SSc-, and
myositis-related AABs differs among patients of various ethnic backgrounds.
For example, Caucasian SSc patients have the highest frequency of anti-centromere antibodies (ACA), whereas American blacks have a higher frequency of
anti-topoisomerase, anti-fibrillarin, and anti-fibrillin 1 antibodies [7, 8]. Anti-Sm
antibodies were significantly more frequently seen in American black, Afro-Caribbean, and black South African SLE patients than in Caucasians [9, 10]. Besides
such different AAB frequencies, striking ethnic differences in epitope recognition have been reported for some disease-specific AABs. For example, the frequency of reactivity of anti-topoisomerase antibodies to the region adjacent to
the amino terminus of DNA topoisomerase I was lower in Caucasian and American black than in Japanese and Choctaw Native American SSc patients. Conversely, the frequency of reactivity to the region adjacent to the carboxyl terminus was lower in Japanese patients compared to patients from other ethnic
groups [11]. Using three recombinant peptides of human fibrillin 1, spanning
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the N-terminal end, the proline-rich C region, and the epidermal growth factorlike calcium-binding repeats, significant differences in epitope recognition
among Caucasian, African American, Choctaw Native American, and Japanese
SSc patients were found [8]. Furthermore, ethnic variations in clinical presentations may occur even in immunologically similar groups. All anti-fibrillarin
antibody-positive Afro-Caribbean patients had diffuse cutaneous SSc (dcSSc)
compared to only 47% of the Caucasian patients. Therefore, the anti-fibrillarin
antibody-positive limited cutaneous SSc (lcSSc) subset seems to be almost of
Caucasian origin [12]. Anti-Ku antibodies in Japanese patients are strongly associated with scleroderma-polymyositis and SLE-scleroderma-polymyositis overlap
syndromes, whereas in African American patients these AABs are associated
with SLE [10]. Anti-PR3 antibody is a highly specific marker for Wegener’s granulomatosis in Caucasians, whereas a marked variability in the spectrum of
diseases associated with this AAB was described in the Chinese population [13].
In summary, the prevalence, epitope specificity, and clinical associations of
disease-related AAB vary considerably among different racial/ethnic groups.
This should be considered if the relevance of a defined AAB will be evaluated
in retrospective and/or prospective studies. The racial/ethnic differences may reflect genetic, social, or environmental factors that have to be discovered. Because ethnic differences are seen for MHC [14] and also non-MHC genes [7],
those genetic factors may be in part accountable for the described impact of ethnicity on the immunological and clinical presentation of systemic AIDs.
10.2.3
Autoantibodies as Predictors (Early Markers) of Disease

Most AIDs are characterized by a subclinical prodrome, during which the only
evidence of the developing disorder may be the manifestation of disease-specific
autoimmunity. Indeed, AABs that are typically produced in defined disease
manifestations are detectable months to years before appearance of the respective clinical symptoms [15–26]. This has been shown for SLE-, RA-, SSc-, SjS-,
and PM-typical AABs by retrospective (use of stored sera) and prospective
(follow-up) studies (Table 10.2). Therefore, certain AABs might predict disease
development in risk groups or even in the general population. The prediction of
AIDs becomes more and more important as effective novel immune intervention therapies become available. Recently, the most important clinical utility of
AAB testing has been diagnosis of the respective AIDs as early as possible or
diagnosis of limited or non-typical forms of the disease (for examples, see Section 10.3.4.1).
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Table 10.2 Autoantibodies as early indicators of the development
of systemic autoimmune diseases.
Autoantibodies
directed against

Diseases

Retrospective (R) or prospective (P) studies

Ref.

Cyclic-citrullinated Rheumatoid
peptides (CCP)
arthritis (RA)

R: analysis of stored sera from blood donors
who developed RA showed that anti-CCP
antibodies predate RA by several years
(mean 4.5 years; range 0.1–13.8 years)

19, 20

Double-stranded
DNA (dsDNA)

Systemic lupus
erythematosus
(SLE)

R: testing of stored sera from US Armed
Services Serum Repository from former
military personal who developed SLE showed
that anti-dsDNA antibodies may appear up to
9 years (mean: 2.2 years) before onset of SLE

15

Sm

SLE

R (see dsDNA): anti-Sm antibodies may
appear up to 8 years (mean: 1.5 years) before
onset of SLE

15

Ro/SS-A

SLE, Sjögren’s
syndrome
(SjS)

R (see dsDNA): anti-Ro/SS-A antibodies
appeared as early as 10 years before the
first onset of disease (mean 3.6 years)
P: a 5–10-year follow-up of anti-Ro/SS-A–
positive asymptomatic women who gave birth
to babies with neonatal lupus showed that
approximately half of these persons developed
SLE, SjS, or undifferentiated syndromes

15–17

La/SS-B

SLE, SjS

R (see dsDNA): anti-La/SS-B antibodies may
appear up to 8 years (mean: 3.6 years) before
onset of SLE

15

Centromere
proteins
(CENP-B, ACA)

Systemic
sclerosis
(SSc)

P: patients with Raynaud’s phenomenon
(RP) initially positive for ACA or ATA had a
63-fold increased risk for developing signs of
CTD/SSc compared to the remaining patients
with RP
P: more than one-third of asymptomatic ACApositive uranium miners developed SSc manifestations or definite SSc

22–24,
26

DNA
topoisomerase I
(scl-70, ATA)

Systemic
sclerosis

P: see ACA
P: nearly one-third of asymptomatic ATA-positive uranium miners developed SSc manifestations or definite SSc

23,
24–26

10.2.4
Problems of Standardization of AAB Testing

Recent methods of AAB determination used in clinical laboratories lack universal standards. In most cases the “golden standard” for the evaluation of AAB detection assays is the typical clinical expression of the respective disease. The

229

230

10 Autoantibodies and Systemic Autoimmune Diseases

methods currently used include indirect immunofluorescence (IIF), immunodiffusion (Ouchterlony technique), Western blotting, dot/line blotting, and FARRand enzyme-linked immunosorbent assays (ELISA). The results of these different assays are usually hard to compare. Furthermore, the diagnostic value of an
autoantibody specificity varies according to the type of detection method used.
Higher assay sensitivity usually results in higher diagnostic sensitivity, but often
results in a lower specificity of a given autoantibody for the corresponding disease. For example, the autoantibodies to various “extractable nuclear antigens,”
which are used in double radial immunodiffusion (Ouchterlony technique), are
highly specific for connective tissue diseases, though their sensitivity is limited.
The use of highly sensitive ELISA increases the diagnostic sensitivity, but usually does so at the expense of diagnostic specificity. The optimal sensitivity: specificity ratio of a new assay should therefore be carefully determined before the
assay is introduced for routine diagnostics. In general, it is hardly possible to
use only one assay for optimal diagnostics because of the heterogeneity of the
autoimmune response (see Section 10.2.1).
As a consequence of the above-mentioned points, one has to realize that effective and high-grade successful diagnostics cannot be exercised without tight collaboration among patients, clinicians, the diagnostic industry, and laboratory immunologists [27].

10.3
Autoantibodies as Diagnostic and/or Prognostic Markers
in Systemic Autoimmune Diseases

A large variety of AABs with more or less disease specificity are detectable in
systemic AIDs. With regard to the relevance, AABs may be classified as (1)
AABs that are more frequently found in an AID than in controls but do not
have any significant pathological or clinical relevance; (2) AABs that serve as
disease markers regardless of their role in etiopathogenesis; and (3) AABs that
are involved in pathological processes of disease progression or organ manifestations. Categories 2 and 3 are not mutually exclusive, as is shown for dsDNA
antibodies (1: ACR criteria for the classification of SLE; 2: involved in kidney
manifestation).
10.3.1
Autoantibodies in Rheumatoid Arthritis

Several AABs with more or less disease specificity have been described in RA
patients. Although not specific for RA, rheumatoid factors belong to the classification criteria. Recently, it was shown that AABs with high specificity for RA
are directed against proteins or peptides that are citrullinated in a sequence-specific manner (see Chapter 12).
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10.3.2
Autoantibodies in Systemic Lupus Erythematosus

In sera of SLE patients more than 100 AAB specificities have been described so
far [28]. The clinically relevant AABs are described in Chapter 11.
10.3.3
Autoantibodies in Sjögren’s Syndrome

SjS is a chronic inflammatory autoimmune disease of unknown origin characterized by lymphocytic infiltration into exocrine glands. Its primary symptoms
are keratoconjunctivitis sicca and xerostomia, but several extraglandular manifestations may occur. There are two types of SjS: primary SjS and secondary
SjS, which is associated with another underlying autoimmune disease. Ro/SS-A
and La/SS-B antibodies are included in the classification criteria for SjS [29]
and are detectable in 60–75% and 30–50% of patients, respectively. Anti-La/SSB antibodies are mostly found in SjS and SLE patients. Therefore, La/SS-B antibodies in the absence of SLE-specific AABs are highly specific for SjS. If negative for Ro/La AAB, a-fodrin antibodies may be determined. The sensitivity and
specificity of these AABs for SjS are lower than described earlier, however [30].
Some rarely detectable AABs (Coilin-p80, NuMA, Golgi apparatus antibodies)
have no relevance for the diagnosis of SjS. AABs reacting with the M3 muscarinic acetylcholine receptor (M3R) are described as highly sensitive and highly
specific for SjS. Those AABs are probably involved in the pathogenesis of SjS
[31, 32].
10.3.4
Autoantibodies in Systemic Sclerosis (Scleroderma)
10.3.4.1 Characteristics, Heterogeneity, and Subsets of Systemic Sclerosis
Systemic sclerosis (SSc), also called scleroderma, is a generalized autoimmune
disorder characterized by vascular damage and fibrosis within the skin and visceral organs, notably the gut, lung, heart, kidney, joints, and muscles. With regard to the extent of skin and internal organ involvement, the pace of disease
progression and, consequently, the prognosis, patients with SSc present a high
degree of variability. According to the preliminary ACR criteria for the classification of SSc, the presence of either the major criterion (symmetric skin sclerosis
proximal to the MCP and/or MTP joints) or two or more of the minor criteria
(sclerodactyly, digital pitting scars, bibasilar lung fibrosis) classify a condition as
SSc with 97% sensitivity and 98% specificity [33]. If used for the diagnosis in
the single patient, these criteria may be quite misleading, because they do not
allow the diagnosis of early SSc or “sclerosis sine scleroderma,” a disorder with
primary organ involvement in the absence of or prior to skin fibrosis. In the
presence of SSc-specific autoantibodies (Table 10.3), patients with Raynaud’s
phenomenon (RP) or other symptoms of a peripheral vascular disease or pa-
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Table 10.3 Diagnostic relevant autoantibodies in patients with systemic
sclerosis overlap syndromes with scleroderma.
Autoantibody

Disease association

Prognosis and organ manifestations

Anti-centromere
(ACA)

SSc (lcSSc)
CREST syndrome

Gastrointestinal complications and increased
risk of pulmonary hypertension; otherwise lower
frequency of internal organ manifestation
Lower mortality than SSc patients with antiscl-70 or anti-nucleolar antibodies

Anti-scl-70 (ATA)

SSc (dcSSc)

Increased frequency of pulmonary fibrosis
Relation with cancer?
Worse prognosis

Anti-U3-RNP/
fibrillarin (AFA)

SSc (dcSSc)

Myositis, pulmonary hypertension, renal disease

Anti-Th/To

SSc (lcSSc)

Milder skin and systemic involvement
Worse prognosis because of more severe pulmonary involvement

Anti-RNAP

SSc (dcSSc)

Anti-PM/Scl

PM/Scl-overlap,
but also in SSc
and myositis alone

High frequency of systemic involvement
(heart, lung, kidney)
Increased mortality
Benign course with better response to steroids

Juvenile scleromyositis
Anti-U1-RNP

MCTD, but also
in SSc alone

Anti-Ku

Overlap syndrome
with scleroderma
features

More benign course

tients with RP plus internal organ involvement (hypomotility of the distal esophagus and/or small bowel, interstitial lung disease, pulmonary hypertension,
SSc-typical renal or cardiac manifestations) may suffer from SSc without satisfying ACR criteria, especially if other CTDs can be excluded [34, 35].
Because of the extreme variability of SSc, various disease subsets have been
defined with the aim of prognosticating different disease courses, such as pace
of disease progression and development of internal organ involvement [36, 37].
Patients with diffuse cutaneous (dc) SSc are characterized by diffuse involvement of the skin and early occurrence of internal organ involvement, whereas
limited cutaneous (lc) SSc remains confined to the face and to regions distal to
the elbow or knee joints. Patients with lcSSc develop less organ involvement
than those with dcSSc. The so-called CREST syndrome characterized by calcino-

10.3 Autoantibodies as Diagnostic and/or Prognostic Markers in Systemic Autoimmune Diseases

sis cutis, RP, esophageal dysfunction, sclerodactyly, and telangiectasia belongs
to the limited SSc subset. Furthermore, a distinct intermediate cutaneous (ic)
SSc subset, which differs from both lcSSc and dcSSc in terms of evolution and
prognosis, should be differentiated [38, 39].
Scleroderma-specific autoantibodies associate strongly with distinct clinical
phenotypes, making serologic testing of great diagnostic aid. Out of the several
autoantibody specificities detected in the sera of SSc patients (Table 10.3) anticentromere antibodies (ACAs), anti-scl-70 antibodies, and anti–RNA polymerase
III antibodies are useful for defining subgroups in the clinical setting. For example, ACAs are confined to patients with lcSSc and are associated with calcinosis, telangiectasia, and a longer survival. Anti-scl-70 antibodies are more prevalent in, but not specific of, dcSSc (and icSSc) and are associated with interstitial lung fibrosis [40]. Anti-RNA polymerase III antibodies are associated with
heart and kidney involvement in patients with dcSSc [41]. Therefore, clinical
and serological subsets can be useful in diagnostic approaches, disease monitoring, and treatment decisions. For example, anti-scl-70-positive dcSSc patients
should be carefully searched for alveolitis early on.

10.3.4.2 Anti-centromere Antibodies
ACAs that are relevant for scleroderma diagnosis are directed against the centromere-associated proteins (CENP) CENP-A (17 kDa), CENP-B (80 kDa), and
CENP-C (140 kDa). CENP-B is the antigen most commonly targeted by ACAs.
Autoantibodies directed against other centromeric proteins (e.g., proteins only
transiently associated with the centromere) are not included in the “diagnosticcategory” ACAs. The method of choice for detecting ACAs is indirect immunofluorescence (IIF) using monolayers of tumor cells (usually HEp-2). The number of spots corresponds to the number of chromosomes in interphase nuclei
and in the equatorial plane of mitotic cells. If the typical ACA pattern is masked
by other autoantibodies, an enzyme immunoassay using recombinant CENP-B
protein should be used. ACAs are diagnostic markers for systemic sclerosis with
a specificity of > 95% (SSc versus other CTD) to nearly 100% (SSc versus normal controls) and a sensitivity of 20–30% in general (reviewed in [42]). The frequency varies in different ethnic and clinical groups. ACAs are most often seen
in CREST syndrome and similar variants, with a relatively mild clinical course
and lower mortality compared to SSc patients with anti-scl-70 or antinucleolar
antibodies. The prevalence of interstitial pulmonary fibrosis and renal involvement in ACA-positive scleroderma patients is very low. However, ACA-positive
patients do have an increased risk of pulmonary hypertension and ischemic digital loss. The occurrence of ACAs in high-risk patients or patients with Raynaud’s phenomenon is an important indicator of the potential for SSc development [22–24, 26]. ACAs can be detected years before the occurrence of specific
symptoms of scleroderma. ACAs are also detectable in patients with primary
biliary cirrhosis (PBC). Roughly half of these patients have concomitant scleroderma or signs of the development of scleroderma (e.g., Raynaud’s phenome-
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non). ACAs are infrequently detectable in circumscribed forms of scleroderma
as well as in SLE, polymyositis/dermatomyositis, primary pulmonary hypertension, and chronic active hepatitis. Positive ACA test results can also indicate the
potential for the development of scleroderma in these patients.

10.3.4.3 Anti-topoisomerase I Antibodies
The so-called anti-topoisomerase I (anti-scl-70) antibodies target DNA topoisomerase I, which is found in the nucleoplasm and nucleolus and catalyzes the cleavage
and rebinding of single-stranded DNA during the relaxation phase of supercoiled
DNA. Although the name “Scl-70 antibody” is still used, the scientifically more
correct name is “anti-topoisomerase I antibody” (ATA). IIF using HEp-2 cells
usually reveals fine granular to homogeneous staining of the nucleoplasm with
or without (depending on the substance used for fixation) staining of the nucleoli
and chromatin of mitotic cells. Immunodiffusion, enzyme immunoassay, and
Western blot are used in routine diagnostic testing. ATAs are marker antibodies
with a diagnostic specificity of > 99%. The sensitivity for diagnosis of SSc is 15–
43% (reviewed in [42]). ATAs are associated with diffuse skin involvement and internal manifestations (lung, heart, kidney). ATA-positive scleroderma patients generally have a more severe clinical course and a poorer prognosis than their ACApositive counterparts. The co-occurrence of ATA with other SSc marker antibodies
is extremely rare. ATA detection in high-risk patients (e.g., miners with a history of
silica exposure) or patients with Raynaud’s phenomenon is an important warning
of the possible development of SSc [23, 24, 26].

10.3.4.4 Anti-nucleolar and Anti-RNA Polymerase Antibodies
The term “anti-nucleolar antibodies” describes all autoantibodies that show a
nucleolar pattern by IIF on Hep-2 cells. The autoantigenic targets that are relevant for SSc are fibrillarin, PM-Scl, RNA polymerase I, and To/Th antigen.
High-titer anti-nucleolar antibodies are diagnostic markers for SSc, but may also
be detected in patients with tumors (especially hepatocellular carcinoma) and
other diseases, depending on the target specificity.
Anti-fibrillarin antibodies (AFAs) are directed against fibrillarin, the main
protein component of the nucleolar U3-RNP complex, which is involved in prerRNA processing. Fibrillarin is also a component of other small nucleolar ribonucleoprotein (snoRNP) complexes. By IIF on Hep-2 cells, AFAs reveal a granular (clumpy) nucleolar immunofluorescence pattern. Chromosomal staining in
metaphase may also be observed. Specific, highly sensitive methods for detection of fibrillarin antibodies are not yet available for routine use. AFAs are
detectable in fewer than 10% of patients with SSc (associated with dcSSc) but
have also been described in patients with SLE and localized scleroderma (reviewed in [42]). Fibrillarin antibody production was induced using mercury salts
in a mouse model [43]. This suggests that exogenous factors may play a role in
pathogenesis.
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Anti-Th/To antibodies target components of the ribonuclease MRP and the ribonuclease P complexes. IIF using HEp-2 cells reveals a homogeneous nucleolar staining pattern. They are detectable in 2–5% of patients with SSc and are
associated with milder skin and organ involvement, with one exception: pulmonary arterial hypertension (reviewed in [42]).
Anti-RNA polymerase antibodies target RNA polymerases (RNAPs) of the RNAP
multiprotein complexes consisting of 8–14 proteins weighing 10–220 kDa.
There are three classes of RNAPs (RNAPs I, II, III). Whereas only RNAP-I is
localized in the nucleolus, RNAPs II and III are localized in the nucleoplasm.
Since the different types of RNAP antibodies often occur in combination, it is
hardly possible to make a differential assessment of the clinical relevance of the
individual specificities. RNAP-I antibodies are observed in 4–11% of patients
with systemic sclerosis (scleroderma) but are rarely detected in other autoimmune diseases. They are associated with severe, diffuse forms of scleroderma.
These patients have a poor prognosis because they tend to have a higher frequency of cardiac, hepatic, and renal involvement. RNAP-III antibodies are detected in 12–23% of patients with systemic sclerosis and are frequently associated with RNAP-I and RNAP-II antibodies. RNAP-III antibodies seem to be
specific for scleroderma since they have not yet been found in any other disease. They are associated with diffuse or extensive skin manifestations and with
heart and kidney involvement [41]. RNAP-III antibodies have also been detected
during a renal crisis in the absence of skin manifestations, i.e., sclerosis without
scleroderma [44].
10.3.5
Autoantibodies in Idiopathic Inflammatory Myopathies

The idiopathic inflammatory myopathies (IIMs, autoimmune myositides) comprise a heterogeneous group of rare diseases characterized by skeletal muscle
inflammation and a variety of systemic symptoms. The two most common types
are dermatomyositis (DM) and polymyositis (PM). The typical features are muscle soreness and increasing muscle weakness that ultimately progresses to muscular atrophy. PM and DM have different pathogenetic bases and histomorphological features: DM is characterized by complement-dependent membranolysis
of the intramuscular capillaries, whereas PM is associated with cytotoxic T lymphocytes. In patients with IIM, a variety of myositis-specific autoantibodies
(MSAs) and myositis-associated autoantibodies (MAAs) have been described
(Table 10.4). MAAs are found also in connective tissue diseases without the
presence of myositis, whereas MSAs are highly specific for IIM. Despite this
high specificity, MSAs are (up to now) not included in the widely used classification criteria for the diagnosis of DM and PM [45]. Furthermore, some MSAs
are specific markers for different subtypes of IIMs that differ in clinical manifestation, disease severity, response to immunosuppressive therapy, prognosis,
and pathogenesis (for review, see [46]). Most of the known MSAs are directed
against cytoplasmic ribonucleoproteins involved in the process of protein syn-

235

236

10 Autoantibodies and Systemic Autoimmune Diseases
Table 10.4 Autoantibodies in patients with idiopathic inflammatory myopathies.
Myositis-specific
autoantibodies (MSA)

Disease association

Prognosis and organ manifestations

Anti-Mi-2

Classic DM

Good prognosis; however, association
with malignancies

Anti-aminoacyl-tRNA
synthetases
Anti-Jo-1
(His-tRNA synthetase)
Anti-PL-7 (Thr-tRNA
synthetase)
Anti-PL-12 (Ala-tRNA
synthetase)
Anti-EJ (Glu-tRNA
synthetase)
Anti-OJ (Ile-tRNA
synthetase)
Anti-KS (Asp-tRNA
synthetase)

PM (anti-synthetase
syndrome)

Fibrosing alveolitis, polysynovitis
More severe clinical course, frequent
active episodes, and a poor prognosis

Anti-SRP

PM (anti-SRP
syndrome)

Relatively rapid progression to severe
muscle weakness
Cardiac involvement?
Poor prognosis

thesis. The currently used diagnostic markers are directed to several tRNAsynthetases (anti-Jo-1 antibodies among others), to components of the signal
recognition particle (anti-SRP antibodies), and to components of a nucleosomeremodeling complex (anti-Mi-2 antibodies).
Anti-aminoacyl-tRNA synthetase antibodies (anti-synthetase antibodies) are directed against cytoplasmic enzymes that catalyze the binding of a specific amino
acid to the corresponding transfer RNA (tRNA) molecule. The most frequently detectable anti-synthetase antibody is the anti-Jo-1 antibody, which binds the histidyltRNA synthetase. Aminoacyl-tRNA synthetase antibodies are specific markers for
IIM, especially PM. The diseases associated with these autoantibodies usually
have similar symptoms and are therefore referred to as anti-Jo-1 or anti-synthetase
syndrome [46, 47]. This subset of IIM is characterized by the additional occurrence
of fibrosing alveolitis and polysynovitis. Except for Jo-1 antibodies, the individual
aminoacyl-tRNA synthetase antibodies are very rarely found in IIM (<1–3%). The
sensitivity and specificity of Jo-1 antibodies for IIM in adults is approximately 30%
and > 99%, respectively. In juvenile myositis, Jo-1 antibodies are seldom found.
Myositis patients positive for Jo-1 antibodies tend to have a more severe clinical
course, frequent active episodes, and a poor prognosis.
Anti-SRP antibodies are directed against proteins of the cytoplasmatic signal
recognition particles (SRPs). SRPs are ribonucleoprotein complexes consisting
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of one 7SL RNA and six different proteins (SRP9, SRP14, SRP19, SRP54,
SRP68, and SRP74). SRP antibodies mainly react with protein SRP54, and some
also react with SRP68 and SRP72. They are diagnostic markers for IIM with a
diagnostic specificity of virtually 100% and a sensitivity of roughly 4%. SRP antibodies may define a relatively homogeneous group of patients with similar
clinical symptoms [46, 48]. In contrast to myositis patients with aminoacyl-tRNA
synthetase antibodies, patients with SRP antibodies do not exhibit involvement
of the joints, lungs, or skin. Many of the patients do not respond well to immunosuppressants. They have the poorest prognosis of all patients with myositis!
Anti-Mi-2 antibodies are diagnostic markers for IIM with a diagnostic sensitivity of 5–12%. They can be found more frequently in DM than in PM.
Roughly 95% of patients who test positive for anti-Mi-2 antibodies have DM,
and around 3% have PM. Compared to the myositis patients who test positive
for aminoacyl-tRNA synthetase or SRP antibodies, those positive for Mi-2 antibodies generally have a relatively mild clinical course; rarely exhibit synovitis,
lung manifestations, or Raynaud’s phenomenon; and respond well to glucocorticosteroids. However, the clinical association may differ depending on the detection method used (Ouchterlony versus ELISA; see also Sections 10.2.1 and
10.2.4) or the ethnic background of the studied patients [49, 50].
10.3.6
Autoantibodies in Mixed Connective Tissue Disease

Mixed connective tissue disease (MCTD) or Sharp syndrome combines features
of SLE, SSc, and IIM [51]. The sera of these patients contain high titers of antinuclear antibodies (granular fluorescence pattern) directed against U1-RNP.
Whether or not the corresponding clinical picture first described by Gordon
Sharp in 1971 is really a separate nosological entity remains a subject of debate.
Anti-U1-RNP autoantibodies are directed against the U1-snRNP-specific proteins A (34 kDa), C (22 kDa), and 68 kDa (70 kDa). Indirect immunofluorescence using cell monolayers (HEp-2) reveals moderately granular staining (these
granules mark the foci of spliceosomal components) superimposed on diffuse
nucleoplasmic fluorescence. The nucleoli are negative. Ouchterlony, ELISA, and
dot-blot/line assays are used in routine diagnostics. In the absence of Sm and
dsDNA antibodies, U1-RNP antibodies are diagnostic markers of MCTD that belong to the classification criteria [51]. According to these criteria, the absence of
U1-RNP antibodies essentially rules out the Sharp syndrome. U1-RNP antibodies are also found in 13–32% of patients with SLE. The data on the association
of the antibodies to different manifestations of SLE are very inconsistent, but
the positive association between U1-RNP antibodies and vasculitic skin and mucosal manifestations (discoid lesions, oral ulcers) and Raynaud’s phenomenon is
relatively well confirmed. In SSc, U1-RNP antibodies are found in up to 10% of
the affected patients and are associated with pulmonary fibrosis and joint involvement.
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10.3.7
Autoantibodies in Polymyositis-Scleroderma Overlap Syndrome (Scleromyositis)

Overlap syndromes with features of both PM and SSc are associated with PMScl and Ku antibodies. However, negative tests for these AABs do not exclude
the possibility of PM-scleroderma overlap syndrome.
PM-Scl antibodies are directed against components of the exosome, a complex
consisting of 11–16 proteins (20–110 kDa) located in the granular part of the
nucleoli and in the nucleoplasm. The main targets of PM-Scl antibodies are proteins of 100 kDa (PM-Scl-100) and of 75 kDa (PM-Scl-75). PM-Scl antibodies are
highly characteristic of, although not specific for, PM-scleroderma overlap syndrome [52]. They are detectable in approximately 24% of patients with PM-scleroderma overlap syndrome, in 8–12% with IIM, and in 1–16% with SSc. Apart
from myositis, arthritis and Raynaud’s phenomenon are the most common
manifestations observed in PM-Scl antibody-positive patients. Cardiac and renal
involvement is very rare. The prognosis for these patients is therefore relatively
good. In childhood, the PM-Scl antibody-positive scleromyositis appears to be
the most common scleroderma-like disease [53]. The clinical course is relatively
benign compared to that of juvenile dermatomyositis or scleroderma.
Ku antibodies are directed against DNA-binding, non-histone proteins (p70/
p80 heterodimers) and the catalytic subunit (p350) of DNA-dependent protein
kinase (DNA-PK). Ku antibodies are detectable in patients with myositis-scleroderma overlap syndrome but can also be found in patients with primary pulmonary hypertension, SLE, and other connective tissue diseases (reviewed in [42]).
10.3.8
The Antiphospholipid Syndrome

The Antiphospholipid Syndrome (APS), also called Hughes syndrome, is a multi-system thrombophilic disorder associated with circulating AABs directed
against negatively charged phospholipids (PL) and PL-binding proteins [54, 55].
APS may occur as an isolated disease entity (primary APS) or in combination
with another autoimmune disease, especially systemic lupus erythematosus
(secondary APS). The clinical features of APS are caused by venous and/or
arterial thrombosis and/or pregnancy morbidity. According to the localization
and severity of thrombosis, the clinical picture is extremely variable, and the
complications arising from the disease may be minimal to life-threatening. International clinical and laboratory criteria have provided consensus on the typical features of the syndrome [54]. Several manifestations are relatively common
in APS patients (deep vein occlusions affecting the lower limbs, stroke, large
vessel occlusions, fetal loss, thrombocytopenia, livedo reticularis). However,
many other clinical manifestations with lower prevalence have been described –
such as chorea, acute encephalopathy, or avascular necrosis of the bone – showing that the full expression of this syndrome is more heterogeneous [56]. In
clinical practice, the lupus anticoagulant (LA) detected by clotting assays as well
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as the anticardiolipin (aCL) and anti-b2-glycoprotein I antibodies detected by
ELISA are the most widely used tests for the serological diagnosis of APS. However, according to the heterogeneous entity of this syndrome, other AABs
against phospholipids (phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, phosphatidylcholine) or PL-binding proteins (prothrombin, annexin V, protein C, protein S) are or may be involved in APS patients.
The laboratory criteria for the classification of APS include antiphospholipid
antibodies (aPLs) determined by the standardized b2-dependent anticardiolipin
(IgG and/or IgM) and the lupus anticoagulant assay. These assays must be positive on two or more occasions at least six weeks apart [54]. A definite APS can
be diagnosed if at least one of the clinical criteria (manifestation of vascular
thrombosis and pregnancy morbidity) and one of the laboratory criteria is present. Anti-CL antibodies are also frequently detectable in patients with other systemic AIDs (especially SLE) and are associated with the presence or development of thrombotic manifestations (secondary APS). However, aCLs predict the
development of thrombosis only at a low frequency in those patients. An anticoagulant therapy is not recommended in aCL-positive patients in the absence
of a thrombotic event. Because the morbidity following thrombosis is significant, it is necessary to look for risk factors with a high predictive value to
prevent serious thrombotic events by early anticoagulant therapy. For example, a
high-titer aPL and the presence of more than one aPL increase the association
with clinical symptoms of APS [57, 58]. Prospective studies should be done to
evaluate the predictive value of different aPL antibody profiles. Such profiles
should also include novel aPL assays such as the aPS/PT assay for the determination of AABs against phosphatidylserine-prothrombin complexes [59].
10.3.9
ANCA-associated Vasculitides

ANCA-associated vasculitides, which include Wegener’s granulomatosis (WG),
microscopic polyangiitis (MPA), and Churg-Strauss syndrome (CSS), are characterized by interactions between anti-neutrophil cytoplasm autoantibodies (ANCAs) and neutrophils initiating endothelial and vascular injury. Focal necrotizing lesions are the common vascular pathology of the ANCA-associated disorders. According to the localization and severity of those lesions, a variety of
symptoms and signs can be seen. In contrast to anti-glomerular basement
membrane disease, IgA nephropathy, or lupus nephritis, the immunohistology
shows little deposition of immune reactants. Myeloperoxidase (MPO) was identified as the target antigen of MPA-associated ANCAs, and proteinase 3 (PR3)
as that of WG-associated ANCAs [60, 61]. ANCAs are determined by IIF using
ethanol-fixed human neutrophils and by ELISA using MPO or PR3 as target
antigen. Most PR3 antibodies produce a granular cytoplasmic (cANCA) pattern,
whereas most MPO antibodies produce a perinuclear (pANCA) immunofluorescence pattern.
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10.3.9.1 Anti-proteinase 3 Antibodies (PR3-ANCAs)
Proteinase 3 (PR3) is a multifunctional protein found in the azurophil (primary)
granules of neutrophils, in the granules of monocytes, and in the cytoplasm of
endothelial cells. Antibodies against PR3 are highly specific for WG. The diagnostic sensitivity of these AABs is dependent on the stage and activity of disease: roughly 50% in the inactive initial stage, roughly 60% in active mono- or
oligosymptomatic forms (kidney or lung involvement), and virtually 100% in
the active generalized phase. A positive PR3-ANCA result is highly specific and
permits the definitive diagnosis of early and abortive forms of WG as well as a
number of limited forms of WG, e.g., in patients with scleritis, episcleritis, subglottic stenosis, Tolosa-Hunt syndrome, facial paresis, cranial polyneuritis,
peripheral neuropathy, secondary polychondritis, pulmonary hemorrhage, idiopathic progressive necrotizing nephritis, and hemodialysis patients with renal
failure of unclear origin (reviewed in [62]). PR3-ANCAs are also found at low
frequencies in other vasculitic diseases associated with WG (e.g., microscopic
polyangiitis, Churg-Strauss syndrome, classical panarteritis nodosa). In WG,
PR3-ANCA titers correlate with disease activity, i.e., they decrease in remission
(response to therapy) and increase when exacerbation is imminent. PR3-ANCA
monitoring can therefore be used to ensure optimal patient management.

10.3.9.2 Anti-myeloperoxidase Antibodies (MPO-ANCAs)
Myeloperoxidase (MPO), an enzyme found in the azurophil (primary) granules of
neutrophils, is a homodimer with a molecular weight of approximately 140 kDa.
MPO-ANCA is the diagnostic marker for MPA in general (sensitivity 60–80%)
as well as a diagnostic marker for immunohistologically negative (“pauci-immune”) focal necrotizing glomerulonephritis, which – when inadequately managed
– can transform into extracapillary proliferative, rapidly progressive glomerulonephritis (RPNG). Pauci-immune glomerulonephritis can occur as a component of
systemic vasculitis (especially MPA) or as an “idiopathic” type (without signs of
extrarenal vasculitis). MPO-ANCAs are detectable in roughly 65% of patients with
this type of glomerulonephritis. Exogenous factors such as medications (mainly
hydralazine and propylthiouracil, but also penicillamine, methimazole, allopurinol, and sulfasalazine) or silica exposure are currently being discussed as potential triggers in some of these cases. MPO-ANCAs are also found in 30–40% of
patients with renopulmonary syndrome (“anti-GBM disease”). The patients tend to
be older and respond to immunosuppressant therapy better than patients with
GBM antibodies alone. Low frequencies of MPO-ANCAs have been found in
WG, CSS, and classical panarteritis nodosa. The MPO-ANCA titer is frequently
associated with the disease activity of ANCA-associated vasculitis. MPO-ANCAs
have also been described in non-ANCA-associated diseases such as vasculitic
lesions in patients treated with thyreostatic drugs, connective tissue diseases (up
to 10%), hydralazine-induced lupus erythematosus (10–100%), and chronic inflammatory bowel disease (reviewed in [62]). The prevalence of drug-induced MPOANCA-associated vasculitis may be higher than was previously assumed [63].

10.4 Summary and Perspectives

To ensure a timely and effective initiation of treatment, MPO-ANCA antibodies should be determined at even the slightest suspicion of renal vasculitis.
Without adequate treatment, the development of terminal renal failure is often
inevitable.

10.4
Summary and Perspectives

Disease-specific and even disease-associated AABs are important biomarkers not
only to confirm the diagnosis of the respective systemic AID but also to diagnose the disease at very early stages (mono- or oligosymptomatic manifestations) or to diagnose the respective disease without the typical clinical manifestations (atypical forms). A confirmation of the diagnosis in early stages is required if patients are to benefit from early therapeutic intervention. For example, it has been shown that treatment with disease-modifying anti-rheumatic
drugs initiated within only three months of symptom onset of RA (very early
RA) is beneficial when compared to even a short delay of such therapy [64]. Because the clinical picture of early systemic AIDs is not always characteristic and
the classification criteria are frequently not fulfilled at early disease stages, AAB
tests with high diagnostic specificity and high predictive values are necessary.
Such assays may also replace more invasive and costly diagnostic techniques.
Furthermore, some AAB specificities are predictors of certain organ manifestations and can help in the early recognition of fatal complications of systemic
diseases such as pulmonary hypertension (PHT) or renal crisis. For example,
anti-U3-RNP antibody is strongly associated with PHT in SSc patients [65]. As a
novel and successful medication of PHT with endothelin receptor blocker became recently available, AABs together with other risk factors are very helpful
in early therapy decisions. Early therapy may possibly prevent, delay, or attenuate this severe complication [65].
Another valuable use of AABs is that they facilitate an understanding of the
complex pathogenesis of systemic AIDs. AABs may amplify autoimmune responses by alterations of antigen presentation (leading to intra- and intermolecular epitope spreading of the immune response) or by direct pathogenicity [66].
Direct pathogenicity of diagnostically relevant AABs has been shown only for
Ro/SS-A antibodies (congenital heart block), ANCAs (vasculitides), and perhaps
aPLs (thrombosis). However, there is increasing evidence that other disease-specific AABs may play a direct role in disease pathogenesis. For example, it was
demonstrated recently that anti-topoisomerase I antibodies bind specifically to
determinants of the fibroblast surface [67]. The molecular identity of these determinants and the possible role of an anti-fibroblast activity are being studied.
Furthermore, novel AABs with a probable pathogenic role in general (e.g., matrix metalloproteinase-inhibiting AABs in SSc) or in special manifestations (e.g.,
anti-carbonic anhydrase II antibodies in pulmonary involvement of SSc) have
been described [68, 69]. Although many clinically useful novel AAB specificities
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are not yet available in routine practice, the rapid development of new technologies that permit detection of multiple AABs in a single platform (e.g.,
addressable laser bead assays or microchip arrays) may bring these into widespread use.
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11
Autoantibodies in Systemic Lupus Erythematosus
Falk Hiepe

11.1
Introduction and Historical Perspective

Systemic lupus erythematosus (SLE) is a multi-systemic autoimmune disease
that can involve almost any organ of the human body. The diverse clinical manifestations of SLE are accompanied by a huge number of autoantibodies. The
number of antibodies associated with SLE was recently reported to be 116 [1].
No other autoimmune disease is similar to SLE with regard to the vast number
of autoantibodies linked with it. SLE autoantibodies can react with nuclear, cytoplasmic, and surface cellular antigens as well as with complement components
and coagulation system factors.
In 1948, Malcom Hargraves, Helen Richmond, and Robert Morton from the hematology laboratory of the Mayo Clinic in Rochester noted the presence of previously unknown cells in the bone marrow of a patient with acute SLE. These cells,
which they called LE cells, were described as mature neutrophilic polymorphonuclear leukocytes that phagocytose Feulgen-stained nuclear material [2]. This historic finding ultimately led to the discovery of a broad variety of autoantibodies directed against nuclear antigens, which are now known as antinuclear antibodies
(ANAs). In 1949, Haserick and Bortz made the important observation that, when
incubated with normal bone marrow, serum from SLE patients was able to induce
the formation of LE cells [3]. The inducing factor, called LE factor, was found to be
associated with the gamma-globulin fraction of SLE serum [4], which was suspected to be an antibody. For the next 10 years, the detection of LE cells in the peripheral blood remained the most popular laboratory test for the diagnosis of SLE.
In 1953, Peter Miescher observed that the sera from rabbits immunized with cell
nuclei were able to induce LE cell formation using normal human leukocytes. One
year later, Miescher demonstrated that absorption of SLE serum by cell nuclei isolated from calf thymus cells made the serum incapable of inducing LE cell formation. Based on these experiments, the LE factor was confirmed to be an ANA [5].
These pivotal findings resulted in the simultaneous reporting of antibodies to
DNA in the sera of SLE patients by at least four different groups in 1957 [5–9].
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Because the spectrum of autoantibodies associated with SLE is so broad, this
article will focus on autoantibodies of high diagnostic relevance. Table 11.1 summarizes the characteristics of important autoantigen–autoantibody systems in
SLE.
A recent publication has shown that autoantibodies are typically present many
years before the diagnosis of SLE. Furthermore, the appearance of autoantibodies tends to follow a predictable course, with a progressive accumulation of specific autoantibodies before the onset of SLE, while patients are still asymptomatic [10].

11.2
Antinuclear Antibodies

Since ANAs are present in almost all patients with SLE, the ANA test is the
most sensitive test for lupus. In a recent study, ANAs were found in 280 out of
291 (96.2%) SLE patients [11]. However, ANAs are not specific for SLE because
they occur in a variety of autoimmune, rheumatic, and infectious diseases.
Moreover, ANAs are sometimes detected in healthy individuals, especially in the
elderly. In any case, the absence of ANAs makes the diagnosis of SLE much
less likely, although still possible. Indirect immunofluorescence with tissue or
cell culture substrates is the most widely used method for detection of ANAs.
Because of their large nucleus and prominent nuclear constituents, human esophageal tumor cells (HEp-2) are most commonly used for this purpose. HEp-2
cells have virtually replaced mouse kidney or liver tissue sections because they
are much more sensitive for ANAs. The rare anti-Ro/SSA precipitin-positive lupus patient continues to be ANA negative because of the paucity of the Ro/SSA
antigen and the loss of its antigenicity after cell fixation.
The ANA test is interpreted both by titer and by pattern. Higher titers loosely
correlate with pathologic significance. Since the ANA test is dependent upon
immunologic reagents and laboratory conditions, there is substantial interlaboratory variation [12]. The different antigenic targets bound by the autoantibody lead to different ANA immunofluorescence patterns, depending on
their location within the cell and on the specific changes caused by fixation
(Fig. 11.1, see page 253).
Counterimmunoelectrophoresis and immunodiffusion techniques were previously used to detect specific ANAs, but more sensitive techniques have now
been developed, for instance, enzyme-linked immunosorbent assays (ELISA)
and line immunoassays (LIA) using whole cell nuclei, affinity-purified antigens,
recombinant proteins, or synthetic peptides. Immunoblotting [13, 14] and immunoprecipitation [15, 16] are valuable tools for characterizing many autoantibodies that react with nuclear and cytoplasmic antigens. New developments for
miniaturization and simultaneous determination of different ANAs and other
autoantibodies include novel autoantigen microarrays [17–19] and a laser-based
flow technology (Luminex) [20, 21].

Double-stranded, native DNA

H1, H2A, H2B, H3, H4, H5,
[H2A-H2B]-DNA dimer
140 base pairs of DNA wrapped
around 4 pairs of core histones
Core proteins B (28), B' (29),
D (16), E (13), F and G of U1,
U2, U4, U5, and U6 snRNPs

dsDNA

Histones

U1-nRNP

Sm

Proteins 70 kDa, A (33) and
C (22) of U1-sn RNP

Multiple nuclear antigens
(see below)

ANA

Nucleosome

Characterization of antigen

Autoantibody
to

Splicing of
pre-mRNA

Organization of
nucleosomes
Organization
of nuclear DNA
Splicing of
pre-mRNA

Genetic code

Biological
function

High
High

No

5–70%

23–40%

No

High

No

Disease
specificity

50–90%

40–80%

95–100%

Prevalence

Controversial

Yes

Yes

Controversial

Yes

No

Correlation with
disease activity

Table 11.1 Characterization of autoantigen–autoantibody systems in SLE (modified according to [1, 12, 180, 181]).

Included in the revised ACR criteria of SLE; more frequent in
Asians and Afro-Americans; CNS
involvement, milder form of
nephritis, lung fibrosis, pericarditis, oral ulcer, thrombopenia, leukopenia, lower prevalence of
sicca symptoms; usually found
with anti-U1RNP
Raynaud’s phenomenon, myositis, arthritis, lower chance for
nephritis

One of the revised ACR criteria
of SLE; indirect immunofluorescence assay for ANAs is a useful
screening test
Included in the revised ACR criteria of SLE, important marker
for the diagnosis of SLE; nephritis, CNS involvement
Nephritis? Frequently positive in
drug-induced lupus
Nephritis, psychosis

Clinical associations
and comments
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Characterization of antigen

Protein A1 (34 kDa) of hnRNP

52-kDa and 60-kDa ribonucleoprotein containing small uridinerich nucleic acids (hY1, hY3,
hY4, hY5)

Phosphoprotein (48 kDa) associated with a variety of small
RNAs (precursors of cellular 5S
RNA and tRNA, 7S RNA, viral
RNAs, Ro/SS-A cytoplasmic hY
RNAs)

Cyclin (36 kDa)

Autoantibody
to

RA33

Ro/SS-A

La/SS-B

PCNA

Table 11.1 (continued)

Auxiliary protein
of DNA-polymerase

Splicing of
pre-mRNA
DNA binding
protein (52 kDa
Ro); quality control for 5S rRNA
production/
involvement in
translation of
ribosomal protein mRNA
(60 kDa Ro)
Probably transcription termination factor of
RNA polymerase III

Biological
function

2–7%

6–35%

24–60%

9–40%

Prevalence

High

No

No

No

Disease
specificity

Not known

No

Controversial

No

Correlation with
disease activity

Secondary Sjögren’s syndrome,
neonatal lupus, subacute cutaneous lupus, cytopenia, pneumonitis, leukocytoclastic vasculitis,
C2 and C4 deficiency; lower
prevalence of nephritis and antidsDNA in patients with anti-Ro/
SSA and anti-La/SSB
Young age of onset, proliferative
nephritis

Secondary Sjögren’s syndrome,
subacute-cutaneous lupus, photosensitivity, neonatal lupus, interstitial lung disease, lymphopenia, nephritis and anti-DNA
in patients without anti-La/SSB

Erosive arthritis

Clinical associations
and comments

250

11 Autoantibodies in Systemic Lupus Erythematosus

Cytoplasmic and nuclear-localized proteinase complex (20S),
arranged in a cylindrical structure of 4 stacked rings, each
composed of 7 subunits (a-type
subunits form the outer rings,
b-type subunits form the inner
rings carrying the proteolytic
sites

Collagen-like region of C1q

Proteasome

C1q

Involved in the
ubiquitin-dependent selective
degradation of
short-lived and
abnormal proteins; processing
of antigens presented by MHC
class I molecules
Complement
protein that
initiates classic
pathway of complement cascade

Active in elongation step of protein synthesis

Repairs dsDNA
breaks, V(D)J
recombination

Heterodimer consisting of
70-kDa and 80–86-kDa protein
subunits, DNA binding component of a 350-kDa catalytic subunit with DNA-dependent kinase
activity
Phosphoproteins P0 (15 kDa),
P1 (16 kDa), and P2 (38 kDa)

Ku

Ribosomal
RNP

Biological
function

Characterization of antigen

Autoantibody
to

Table 11.1 (continued)

30–50%

58%

8–42%

10–40%

Prevalence

No

No

High

No

Disease
specificity

Yes

Not known

Yes

No

Correlation with
disease activity

Nephritis, hypocomplementemia,
urticarial vasculitis, predicts
relapses of lupus nephritis,
correlates with anti-dsDNA

Frequencies differ in different
ethnic groups; more prevalent
in juvenile-onset and Asians;
psychosis, hepatitis
SLE, Sjögren’s syndrome, myositis

Mild disease by a low incidence
of renal and CNS involvement,
Raynaud’s phenomenon, arthritis, pulmonary hypertension,
esophageal reflux

Clinical associations
and comments
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Characterization of antigen

Negatively charged phospholipids
(e.g., cardiolipin, phosphatidylserine), phospholipid-binding
proteins (b2 glycoprotein I)

Protein and glycoprotein antigens on RBC membrane

Major platelet surface glycoproteins (GPIb: 143- and 22-kDa
subunits; GPIIb: 132- and 23kDa subunits; IIIa: 114 kDa;
IX: 17–22 kDa)
CD36

Numerous intracellular and
membrane antigens

Autoantibody
to

Phospholipids,
Lupus
anticoagulant
(LAC)

Red blood
cells

Platelets

Endothelial
cells

Table 11.1 (continued)

Signal transduction, scavenger
receptor, and adhesion molecule

Role in coagulation

Biological
function

7–86%

nd

10–62%

10–50%

20–60%

Prevalence

No

nd

No

No

No

Disease
specificity

Yes

Nephritis, CNS involvement,
pulmonary hypertension, digital
vasculitis, Raynaud’s phenomenon, serositis, aCL

Thrombopenia, recurrent early
fetal loss

No

Yes

No

Included in the revised ACR
criteria of SLE; secondary antiphospholipid syndrome in SLE:
thrombosis recurrent fetal loss,
thrombocytopenia, hemolytic
anemia, CNS involvement
Hemolytic anemia, often positive
without anemia, warm antibodies usually detected
Thrombocytopenia

Clinical associations
and comments

aCL yes
LAC no

Correlation with
disease activity

252

11 Autoantibodies in Systemic Lupus Erythematosus

11.2 Antinuclear Antibodies

Fig. 11.1 Immunofluorescence patterns on HEp-2 cells seen in SLE.

11.2.1
Antibodies Directed Against the Nucleosome Family
11.2.1.1 Anti-DNA Antibodies
Antibodies to DNA were first described in 1957 [6–9]. They constitute a subgroup of ANAs that bind single-stranded and/or double-stranded DNA. They
may be IgM antibodies or any IgG antibody subclass. In general, tests for IgG
complement-fixing antibodies to DNA, especially those that bind doublestranded DNA, have the greatest diagnostic value in patients in whom SLE is
suspected. Therefore, anti-dsDNA antibodies were included in the American
College of Rheumatology classification criteria [22, 23]. In addition to serving as
a laboratory marker for SLE, these antibodies may contribute to the development of associated diseases, such as nephritis. The underlying stimulus for
anti-DNA antibody production in SLE patients remains unknown [24].
Antibodies that bind exclusively to single-stranded DNA can bind its component bases, nucleosides, nucleotides, oligonucleotides, or ribose-phosphate backbone, all of which are exposed in single-stranded DNA. In contrast, anti-doublestranded DNA antibodies bind to the ribose-phosphate backbone, base pairs, or
specific conformations of the double helix. Double-stranded DNA exists primarily in a right-handed helical form called B DNA. There is also a left-handed helical form called Z DNA. Most widely available tests for measuring anti-DNA antibodies are based on reactivity with B DNA. Most anti-dsDNA antibodies bind
both double-stranded and single-stranded DNA [24].

253

254

11 Autoantibodies in Systemic Lupus Erythematosus

There is a high potency of anti-DNA antibodies to cross-react with non-DNA
antigens such as laminin, heparan sulfate, type IV collagen, and a-actinin,
which are located in the kidney. The cross-reactivity with renal antigens may
contribute to the pathogenesis of lupus nephritis in which anti-DNA antibodies
clearly play a central role [24, 25]. Recently, it was demonstrated that the pentapeptide Asp/Glu-Trp-Asp/Glu-Tyr-Ser/Gly is a molecular mimic of dsDNA. The
sequence that is also present in the extracellular ligand-binding domain of murine and human N-methyl-d-aspartate (NMDA) receptor subunits NR2a and
NR2b is recognized by a subset of both murine and human anti-DNA antibodies. These antibodies can signal neuronal death and can be detected in the
cerebrospinal fluid of SLE patients [26]. Very recently, an association between
neuropsychiatric disturbances in SLE and antibodies against a decapeptide containing this sequence motif present in the extracellular NMDA receptor was
shown [27].
Enzyme-linked immunosorbent assays (ELISA) and indirect immunofluorescence using the substrate Crithidia luciliae are currently the most widely used
techniques for the detection of anti-DNA antibodies. Radioimmunoassays such
as the Farr assay are still available, but their use has decreased sharply. There
are important differences between these techniques. The Farr assay measures
the precipitation of radiolabeled dsDNA using anti-dsDNA antibodies under
stringent conditions (high saline concentrations) to ensure that only high-affinity antibodies are detected. However, this assay may also detect other proteins
capable of precipitating dsDNA; furthermore, it may occasionally be contaminated by ssDNA in the test preparation, and the test does not distinguish between isotypes. The Crithidia test detects binding of anti-dsDNA to the kinetoplast of the organism, which contains circular dsDNA unrelated to histone proteins. This test can be used to measure IgG, IgM, or all isotypes of anti-dsDNA
[28]. In ELISA, the wells of a test plate are coated with dsDNA, the test serum
is added as a source of anti-dsDNA, and the target anti-DNA antibody is detected by a second antibody. Although the ELISA can be used to detect various
antibody isotypes, IgG anti-dsDNA detection normally suffices for clinical purposes. The ELISA detects both low- and high-affinity antibodies, which could
make it less specific than other assays [29]. Therefore, when interpreting the results of anti-DNA antibody tests, the clinician should consider the technique
used, the type of laboratory in which the test was performed, and the laboratory’s ranges for that test.
After a review of all relevant available literature, guidelines for anti-DNA antibody testing were recently published with the conclusions that a positive antidsDNA test offers strong evidence for the diagnosis of SLE but that a negative
test does not exclude the diagnosis. Anti-DNA testing should be reserved for patients who tested ANA positive. Anti-DNA antibodies correlate with overall disease activity in SLE. However, as the correlations are modest at best, test results
must be interpreted in the overall clinical context. Similarly, anti-DNA antibodies correlate with the activity of renal disease in SLE, but to a limited extent.
Higher titers of anti-DNA antibodies have a stronger correlation with disease ac-
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tivity. Concerning longitudinal assessment, a positive anti-DNA test does not
predict a flare-up of disease. Increasing titers of anti-DNA may precede or accompany flare-ups of disease activity. However, the number of high-quality studies addressing this issue is limited, and a number of important questions concerning the optimal use of anti-DNA testing longitudinally remain to be answered [30].

11.2.1.2 Antibodies to Nucleosomes (Chromatin)
Antibodies to nucleosomes have had a “comeback” in the last few years. This
has to do with both the clinical utility of these antibodies in the diagnosis of
SLE and drug-induced lupus (DIL) and new evidence suggesting that nucleosomes may be major candidate autoimmunogens in lupus. Since it is generally
accepted that anti-nucleosome antibodies cause the LE cell phenomenon, they
were actually among the first autoantibodies discovered. Of note, autoantibodies
against individual components of nucleosomes, i.e., DNA or histone, cannot induce LE cell formation. For decades, the LE cell test introduced in 1948 was one
of the most common immunological tests performed in clinical laboratories to
diagnose SLE. Different names for anti-nucleosome antibodies have caused
some confusion. They have been referred to as anti-DNP or anti-sNP antibodies
in older publications and as anti-nucleosome, anti-chromatin, and anti-(H2AH2B)-DNA antibodies in more recent articles [31–33].
The nucleosome is the fundamental unit of chromatin. It consists of a core
particle composed of an octamer with two copies each of histones H2A, H2B,
H3, and H4, around which is wrapped helical DNA with approximately 146
base pairs (bp) [34, 35]. Chromatin, the native complex of histones and DNA
found in the cell nucleus of eukaryotes, is comprised of approximately 40%
DNA, 40% histones, and 20% non-histone proteins, RNA, and other macromolecules. The periodic arrangement of histones along the DNA gives chromatin a “beads-on-a string” appearance in electron micrographs. The “beads” can
be isolated by digesting the linker DNA between them with micrococcal nuclease, yielding nucleosomes. Thus, polynucleosomes and chromatin are identical
[33].
Anti-nucleosome/chromatin antibodies are defined as antibodies that react
with the portion of histones exposed in chromatin/nucleosome, the structure of
DNA found in chromatin/nucleosome, or an epitope comprised of the native
histone–DNA complex. Specifically excluded are antibodies that react with nonhistone proteins, with epitopes on histones buried in chromatin, and with histone–DNA structures, such as A, C, and Z forms not present in chromatin.
Thus, some but not all DNA-reactive antibodies have anti-nucleosome reactivity
[31–33].
The new strategy in lupus research is to define a broad anti-nucleosome antibody family, including nucleosome-specific antibodies (anti-nucleosome antibodies without anti-dsDNA and anti-histone reactivities), anti-nucleosome antibodies with anti-dsDNA reactivity (bona fide anti-dsDNA antibodies), and anti-
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nucleosome antibodies with anti-histone reactivity (bona fide anti-histone antibodies) [31].
Anti-nucleosome antibodies are clinically important for several reasons. The
nucleosome is emerging as one of the major nuclear autoantigen targets, and
70–80% of SLE patients are anti-nucleosome antibody positive [36–41]. Independent studies have shown that the contribution of anti-dsDNA and anti-histone
antibodies to serum reactivity against nucleosomes in SLE patients is only 25–
30% at most [36, 37]. One-third of SLE sera studied have high anti-nucleosome
activity and little if any anti-dsDNA or anti-histone reactivity [36, 37, 41]. The
level of the anti-nucleosome antibody titer correlates with the level of disease activity [39, 42–46]. This finding was also observed in SLE patients negative for
anti-dsDNA antibodies [43, 44]. Anti-nucleosome antibodies are also associated
with lupus nephritis [36, 39, 42–45], which is not surprising considering the
bulk of evidence suggesting that they contribute to the pathogenesis of lupus
nephritis [47–50]. An increase in IgG3 anti-nucleosome titers was observed during SLE flare-ups, and this increase was found to be closely associated with active nephritis. IgG1 anti-nucleosome antibody titers tended to correlate inversely
with SLE disease activity [45]. One group found an association between anti-nucleosome antibodies and lupus psychosis [42].
A very recent study showed that measurement of anti-nucleosome antibodies
can help to predict the development of SLE in patients with primary antiphospholipid syndrome (PAPS). The authors followed 18 PAPS patients (15 female,
three male) for a mean 11 years to evaluate the potential for SLE development.
When PAPS was diagnosed, nine patients were positive for anti-nucleosome antibodies, and six of them developed clinical manifestations of SLE. In contrast,
none of the patients who were anti-nucleosome–negative developed SLE [51].
Almost all patients with procainamide-induced lupus, half of those with quinidine-induced lupus, and some with hydralazine-induced lupus were positive
for anti-nucleosome antibodies [52]. Most procainamide patients without druginduced lupus were negative for anti-nucleosome antibodies. A few other drugs
infrequently cause drug-induced lupus, and these patients often demonstrate
anti-nucleosome activity [53].
In some studies, a high percentage of patients with systemic sclerosis were
positive for anti-nucleosome antibodies [32, 41]. This was surprising because
scleroderma patients do not exhibit a typical ANA immunofluorescence pattern
when tested using HEp-2 cells. Methodological reasons for anti-nucleosomes reacting with scleroderma sera include the use of DNA reconstituted with the denatured antigens H2A and H2B, use of whole chromatin containing residual topoisomerase I protein as the antigen, and use of an inappropriate cutoff. When
H1-stripped chromatin or nucleosome core particles are used as the antigen
with a cutoff that properly distinguishes between positive and negative, virtually
no patients with systemic sclerosis should test positive for anti-nucleosome antibodies [53–55]. In one study, 50% of 36 patients with autoimmune hepatitis
type I were anti-chromatin positive, while 5–13% of patients with other liver diseases were positive [56].
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11.2.2
Anti-Sm and Anti-U1RNP Antibodies

Both anti-Sm and anti-U1RNP are specificities of various components of the
spliceosome, which splices pre-messenger RNA. These antibodies consist of
RNA–protein complex particles, known as snRNPs (small nuclear ribonuclear
proteins): U1–U6 RNA complexes with members of a set of different protein
subunits [57]. Sm is associated with U2, U4, and U6 RNA and with the B, B',
D1, D2, D3, E, F, and G polypeptides. U1 snRNP is associated with antiU1RNP, which is composed of U1 RNA and A, C, or 70-kDa polypeptides.
Anti-Sm antibodies, which were first described by Tan and Kunkel [58], are
detected in about 10–25% of Caucasian American lupus patients and in a substantially higher percentage of African American patients [59]. In fact, a recent
study of 114 lupus patients (68% African American, 19% Hispanic American,
and 13% Caucasian) reported the finding of anti-Sm antibodies in 40% of patients [60]. The presence of anti-Sm antibodies is virtually pathognomonic for
lupus. Therefore, they are included in the ACR classification criteria for SLE
[22, 23]. There are no particularly strong clinical associations for anti-Sm, but
these antibodies have been associated with CNS involvement, nephritis, serositis, oral ulcers, thrombopenia, leukopenia, and pulmonary fibrosis as well as
with a lower prevalence of sicca symptoms [61–64]. These associations could not
be confirmed in a recent study using a line immunoassay (LIA) for detection of
anti-Sm [11]. There is a correlation between SLE disease activity and the antiSm level [65].
Anti-U1RNP was first described by Mattioli and Reichlin [66]; it is present in
more than 20% of Caucasian Americans with SLE compared to about 40% of
African Americans with SLE. Lupus patients with anti-U1RNP autoantibodies
tend to have myositis, Raynaud’s phenomenon, and arthritis but are less likely
to develop lupus nephritis [11, 62, 63, 67]. Since anti-U1RNP antibodies are
found in a variety of autoimmune diseases, they are not specific for SLE [68].
High titers of anti-U1RNP are characteristic for mixed connective tissue disease
(MCTD); this association was first described by Sharp et al. in 1971 [69].
Nearly all patients with high anti-Sm titers will eventually develop antiU1RNP antibodies [70]; hence, there is a correlation between the two specificities. The basis for the association is thought to be their coexistence on the same
U1 snRNP.
The first epitope in the anti-Sm B/B' system is defined by the peptide
PPPGMRPP [71, 72]. No exceptions have yet been identified. This autoimmune
response later expands to involve the multiple epitopes on the Sm B/B' antigen
in a process referred to as epitope spreading. Immunization with PPPGMRPP
results in anti-PPPGMRPP antibody production; the antibodies subsequently
bind to different epitopes of the B/B' subunit. Epitope spreading then carries
the humoral immune response to the rest of the spliceosome, including A, C,
and 70 kDa polypeptides. Some immunized animals also develop anti-dsDNA,
thrombocytopenia, seizures, or proteinuria [73, 74].
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PPPGMRPP closely resembles PPPGRRP from Epstein-Barr nuclear antigen1 (EBNA-1); anti-Sm antibodies cross-react with both peptides. This molecular
mimicry may partially explain the strong association of Epstein-Barr virus infection with lupus [75–77]. A recent study reported that Epstein-Barr virus in lupus
patients was approximately 40 times higher than in controls and that this increase was unrelated to disease activity and immunosuppressant use [78].
Since anti-U1RNP sera can also react, to a variable extent, with B and B' proteins [79], D proteins appear to be the most important Sm antigens. A C-terminal SmD1 peptide was identified as an important conformational autoantigenic
epitope with an extraordinarily high sensitivity and specificity for SLE. Seventy
percent of Caucasian SLE sera reacted with this SmD1 peptide in ELISA [65].
The sensitivity and specificity of this anti-SmD1 (83–119) ELISA was confirmed
in other lupus cohorts [80, 81]. Casein added to the blocking buffer in ELISA
seems to be an important cofactor in autoantibody reactivity directed against the
C-terminal SmD1 (83–119) peptide; it probably functions by changing the conformation of the peptide’s critical epitope [82]. This C-terminal SmD1 peptide
contains a supercharged GR repeat and shows homology to EBNA-1 [83, 84]. Of
note, the anti-SmD1 (83–119) reactivity was significantly higher in anti-dsDNApositive sera [65]. Immunization of NZB/W F1 mice with this C-terminal SmD1
peptide led to an acceleration of nephritis and stimulated anti-dsDNA production [85]; the peptide was found to generate T-cell help for autoantibodies, including anti-dsDNA [86]. Very recently, our group showed that high-dose tolerance to SmD1 delays the production of autoantibodies, postpones the onset of
lupus nephritis (confirmed by histology), and prolongs survival [87]. Tolerance
to SmD1 83–119 was adoptively transferred by CD90+ T cells, which reduce Tcell help for autoreactive B cells in vitro. One week after SmD1 83–119 tolerance
induction in pre-nephritic mice, we detected cytokine changes in cultures of
CD90+ T and B220+ B cells with decreased expression of IFN-gamma and IL-4
and an increase in TGF-beta. Increased frequencies of regulatory IFN-gamma+
and IL10+ CD4+ T cells were later detected. Such regulatory IL-10+/IFN-gamma+
type 1 regulatory T cells prevented autoantibody generation and anti-CD3-induced proliferation of naive T cells. These results indicate that SmD1 83–119
peptide may play a dominant role in the activation of helper and regulatory T
cells that influence autoantibody generation and murine lupus [88].
Post-translational modifications of the C-terminal SmD1 and SmD3 peptides
by dimethylation may play an essential role in the formation of major autoepitopes [89–91].
11.2.3
Anti-Ro/SSA and Anti-La/SSB

Autoantibodies to the Ro/SSA and La/SSB antigens were first reported in 1961
in sera from patients with Sjögren’s syndrome and in 1969 in SLE patients [92,
93]. Two precipitin reactions in SLE sera were designated Ro and La based on
the names of the patients in whom they were first identified [93]. The anti-Ro
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and anti-La precipitins were shown later to be identical to the anti-SSA and
anti-SSB precipitins, respectively, reported in sera from patients suffering from
Sjögren’s syndrome [94]. Both antibody types are more common in Sjögren’s
syndrome.
The Ro/SSA–La/SSB complex consists of three different proteins (52-kDa Ro/
SSA, 60-kDa Ro/SSA, and 48-kDa La/SSB) and four small RNAs [95].
Nearly all anti-Ro/SSA-positive sera bind the Ro/SSA 60-kDa protein, which
is complexed with small RNA molecules known as Y RNA. Humans have four
types of Y RNA: hY1, hY3, hY4, and hY5. A specific subset of Y RNA is present
in some cells. For example, erythrocytes contain hY1 and hY4 [96], and platelets
contain hY3 and hY4 [97]. Sera from some anti-Ro/SSA 60-kDa antibody–positive patients also bind the Ro/SSA 52-kDa autoantigen. The 52-kDa Ro/SSA
protein associated with this complex was later described [98]. It is antigenically
and structurally distinct from 60-kDa Ro/SSA and La/SSB and contains zinc
finger and leucine finger motifs [99, 100]. However, the question of whether the
Ro/SSA-60 kDa and the Ro/SSA-52 kDa are physically related continues to be
controversial. It was shown that antibodies binding the leucine zipper, a major
linear epitope in the Ro/SSA 52-kDa autoantigen, also bind native Ro/SSA-60
kDa; this would provide a basis for the cross-reaction [101]. Anti-Ro/SSA and
anti-La/SSB are similar in that high titers of anti-La/SSB are almost never present in the absence of anti-Ro/SSA. The La/SSB particle is a 48-kDa protein believed to function as a termination factor for RNA polymerase III [102]. It is also
associated with small RNA molecules, most of which terminate with polyuridine. The association of anti-La/SSB with anti-Ro/SSA has been attributed to
the physical association between Ro/SSA and La/SSB RNA proteins, at least at
times.
The function of the Ro/SSA particle is not well understood. Recent evidence
suggests that the Ro/SSA particle might be involved in quality control of misfolded small RNAs and in preventing cellular damage induced by ultraviolet
light [103, 104]. It is remarkable in this context that a murine knockout for 60kDa Ro/SSA is susceptible to UV damage [105]. There is evidence that Ro/SSA
plays a role in telomerase function [106]. Other data suggest that Ro/SSA modulates the immune response to other proteins, for example, calreticulin, thereby
influencing autoimmunity [87]. Mice lacking the 60-kDa Ro/SSA protein develop signs of autoimmunity resembling human SLE. They exhibit anti-ribosome
and anti-chromatin antibodies, photosensitivity, and glomerulonephritis [105].
The presence of anti-Ro/SSA and anti-La/SSB autoantibodies is associated
with subacute cutaneous lupus erythematosus [107], photosensitivity, secondary
Sjögren’s syndrome, and neonatal lupus [108]. Neonatal lupus provides perhaps
the strongest clinical evidence for a pathogenic role of these autoantibodies.
This syndrome, related to the presence of anti-Ro/SSA and anti-La/SSB antibodies in the mother, is characterized by skin rash, cytopenia, cholestasis, and/or
congenital heart block (CHB) [108]. In recent prospective studies of women with
anti-Ro/SSA antibodies, the risk of complete CHB was found to be 1–2% [109,
110] and of transient cutaneous neonatal lupus about 5% [110]. Of note, no ef-
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fect on pregnancy outcome was observed [111]. The risk of occurrence of CHB
in a subsequent child is estimated to be 10–16% [112–114]. The congenital heart
block is especially associated with high levels of antibodies binding 52-kDa Ro/
SSA [108, 115], whereas the best single test to identify high-risk mothers was
detection of these antibodies by immunoblot [114]. Fine epitope mapping revealed a striking difference in which the response in mothers with affected children was dominated by antibodies to amino acids 200–239 of the 52-kDa Ro/
SSA protein, whereas the primary activity in control mothers was against amino
acids 176–196. Furthermore, eight of nine mothers of children with CHB had
antibody reactivity against amino acids 1–135 of the 52-kDa Ro/SSA protein,
containing two putative zinc fingers reconstituted under reducing conditions
[116]. The analysis of CHB cohorts suggests a higher frequency in female infants [113, 114, 117].
11.2.4
Anti-PCNA/Cyclin Antibodies

PCNA/cyclin is a highly conserved auxiliary protein of DNA polymerase-delta,
which is essential for leading strand DNA replication [118, 119]. Autoantibodies
against it give a polymorphic nuclear pattern in indirect immunofluorescence
on HEp-2 cells, corresponding to different phases of the cell cycle, because it associates with different sites of the cell nucleus where DNA is being replicated
[120, 121]. Depending on the level of PCNA/cyclin expression, there may be
strong and variable staining in the S phase and weak or negative staining in the
G0 or G1 phases [121, 122]. The antibodies first described in 1978 are considered specific for SLE [121]. However, the frequency of these autoantibodies is
rather low: they are detected in 2–7% of SLE patients [123–125]. Because of their
low frequency, little is known about their clinical associations. Positive subjects
show a higher incidence of diffuse proliferative glomerulonephritis and hematological disorders than the general SLE population [124]. Another study describes
an association with arthritis in five of five anti-PCNA-positive SLE patients, with
diffuse proliferative glomerulonephritis in four of five patients and with hypocomplementemia in four of five patients [126].

11.3
Antibodies to Cytoplasmic Antigens
11.3.1
Anti-ribosomal P Antibodies

Autoantibodies to the ribosomal phosphoproteins first described in 1985 are a
serological feature of patients with SLE [127, 128]. Rib-P autoantigens consist of
three protein components of the 60S ribosomal subunit designated P0 (38 kDa),
P1 (19 kDa), and P2 (17 kDa). A pentameric complex composed of one copy of
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P0 and two copies each of P1 and P2 interacts with the 28S rRNA molecule to
form a GTPase domain, which is active during the elongation step of protein
translation. The major immunoreactive epitope of these ribosomal antigens has
been localized to the carboxy-terminal domain, which is highly conserved in all
three proteins; moreover, it contains two phosphorylated serine residues (e.g.,
Ser102 and Ser105 of human P2) [129–131]. Several studies have shown that both
the acidic and hydrophobic clusters are critical for autoantibody binding and
that P protein phosphorylation is not [130, 132]. Furthermore, epitope mapping
studies have shown that the major epitope domain is located within the last six
C-terminal amino acids (GFGLFD) [132].
This amino acid motif is also present in several microorganisms, which raises
the possibility of a molecular mimicry mechanism in the development of anti-P
antibody in lupus. Some anti-ribosomal P antibodies cross-react with other autoantigens, particularly the Sm D and Sm B/B' spliceosomal subunits [133], nucleosomal molecules, and DNA [134]. As in the case of anti-dsDNA, anti-ribosomal P antibodies also are capable of penetrating living cells and of profoundly
suppressing protein synthesis [135].
The reported prevalence of anti-ribosomal P antibodies in SLE ranges from
10–40%; prevalence is higher in Asian patients than in black and Caucasian patients [136]. A correlation between anti-ribosomal P and lupus psychosis was reported soon after the discovery of this antibody [127]. Several subsequent studies
confirmed this association and also reported an association with depression
[137, 138], although other researchers disagree [139]. Anti-ribosomal P antibody
correlates with the activity of lupus [140], particularly lupus nephritis [141, 142].
Furthermore, the coexistence of anti-dsDNA and anti-ribosomal P antibodies is
more closely associated with lupus nephritis than is the presence of either of
them alone [143]. Anti-ribosomal P antibody is also associated with lupus hepatitis [144]. Indeed, the association between anti-ribosomal P and lupus hepatitis
does not apply to patients with autoimmune hepatitis except when lupus is
present; this again emphasizes the high specificity of anti-ribosomal P with lupus [145].
Although anti-ribosomal P protein autoantibodies were discovered approximately 20 years ago, they have not achieved the same attention and clinical impact as anti-Sm or anti-dsDNA antibodies. This may be due to the limited reliability of ANA screening by indirect immunofluorescence for the detection of
anti-ribosomal P antibodies or to the absence of an international reference
serum. It is noteworthy that a reference standard human Rib-P antibody has
recently become available (Centers for Disease Control, Atlanta, GA: Catalogue
#2706). This should be an important step in standardizing assays from different
sources.
Because of the high specificity of anti-ribosomal P for SLE, some researchers
have put forward the proposal that, like anti-Sm and anti-dsDNA antibodies,
Rib-P antibodies should be considered for inclusion as a criterion for the classification of SLE [136].
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11.4
Antiphospholipid Antibodies

Antiphospholipid antibodies are a wide and heterogeneous group of mainly IgG
and/or IgM antibodies and, less frequently, IgA antibodies directed against
phospholipid–protein complexes or phospholipid-binding proteins, such as b2glycoprotein I, prothrombin, protein C, protein S, thrombomodulin, annexin V,
and kininogen. The term “antiphospholipid antibody” is therefore incorrect, because the antibody is actually directed against a phospholipid–protein complex,
but the name has been retained for historical reasons. Although the negatively
charged phospholipid cardiolipin plays the most important role, phosphatidylserine, phosphatidylethanolamine, and phosphatidylcholine may also form part
of the complex. The target epitope is still not fully explained [146, 147].
Lupus anticoagulants and anticardiolipin antibodies were the first such antibodies to be described. The “Sapporo” laboratory criteria for definite antiphospholipid syndrome require both assays to be present on two or more occasions
at least six weeks apart [148]. Lupus anticoagulant must be diagnosed according
to the criteria proposed by the Subcommittee of Standardization of Lupus Anticoagulants/Phospholipid-dependent Antibodies [149]. Anticardiolipin antibodies
must be measured using a standardized ELISA for b2-glycoprotein I–dependent
antibodies; medium or high titers of IgG and/or IgM antibodies are required
for a positive result. According to the Sapporo criteria, the diagnosis of definite
antiphospholipid syndrome (APS) occurring as a secondary disease in SLE is established when at least one clinical criterion and one laboratory criterion are
met. The clinical criteria include thrombotic events and recurrent pregnancy
loss [148].
The prevalence of antiphospholipid antibodies in SLE varies widely; figures
between 22% and 69% have been reported. This variation may be due to differences in methods or patient selection. Antiphospholipid antibodies are found
less frequently in African American SLE patients. Generally, antiphospholipid
antibodies appear to be more easily suppressed by treatments for active SLE
[150]. In SLE, disease activity was accompanied by significantly increased IgGaCL, whereas no elevation was found in other diseases with detectable aCL antibodies [151].
Antiphospholipid syndrome is characterized by a wide spectrum of clinical
manifestations that, pathophysiologically, are mainly caused by venous or arterial thrombosis, which is also associated with SLE. Dermatologic manifestations
are extremely frequent in APS. The most common is livedo reticularis. Cardiac
manifestations, especially valve disease, are frequently observed. Thrombocytopenia and Coombs-positive hemolytic anemia are also often found in APS [147,
150].
A recent single-center study of 600 SLE patients showed that the prevalence
of antiphospholipid antibodies was 24%; 15% had IgG aCL, 9% IgM aCL, and
15% lupus anticoagulant [67]. A cluster of clinical events, characterized by neurologic involvement, thrombocytopenia, and IgG aCL, was observed in this
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study. The association of neurologic involvement with clinical or laboratory features found in APS (e.g., livedo reticularis or thrombocytopenia) was also described in previous SLE studies [152, 153]. High titers of IgG aCL were strongly
associated with CNS involvement [152]. A multivariate analysis showed that
aPLs are independently associated with cerebrovascular disease, headache, and
seizures in SLE. The presence of lupus anticoagulant (LAC) was independently
associated with white matter hyperintensity lesions on MRI [154].
Catastrophic APS is an uncommon but potentially life-threatening condition
that requires high clinical awareness. Thirty percent of patients with this condition have definitive SLE. The majority of patients with this condition clearly
manifest microangiopathy, i.e., occlusive vascular disease that mainly affects
small vessels of different organs, particularly the kidneys, lungs, brain, heart,
and liver; the minority of patients experience only the typical large vessel–type
occlusions seen in simple APS. The occurrence of sudden and essential aPL-induced coagulation or fibrinolysis disorders is highly probable in this group of
patients, but precipitating factors remain unknown in most cases [155].

11.5
Anti-C1q Antibodies

C1q (460 kDa), a highly conserved protein, is part of the first component of the
complement system. The biological function of C1q is to bind immune complexes via its six globular domains and of a variety of other “non-immune” activators of the complement system, including CRP, DNA, fibronectin, fibrinogen,
and lipopolysaccharides, by its collagen-like region (CLR). In immune complexes, C1q is normally bound to Fc regions of IgG in order to fulfill the activation function of C1q within the classical pathway [156]. For many years, C1q
was therefore used in radioimmunoassays and ELISAs to detect circulating immune complexes (CIC) in numerous diseases, including SLE [157–159]. In SLE,
the CIC titers determined by C1q assays correlated well with disease activity
and renal involvement. However, an alternative means of binding C1q has also
been described for use in cases where high-affinity autoantibodies directly recognize the CLR of C1q through the antibody F(ab) antigen-combining sites rather
than via the Fc domain. Since they were first described [160–162], anti-C1q autoantibodies have been commonly identified in patients with autoimmune diseases
such as SLE, rheumatoid vasculitis, MCTD, Felty’s syndrome, ankylosing spondylitis, polyarteritis, mixed cryoglobulinemia, membranoproliferative glomerulonephritis, glomerulosclerosis, anti-glomerular basement membrane nephritis, and
hypocomplementemic urticarial vasculitis syndrome [163–165].
Anti-C1q autoantibodies are thought to be closely associated with nephritis in
SLE. IgG anti-C1q autoantibodies correlate with nephritis, hypocomplementemia, and anti-dsDNA autoantibodies [166–168]. Because significant increases in
serum anti-C1q autoantibody titers precede clinical manifestation of nephritis,
they have a predictive value [169]. Recently, anti-C1q autoantibodies were identi-
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fied postmortem in the glomeruli of four of five patients with proliferative glomerulonephritis. The concentrations of these autoantibodies in the glomerular
tissue was at least 50 times higher than the serum concentration; this is the
first evidence suggesting that anti-C1q autoantibodies collect and concentrate in
the renal glomeruli of patients with SLE. Therefore, anti-C1q autoantibodies
may contribute to the pathogenesis of lupus glomerulonephritis [170, 171]. Conversely, lupus nephritis does not develop in the absence of anti-C1q autoantibodies, [172, 173]. Anti-C1q autoantibodies also occur in murine models of SLE
[174, 175]. A recent study showed that anti-C1q antibodies cause renal pathologies in combination with glomerular C1q-containing immune complexes [176].

11.6
Autoantibody Assessment in Clinical Routine

Patients exhibiting symptoms of suspected SLE should be screened for ANAs
using indirect immunofluorescence on HEp-2 cells. Because ANAs are detectable
in more than 95% of SLE patients, a negative result largely excludes this diagnosis.
In extremely rare cases with clinical continuity of suspicion of SLE, a wide variety
of autoantibody tests should be performed. The subsequent analysis of autoantibodies and their profile characteristic in SLE helps to consolidate the diagnosis
and to predict lupus subsets with typical organ manifestations (Fig. 11.2).

Fig. 11.2 Decision tree of autoantibody testing in patients with clinical suspicion of SLE.
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Some of them are included in the revised criteria of the American College of
Rheumatology for the classification of SLE [22, 23]. A person is said to have SLE
if four or more of the 11 criteria are present, either serially or simultaneously,
during any interval or observation.
1.
2.
3.
4.
5.
6.

7.

8.

9.

10.

11.

Malar rash
Discoid rash
Photosensitivity
Oral ulcers
Arthritis
Serositis
a) Pleuritis or
b) Pericarditis
Renal disorder
a) Persistent proteinuria (> 0.5 g/24 h or 3+) or
b) Cellular casts
Neurologic disorder
a) Seizures or
b) Psychosis (having excluded other causes, e.g., drugs)
Hematologic disorder
a) Hemolytic anemia or
b) Leukopenia (< 4/nl) or
c) Lymphopenia (< 1.5/nl) or
d) Thrombocytopenia (< 100/nl)
Immunological disorders
a) Raised anti-dsDNA antibody binding or
b) Anti-Sm antibody or
c) Positive finding of antiphospholipid antibodies based on:
i. IgG/M anticardiolipin antibodies
ii. Lupus anticoagulant
iii. False positive serological test for syphilis, present for at least 6 months
Antinuclear antibody in raised titer

The majority of autoantibodies do not correlate with disease activity. Therefore, it seems to be sufficient to control these antibodies in annual periods.
Only antibodies to dsDNA, which may fluctuate with lupus activity in many patients but not in all, belong together with measurement of complement levels
to the routine tools in monitoring disease activity.
It remains to be seen whether one or more other antibody tests such as antinucleosome, anti-ribosomal P, and anti-C1q will be accepted in routine parameters. Assumedly, future therapeutic options more selectively targeting the (auto)immune system will require new biomarkers that include an extended palette
of autoantibody tests [177–179].
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Autoantibodies in Rheumatoid Arthritis
Tsuneyo Mimori

12.1
Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease that is characterized by chronic and erosive polyarthritis or by abnormal growth of synovial tissue (pannus) and causes irreversible joint disability. Recent studies show that
joint injury in RA patients progresses within two years from onset, and aggressive treatments from the early stage can prevent the progression of the disease.
Hence, the necessities of early diagnosis and early treatment have been emphasized. However, RA patients do not always show typical symptoms at the early
stages and are often difficult to diagnose since they may not fulfill the classification criteria for RA.
RA is also categorized among systemic autoimmune diseases because of the
presence of rheumatoid factor (RF), autoantibodies against the Fc portion of
IgG, and other autoantibodies. RF has been clinically utilized as the only serologic marker of RA so far. However, the sensitivity of RF is 60–80% in RA, and
the specificity is rather low since RF is also detected widely and frequently in
many other conditions, including various connective tissue diseases, chronic liver diseases, and infectious diseases, and even in a few percentages of healthy
people. Therefore, although RF is adopted into the criteria for classification of
RA, its diagnostic value is unsatisfactory especially in the early stages of the disease.
In recent years, a number of novel autoantibodies have been described in RA,
and their clinical significance and possible pathogenic roles have been discussed. In particular, new autoantibodies to citrullinated filaggrin and its circular form (cyclic citrullinated peptide, CCP) are the most remarkable because of
their reasonable sensitivity and high specificity in RA patients, which may be
able to serve as an early diagnostic marker and a prognostic factor of joint destruction. This chapter reviews and discusses the target autoantigens as well as
the clinical and possible etiopathogenic significance of recently found autoantibodies in RA.
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12.2
Anti-citrullinated Protein Antibodies
12.2.1
Identification of Citrullinated Proteins as RA-specific Autoantigens

In the 1960s, an autoantibody called anti-perinuclear factor (APF) was first described as an RA-specific autoantibody that reacted with keratohyaline granules
scattered around the perinuclear region of human buccal epithelial cells in indirect immunofluorescence [1]. In the 1970s, so-called “anti-keratin” antibodies
(AKA) were reported as another RA-specific autoantibody recognized by indirect
immunofluorescent study using rat esophagus cryostat sections [2]. Although
termed as AKA since keratin-like structures in the cornified layer of esophageal
epithelia were specifically stained, the true target antigen had not been clarified.
These two antibodies appeared to be highly specific for RA patients, and it was
suspected that they were the same autoantibodies because they tended to be detected simultaneously. However, these autoantibodies had not been in routine
clinical use as target antigens had not been identified and there were some
practical difficulties in detecting techniques.
In 1993, Simon et al. found that 75% of RA patient sera recognized a 40-kDa
protein isolated from human skin tissue [3]. They finally demonstrated, by absorption study, that this protein was the target antigen of AKA and, by peptide
mapping, that it was a molecule called filaggrin, which was involved in the aggregation of intracellular cytokeratin filaments. They further recognized that
AKA and APF had almost the same specificity because the target molecule of
APF was profilaggrin, the precursor molecule of filaggrin [4].
Filaggrin is first produced as a profilaggrin of ~400 kDa in the late stage of
skin differentiation and is stored in the keratohyaline granules of keratinocytes.
Profilaggrin is a phosphorylated protein with 10–12 repeated motifs of 324 amino acid sequences (filaggrin unit) that is dephosphorylated and cleaved during
keratinization and turns into filaggrin molecules. Furthermore, arginine residues of filaggrin molecules are converted to citrullines by the enzyme peptidylarginine deiminase (PADI). These citrulline residues on the filaggrin are important for epitopes recognized by RA autoantibodies [5].
Cyclic citrullinated peptide (CCP) is an artificial molecule in which two serine
residues in a major epitope peptide from filaggrin are converted to cysteine and
the circular form is made by an S-S bond. It has been reported that the sensitivity in RA patients increased and the specificity was unchanged by using CCP as
the antigen for ELISA [6]. However, the results of anti-filaggrin and anti-CCP
antibodies are not always identical, which suggests the diversity of autoantigenic
epitopes of citrullinated peptides recognized by the heterogeneous population of
autoantibodies [5].
We suspect why a filaggrin molecule distributed in skin and other keratinized
epithelia becomes the target of autoimmune response in the joint-affected disease. However, as discussed later, a possibility has been postulated that citrulli-
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nation of proteins in the joint, rather than the filaggrin molecule itself, may be
involved in autoantibody production and etiopathogenesis of RA.

12.2.2
Clinical Significance of Anti-citrullinated Protein Antibodies in the Diagnosis of RA

So far, a number of reports have demonstrated the clinical significance of autoantibodies to citrullinated filaggrin and CCP in the diagnosis of RA, as summarized in Table 12.1 [3, 5–10]. Although the specificity of anti-filaggrin/CCP antibodies in RA is more than 90% in almost all reports, the prevalence (sensitivity)
of the same antibodies ranges from 33–87.2%. Such discrepancy in sensitivity
might reflect racial and genetic backgrounds as well as the differences of antigens and detection techniques used among reports. In earlier studies, natural filaggrins were used; more recently, citrullinated recombinant filaggrins and CCP
have been utilized. Generally, anti-CCP appears to be more sensitive than antifilaggrin. Furthermore, there is a first and second generation of anti-CCP kits,
and the second-generation kits using peptides selected from a random peptide
library have higher specificity and sensitivity than the first-generation kits.
Anti-citrullinated protein antibodies can be detected in RA patient sera from
an early stage of the disease. Schellekens et al. described that anti-CCP anti-

Table 12.1 Clinical significance of anti-filaggrin/CCP antibodies in RA.
Author (year)

Subjects

Simon (1993)

RA 48/control 56

Antigens
(methods) a)

Human skin FA
(IB)
Schellekens (1998) RA 134/control 154 CCP (ELISA)
Schellekens (2000) RA 134/control 154 CCP (ELISA)
Early arthritis 486
CCP (ELISA)
Goldbach-Mansky Arthritis <1 year 238 Human skin FA
(2000)
(RA 106/others 122) (ELISA)
CCP (ELISA)
Bizzaro (2001)
RA 98/control 232
CCP (ELISA)
Vincent (2002)
RA 240/control 471 Rat r-cFA (ELISA)
Human r-cFA (IB)
CCP (ELISA)
Suzuki (2003)
RA 549/control 208 CCP (ELISA)
Human r-cFA
(ELISA)
RantapääRA 83 from blood
CCP (ELISA)
Dahlqvist (2003)
donors before onset
a)

Sensitivity Specificity Ref.

75%

89%

3

76%
68%
48%
33%

96%
98%
96%
93%

5
6

41%
41%
67%
48%
58%
87.6%
68.7%

91%
97.8%
98.5%

88.9%
94.7%

10

33.7%

98.2%

12

FA = filaggrin; r-cFA = recombinant citrullinated filaggrin;
IB = immunoblotting; ELISA = enzyme-linked immunosorbant assay.

7

8
9

279

280

12 Autoantibodies in Rheumatoid Arthritis

bodies were detected in 68% of RA patients. Although the sensitivity was decreased to 48% in early RA cases, the high specificity was maintained at 96%
[6]. In particular, the combination of anti-CCP and IgM-RF revealed a high positive predictive value for RA. In the report of van Gaalen et al., from 318 patients
with undifferentiated arthritis at the first visit, RA had later developed in 93%
with positive anti-CCP and in only 25% with negative anti-CCP antibodies
(OR = 37.8) [11]. Rantapää-Dahlqvist et al. reported that when preserved sera
from 83 cases who had been registered as blood donors and later developed RA
were studied, anti-CCP antibodies were detected in 33.7% from the disease-free
period [12]. A similar result was described in the study of serial measurement
in blood donors by Nielen et al., in which 49% of RA patients were positive for
IgM-RF and/or anti-CCP before the development of RA symptoms (median of
4.5 years before onset, range 0.1–13.8 years) [13].
Anti-citrullinated protein antibodies may be more useful than RF as a serologic marker for RA because of their high specificity and high sensitivity in RA,
and they may also serve as an early diagnostic marker.

12.2.3
Correlation Between Anti-citrullinated Protein Antibodies and Disease Severity

There have been several reports that anti-citrullinated protein antibodies might
be a predictive marker for the progression of joint destruction, as summarized
in Table 12.2. Schellekens et al. described that both anti-CCP and IgM-RF at the
first visit predicted erosive change at two years‘ follow-up in RA patients and
showed 91% of positive predictive value [6]. Kroot et al. reported that anti-CCP
was positive in 70% of 273 RA patients who had had disease symptoms for less
than one year at study entry, and patients with anti-CCP had developed significantly more severe radiological damage after six years‘ follow-up [14]. In multiple regression analysis, radiological damage after six years‘ follow-up was significantly predicted by IgM-RF, radiological score at entry, and anti-CCP status.
Forslind et al. measured anti-filaggrin antibodies and AKA in 112 patients with
early RA and showed that positive anti-filaggrin or AKA patients at baseline had
significantly higher Larsen scores five years later than did the patients without
these antibodies [15]. Later, they also reported the role of anti-CCP in the radiological outcome in 379 cases with early RA, concluding that anti-CCP as well as
the baseline Larsen score and the erythrocyte sedimentation rate (ESR) were independent predictors of radiological damage and progression in multiple regression analysis [16]. In Meyer‘s report in which 191 RA patients within one year
of onset were followed up, the likelihood of a total Sharp score increase after
five years was significantly higher among patients with anti-CCP or APF but
not RF and AKA [17]. Visser et al. showed that anti-CCP had a high discriminating power between persistent and self-limiting arthritis and between erosive
and non-erosive arthritis in his clinical prediction model of arthritis outcome
[18].

12.2 Anti-citrullinated Protein Antibodies
Table 12.2 Reports of anti-citrullinated antibodies as a predictive factor for prognosis of RA.
Author (year)

Subjects

Antibodies
(methods) a)

Predictability

Other prognostic Ref.
factors

Schellekens
(2000)
Kroot (2000)
Bas (2000)
Forslind (2001)

RA 144

aCCP (ELISA)

+

IgM-RF

Early RA 273
RA 119
Early RA 112

aCCP (ELISA)
AFA (ELISA)
AFA (IB)
AKA (IF)
AFA (ELISA)
aCCP (ELISA)
APF (IF)
AKA (IF)
aCCP (ELISA)

+
–
+
+
–
+
+
–
+

Baseline X-ray, RF 14
RF
19
15

IgA-RF

12

aCCP (ELISA)

+

Baseline Larsen
score, ESR

16

Paimera (2001) Early RA 78
Meyer (2003)
Early RA 191

RantapääRA 83
Dahlqvist (2003) (blood donors)
Forslind (2004) Early RA 378

a)

6

20
17

AFA = anti-filaggrin antibodies; AKA = anti-keratin antibodies;
APF = anti-perinuclear factor; ELISA = enzyme-linked immunosorbant assay;
IB = immunoblotting; IF = immunofluorescence.

While these reports showed anti-CCP as a good prognostic marker of radiological progression in RA patients, there are also several reports that anti-filaggrin antibodies are not associated with disease severity. Bas et al. measured
anti-filaggrin in 199 RA patients, and the severity of erosion for a given disease
duration was correlated with RF but not with anti-filaggrin [19]. In the report of
Paimela et al. in which the human skin filaggrin was used as an antigen for
ELISA, raised anti-filaggrin levels at entry were associated with an active and
treatment-resistant disease but did not predict radiological progression [20].
As reviewed here, all reports of anti-CCP indicate a positive correlation with
radiological progression, whereas anti-filaggrin and AKA tend to be independent
of disease severity (Table 12.2). This discrepancy may reflect a heterogeneity of
autoantigenic epitopes on citrullinated molecules and suggests a possibility that
clinical significance may vary among different epitopes and different techniques.
12.2.4
Protein Citrullination and Etiopathogenesis of RA

Citrullinated proteins are observed in synovial tissue of RA joints but not in
normal joints. Citrulline is expressed intracellularly mainly in the lining and
sublining layers or is found in interstitial amorphous deposits of RA synovium
[21, 22]. These citrullinated proteins are not filaggrin but were identified as citrullinated forms of the a- and b-chain of fibrin [22]. These results strongly sug-
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gest a possibility that citrullinated fibrins deposited in the RA synovium are the
major target of anti-filaggrin and other anti-citrullinated protein antibodies. In
addition, B cells from the synovial fluid, but not peripheral blood B cells, of
anti-CCP-positive RA patients spontaneously produce anti-CCP antibodies [23].
This fact suggests that an antigen-driven activation of B cells specific for citrullinated proteins occurs at the site of inflammation in RA.
Recently, an interesting report concerning the correlation between the gene
polymorphism of the citrullinating enzyme, PADI, and RA susceptibility has
been published [24]. Japanese researchers conducted a genome-wide screening
by SNPs analysis to identify disease-susceptibility genes for Japanese patients
with RA. In this study, the PADI type 4 (PADI4) gene, one of the genes of four
types of PADI that are located in chromosome 1p36, was identified as the locus
of the RA-susceptibility gene. Haplotype 2 of PADI4 was found more frequently
in RA patients (32%) than in normal controls (25%) (OR = 1.97) and was
thought to be the RA-susceptible haplotype. The PADI4 was mainly expressed
in bone marrow cells and peripheral leukocytes and monocytes, as well as in
RA synovium. Moreover, it was demonstrated that mRNA expressed from the
RA-susceptible form of PADI4 had a longer half-life than mRNA from the RAnon-susceptible PADI4, and RA patients who had the homozygous RA-susceptible haplotype developed more frequent anti-filaggrin antibodies. These data suggest that proteins may be easily citrullinated in RA patients, and over-citrullinated proteins such as citrullinated fibrin might break self-tolerance and promote abnormal immune response.
However, there is also another report that contradicts this hypothesis. Shortly
after the above study was published, Barton et al. reported that no correlation
was found between RA patients in the UK and the PADI4 polymorphism [25].
Although genetic and racial backgrounds may be the cause of this discrepancy,
further studies will be needed to clarify the role of protein citrullination in the
etiopathogenesis of RA.

12.3
Anti-Sa Antibodies

Anti-Sa antibodies have been reported as RA-specific autoantibodies that recognized an unknown 50-kDa doublet protein in human spleen and placenta extracts. Anti-Sa antibodies are detected by immunoblotting in 31–43% of RA patients with very high specificity (> 98%) [26–28]. The target Sa antigen was later
identified as a citrullinated vimentin [29]. Therefore, anti-Sa antibodies are reactive with citrullinated proteins as well as APF, AKA, anti-filaggrin, and antiCCP antibodies.

12.5 Anti-calpastatin Antibodies

12.4
Anti-RA33 Antibodies

Anti-RA33 antibodies recognize a 33-kDa protein that is identified as the A2
protein complexed with heterogeneous nuclear RNA (intranuclear precursor
messenger RNA), a component of spliceosome. While autoantibodies to the
spliceosome complex are known as anti-U1RNP and anti-Sm (U1, U2, U4/U6,
and U5-RNP) antibodies, RA33 (A2 protein) is another target of autoantibodies
against spliceosome. Hassfeld et al. first described the presence of autoantibodies to RA33 in 36% of RA patients [30]. Although anti-RA33 was also detected in fairly large percentages of MCTD and SLE patients, these patient sera
usually contained anti-U1RNP and/or anti-Sm antibodies [31]. Therefore, antiRA33 seems to be specific for RA if it is detected without other autoantibodies
to spliceosomes. It has also been shown that the antigenic epitope on RA33/A2
recognized by autoantibodies of RA and/or SLE was different from those of
MCTD patients [32].

12.5
Anti-calpastatin Antibodies

Calpastatin is an endogenous inhibitor protein of the calcium-dependent cysteine proteinase, calpain. Canadian investigators and authors described independently the presence of autoantibodies to calpastatin in patients with RA and
other systemic rheumatic diseases [33, 34].
There have been a number of reports suggesting that calpain may be involved
in activating inflammatory processes and pathogenic mechanisms of rheumatic
diseases. These studies propose that (1) calpain is increased in synovial cells
and is secreted into synovial fluid of rheumatic patients [35], (2) calpain degrades cartilage proteoglycan [36], (3) calpain promotes exocytosis of granules
and superoxide production in neutrophils [37], (4) calpain activates and secretes
IL-1a through processing its precursor molecules [38], (5) autodigestion of calpain generates an oligopeptide that acts as a chemotactic factor [39], and (6) calpain irreversibly activates protein kinase C, a key enzyme of signal transduction
[40]. IgG from patient sera containing anti-calpastatin specifically inhibits the
biological function of calpastatin and therefore increases the proteolytic activity
of calpain [33, 41]. This finding supports the hypothesis that autoantibodies to
calpastatin may play a role in tissue injury and activation of inflammation
through increasing calpain activity in tissues [42].
Anti-calpastatin antibodies were detected in 45–57% of patients with RA in
both reports by immunoblot using recombinant human calpastatin [33, 34].
However, Despres et al. reported that the antibodies were found exclusively in
RA patients [34], whereas authors found that the antibodies were also detected
in 20–30% of other systemic rheumatic diseases [33]. Several reports published
later described that anti-calpastatin antibodies were less frequent in RA than
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previously reported and that the prevalence was not significantly different between RA and other rheumatic diseases [43–46]. However, on the other hand, a
recent report shows that anti-calpastatin reveals the high prevalence (82% sensitivity) and is exclusively detected (95% specificity) in RA patients [47]. Such discrepancy in the results might reflect the different assay systems, since in the
former reports the synthetic C-terminal peptide containing 27 amino acids or
recombinant domain I peptide was used for ELISA, whereas human erythrocyte
calpastatin was utilized in the latter study. Other reports suggest that anticalpastatin antibodies are associated with inflammatory-active scleroderma [48],
lupus vasculitis [44], and deep vein thrombosis [49]. However, the true disease
specificity and clinical significance of anti-calpastatin antibodies remain to be
determined.

12.6
Anti-FRP Antibodies

Follistatin-related protein (FRP) is a 55-kDa molecule with unknown function
that contains a domain structure similar to follistatin, an inhibitor of activin.
FRP was formerly isolated as one of the proteins that were expressed from
mouse osteoblasts by TGF-b1 stimulation and also were called TSC-36 [50]. The
FRP molecule has FS domains that are similar to follistatin and EC domains
that contain EF hands, and consists of a protein family with several other proteins that have a common FS and EC domain structure.
Tanaka et al. reported that autoantibodies to FRP were detected in 30% of RA
patients (30% sensitivity and 93% specificity), and the presence of anti-FRP was
correlated with the disease activity [51]. Although the physiological function of
FRP is still unknown, it was demonstrated that FRP inhibited the production of
inflammatory mediators such as matrix metalloproteinase (MMP)-1, MMP-3,
and prostaglandin-E2 from RA synovial cells in vitro [52] and also suppressed
the development of mouse model arthritis in vivo [53]. Thus, FRP appears to be
one of the biological molecules with anti-inflammatory and joint-protecting effects. Anti-FRP antibodies inhibit the biological function of FRP and promote
the production of inflammatory mediators [52], suggesting that they may be involved in pathogenesis of RA.

12.7
Anti-gp130-RAPS Antibodies

gp130 is a signal transduction molecule expressed on the cell membrane that
acts by forming a complex with IL-6 and IL-6 receptor. A splicing variant of the
gp130 molecule, termed gp130-RAPS, was identified as a novel antigen recognized by autoantibodies in RA patient sera [54]. It is known that gp130 consists
of the membrane-bound molecule (110 kDa) and the short molecule (50 kDa)

12.8 Anti-GPI Antibodies

produced from the membrane-bound form by shedding. Another novel variant
molecule, gp130-RAPS, lacks the membrane and intracellular domains and contains a novel C-terminal amino acid sequence (NIASF) by flame shift due to deletion of an 83-bp sequence. Since autoantibodies in RA patients recognize an
epitope containing the C-terminal amino acid sequence, this molecule was
named gp130-RAPS (gp130 of rheumatoid arthritis antigenic peptide-bearing
soluble form).
Autoantibodies to the synthetic C-terminal peptide of gp130-RAPS were detected in 73% of RA but in less than 10% of other systemic rheumatic diseases
[54]. Antibody titer was correlated with the ESR and with C-reactive protein and
serum IL-6 levels, reflecting the disease activity of RA. gp130-RAPS inhibits the
signal transduction of IL-6 by interacting with IL-6 receptor. Therefore, gp130RAPS appears to suppress the activity of IL-6, and anti-gp130-RAPS increases
the IL-6 activity by neutralizing the inhibitory function of gp130-RAPS.

12.8
Anti-GPI Antibodies

The mouse strain K/B ´ N, which was generated by crossing the KNR/C57BL/6
TCR transgenic mouse with the NOD mouse, develops arthritis resembling human RA [55]. This mouse strain produces arthritogenic immunoglobulins, and
injection of sera from sick K/B ´ N mice into healthy recipients provokes arthritis within several days. The target antigen recognized by the arthritis-inducible
autoantibody was identified as glucose-6-phosphate isomerase (GPI), a glycolytic
enzyme [56]. GPI is demonstrated on the surface of joint cartilages in K/B ´ N
mice, and deposition of IgG and complements is also found in the arthritis-developed mice [57]. This finding indicates that GPI-anti-GPI immune complex
may deposit in the joint and provoke inflammation by activating the complement pathway.
From the observations in the mouse study, research into autoantibodies to
GPI in human diseases has been performed. Schaller et al. first reported that
anti-GPI was detected in 64% of RA patients with high specificity using rabbit
GPI as an antigen [58]. On the other hand, in the later report by Matsumoto et
al., who used recombinant human GPI for ELISA antigen and screened larger
numbers of patient sera from several cohorts, anti-GPI antibodies were not as
high and not as specific as in the former report [59]. Anti-GPI antibodies were
positive in 15% of RA patients, while they were also detected in 12–25% of
cases of psoriatic arthritis, unclassified arthritis, and ankylosing spondylitis, and
even in Crohn‘s disease and sarcoidosis with lower prevalence. Although the
pathogenicity of anti-GPI was demonstrated in the mouse model, it is still unknown whether these autoantibodies in human diseases may induce arthritis.
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Table 12.3 Summary of clinical significance of autoantibodies described in RA.
Target antigens

Sensitivity in RA

Specificity in RA

Ref.

Perinuclear granule a)
So-called “keratin” a)
Filaggrin a)/CCP a)
Sa a) (citrullinated vimentin)
RA33 (hnRNP-A2 protein)
Calpastatin

52–87%
37–59%
33–88%
22–43%
36%
11–82%

90–95%
88–95%
89–98%
85–98%
80–88%
71–96%

Follistatin-related protein
(FRP)
gp130-RAPS (variant
soluble gp130)
Glucose-6-phosphate
isomerase (GPI)
Rheumatoid factor (IgG-Fc)
Type II collagen
Hat-1
IL-1a
Cytokeratin-18

35%

93%

1, 17
2, 15, 17
3, 5–20
26–28
30, 31
33, 34,
43–49
51

73%

97%

54

15–64%

84–95%

58, 59

70–80%
27–93%
24% (IgM type)
17%
40% (IgA type)

HSP90
BiP/p68
Agalactosyl IgG

43%
64%
78%

~80%
Not specific for RA
100%
Not defined
90% (control=OA)
Also in psoriatic arthritis
85%
97%
82%

a)

60–65
66
67
68, 69
70
71, 72
73, 74

Citrullinated proteins.

12.9
Other RA-related Autoantibodies

Besides the above-reviewed autoantibodies, many other autoantibodies related to
RA have been described so far. However, most of these autoantibodies appear to
be neither specific nor sensitive in RA, and in most cases reproducible studies
have not been described after the first reports. These autoantibodies are summarized in Table 12.3 with references.

12.10
Conclusions

In recent studies, it has been demonstrated that RA patients produce not only
RF but also a variety of other autoantibodies. The possible pathogenic nature of
these autoantibodies in RA is still unclear. However, several autoantibodies may
play a role in pathogenesis, since certain autoantibodies inhibit the biological

References

function of target autoantigens such as calpastatin, FRP, and soluble gp130 that
may have anti-inflammatory roles and joint-protecting effects. Otherwise, some
autoantibodies may be pathogenic via the formation of immune complexes with
target autoantigens such as GPI and the activation of inflammatory pathway in
the joints.
Although most autoantibodies are not always specific for RA, autoantibodies
to citrullinated proteins (APF, AKA, anti-filaggrin, anti-CCP, and anti-Sa) appear
to be exclusively detected in RA. Anti-CCP antibodies are especially noteworthy
because of their high sensitivity and high specificity. These antibodies may serve
as a powerful serologic marker for early diagnosis and prognostic prediction of
RA. New criteria for the early diagnosis or classification of RA should be considered if routine testing for these RA-specific autoantibodies is to be utilized.
Anti-citrullinated protein antibodies are locally produced in RA joints, and citrullinated proteins identified as citrullinated fibrins are localized in RA synovial
tissue. This finding strongly suggests a possibility that local citrullination of intra-articular proteins might be the initial event leading to autoantibody production in RA. Genetic factors such as HLA and a gene polymorphism of the citrullinating enzyme PADI (which might express more stable mRNA and cause
over-citrullination of proteins) might be associated with the breakage of self-tolerance and induction of autoimmunity against citrullinated proteins. However,
further research will be necessary to elucidate the fine mechanism and significance of protein citrullination in etiopathogenesis of RA.
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13
Autoantibodies and Organ-specific Autoimmunity
H. Bantel, J. Kneser, and M.P. Manns

13.1
Role of Autoantibodies in Tissue-specific Organ Damage

Autoimmune diseases affect 3–5% of the population, but they attract medical attention only when they become sustained and cause lasting tissue damage [1].
Depending on the affected organ, the clinical presentation of autoimmune diseases can be very heterogeneous and specific, or unspecific features can predominate. A common characteristic of autoimmune diseases is the presence of
autoantibodies that are produced by autoreactive lymphocytes and that may be
the direct cause of some of these disorders. For instance, in Graves’ disease,
autoantibodies bind to and stimulate the receptor for thyrotropin, resulting in
unrestrained thyrocyte growth, excessive thyroid hormone production, and diffuse hyperplasia of the thyroid gland [2, 3]. In Hashimoto’s thyroiditis, antibodies against thyroglobulin, thyroid peroxidase, and the thyrotropin receptor have
been suggested to play a role in the progressive destruction of thyroid follicular
cells [4, 5]. In pemphigus vulgaris, autoantibodies against the epidermal adhesion molecule desmoglein 3 disrupt the epidermis [6].
Although the pathogenic role played by autoantibodies is well characterized in
these diseases, the cellular and molecular mechanisms underlying the initiation
and the propagation of the autoimmune response remain unknown. Moreover, organ-specific damage by autoantibodies might not be sufficient to explain the progression or chronicity of an autoimmune disease. For instance, autoimmune gastritis is characterized by the production of parietal cell autoantibodies that are reactive with the alpha- and beta-subunits of the gastric H/K ATPase. However, experimental data of a murine (neonatal thymectomy) autoimmune gastritis model
indicated that this autoimmune disease is mediated by CD4+ T cells and not by
organ-specific autoantibodies [7, 8]. Furthermore, in a variety of autoimmune diseases, such as lupus erythematosus, autoantibodies are not directed against organspecific structures but react with widely distributed intracellular antigens.
Autoantibodies against intracellular antigens have been implicated as usually
not pathogenic and instead have been viewed largely as secondary consequences
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of the autoimmune process. This view has also been restricted recently: in a
murine model of autoimmune arthritis, the transfer of IgG from diseased animals induced arthritis in healthy recipients [9]. These pathogenic autoantibodies
bind to glucose-6-phosphate isomerase, a ubiquitous intracellular antigen [10].
In summary, autoimmunity is mediated by both direct (autoantibody-associated) and indirect (cytokine-associated) immune response mechanisms. Depending on the respective autoimmune disease, one of those mechanisms may
predominate. Thus, often the specificity of the autoantibodies does not correlate
with clinical profiles, as exemplified by the autoimmune liver diseases. This
chapter therefore deals with the relevance of autoantibodies for the diagnosis
and natural history of autoimmune liver diseases including autoimmune hepatitis, primary biliary cirrhosis, and overlap syndrome.

13.2
Autoantibodies and Autoantigens in Autoimmune Hepatitis

Autoimmune hepatitis (AIH) represents a chronic, mainly periportal hepatitis
upon histology, which is characterized by a female predominance, hypergammaglobulinemia, circulating autoantibodies, and a benefit from immunosuppressive treatment. The diagnosis of AIH is based on clinical, serological, and immunological features as well as on the exclusion of other hepatobiliary diseases
with and without autoimmune phenomena. These include disease entities such
as chronic hepatitis C, primary biliary cirrhosis, primary sclerosing cholangitis,
and the so-called overlap or outlier syndromes. The revised AIH diagnostic
score contributes to the establishment of the diagnosis in difficult cases by calculating a probability expressed as a numeric score [11].
Since the first description of AIH in 1950 by Waldenström [12], serological
findings have attracted considerable attention not only for the diagnosis of this
chronic liver disease but also as a means to study and eventually to understand
its pathophysiology. Furthermore, serological detection of autoantibodies is a
distinguishing feature that has been exploited for the subclassification of autoimmune hepatitis into three groups: AIH type 1, AIH type 2 and AIH type 3.

13.3
Autoantibodies Frequently Associated with Autoimmune Hepatitis Type 1

AIH type 1 represents the most common form of AIH (80% of all cases),
mainly occurring between the ages of 16 and 30 years. The clinical course is
usually not fulminant and an acute onset is very rare. It is characterized by the
presence of antinuclear antibodies (ANAs) and/or anti–smooth muscle antibodies (SMAs). The target autoantigen(s) of type 1 autoimmune hepatitis are largely unknown but consist of multiple nuclear proteins including centromeres,
ribonucleoproteins, and cyclin A as well as smooth muscle actin [13–17]. How-
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ever, the molecular characterization of target antigen specificity does not supply
important additional information to increase the diagnostic precision of AIH
type 1. Although organ-specific autoantibodies are usually not observed, an association of AIH type 1 with other autoimmune syndromes is observed in 48% of
cases, with autoimmune thyroid disease, synovitis, and ulcerative colitis as leading associations [18, 19].
13.3.1
Antinuclear Antibodies

Screening determinations of ANAs are routinely performed by indirect immunofluorescence on cryostat sections of rat liver, kidney, and stomach as well as
on HEp2 cell slides. Most commonly, a homogeneous or speckled immunofluorescence pattern is detectable in all three tissues. The most precise definition of
an ANA pattern is obtained using HEp2 cells, a cell line derived from laryngeal
carcinoma with prominent nuclei. ANAs represent the most common autoantibodies in AIH and occur in high titers, usually exceeding 1 : 160. However, the
titer does not correlate with disease course, disease activity, prognosis, progression, requirement of transplantation, or disease reoccurrence after transplantation. Furthermore, ANAs are not specific for autoimmune hepatitis and can also
be detected in other autoimmune disorders such as systemic lupus erythematosus. In the future, more refined techniques using recombinant nuclear antigens
and immunoassay formats may enable the identification of reactants and assessment of their specificity for diagnosis of and possible roles in pathogenesis.
13.3.2
Anti–Smooth Muscle Antibodies

Anti–smooth muscle antibodies (anti-SMAs) are directed against cytoskeletal
proteins such as actin, troponin, and tropomyosin [20, 21]. They frequently occur in high titers in association with ANAs. However, they are not highly specific for AIH and have been shown to occur in advanced liver diseases of other
etiologies as well as in infectious diseases and rheumatic disorders. In the latter
cases, titers are often lower than 1:80. In pediatric patients, SMA autoantibodies
may be the only marker of AIH type 1. When present in very young patients
with AIH type 1, the titers may be as low as 1:40. SMAs have been found to be
generally associated with HLA A1-B8-DR3 haplotype, and, possibly as a reflection of this HLA status, the affected patients are younger and have a poorer
prognosis [22]. Moreover, antibodies to actin identify a subgroup of patients with
SMAs who have disease at an earlier age and a poorer response to corticosteroid
therapy [17].
SMA autoantibodies are also determined by indirect immunofluorescence on
cryostat sections of rat stomach and kidney [23]. The examination of the kidney
is of importance since this allows for visualization of the V (vessels), G (glomeruli), and T (tubuli) patterns. The V pattern is also present in non-autoimmune
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inflammatory liver disease, as well as in autoimmune diseases not affecting the
liver and in viral infections, but VG and VGT patterns are more reliably associated with AIH, although they are not per se entirely specific for the diagnosis
of AIH type I.
13.3.3
Perinuclear Anti-neutrophil Cytoplasmic Antibodies (pANCAs) and
Antibodies to Asialoglycoprotein Receptor (anti-ASGPRs)

Perinuclear anti-neutrophil cytoplasmic antibodies occur in 65–96% of patients
with AIH type 1 but are usually absent in patients with AIH type 2 [24, 25].
They are mainly of the IgG1 isotype, which distinguishes them from the pANCAs in primary sclerosing cholangitis [24]. Typically, these antibodies are present in high titers in AIH type 1. Actin has been proposed as target antigen;
however, recent studies suggested reactivity against granulocyte-specific antigens
in the nuclear lamina [26, 27]. These antibodies are of diagnostic value for those
patients with AIH type 1 who have tested negative for ANA/SMA.
Anti-ASGPR is present in all forms of disease [28–30]. Seropositivity is associated with laboratory and histological indices of disease activity, and antiASGPRs identify patients who commonly will have a relapse after corticosteroid
withdrawal [31, 32]. However, anti-ASGPRs are also found in other liver diseases including alcoholic liver disease, chronic hepatitis B and C, and primary
biliary cirrhosis. The development of a commercial assay for application of antiASGPRs has been difficult, and their potential as diagnostic and prognostic
markers has not yet been realized.

13.4
Autoantibodies and Autoantigens Associated with Autoimmune Hepatitis Type 2

AIH type 2 is a rare disorder that affects up to 20% of AIH patients in Europe
but only 4% in the United States [33, 34]. The average age of onset is around
10 years, but AIH type 2 can also occur in adults, especially in Europe. In AIH
type 2, patients are not only younger but also more frequently display an acute
onset of hepatitis with a more severe course and rapid progression than do patients with AIH types 1 or 3.
Characteristic antibodies of AIH type 2 are liver/kidney microsomal antibodies (LKM-1) directed against cytochrome P450 (CYP)2D6 and, with lower frequency, against UDP-glucuronosyltransferases (UGT) [35]. In 10% of cases,
LKM-3 autoantibodies against UGTs are also present [36, 37]. In contrast to
AIH type 1, additional organ-specific autoantibodies are frequently present, such
as anti-thyroid, anti–parietal cell, and anti–Langerhans’ cell autoantibodies. The
number of extrahepatic autoimmune syndromes such as diabetes, vitiligo, and
autoimmune thyroid disease is also more prevalent compared to AIH type1
[34].

13.4 Autoantibodies and Autoantigens Associated with Autoimmune Hepatitis Type 2

13.4.1
Liver Kidney Microsomal Antibodies

Indirect immunofluorescence first led to the description of autoantibodies reactive with the proximal renal tubule and the hepatocellular cytoplasm in 1973
[38]. These autoantibodies, termed LKM-1, were associated with a second form
of ANA-negative AIH. Between 1988 and 1991, the 50-kDa antigen of LKM-1
autoantibodies was identified as CYP2D6, which belongs to the CYP superfamily of drug-metabolizing proteins located in the endoplasmic reticulum (ER)
[39–42]. LKM-1 autoantibodies recognize a major linear epitope between amino
acids 263 and 270 of the CYP2D6 protein [43]. These autoantibodies inhibit
CYP2D6 activity in vitro and are capable of activating liver-infiltrating T lymphocytes, indicating the combination of B- and T-cell activity in the autoimmune
process involved [44, 45]. In addition to linear epitopes, LKM-1 autoantibodies
have also been shown to recognize conformation-dependent epitopes [46]. However, the recognition of epitopes located between amino acids 257 and 269 appears to be a specific autoimmune reaction of AIH and is discriminatory
against LKM-1 autoantibodies associated with chronic hepatitis C virus infection
[47, 48]. CYP2D6 is expressed on hepatocytes and its expression might be regulated by cytokines, giving rise to several amplification loops in the autoimmunemediated inflammatory response [49–51].
LKM-3 autoantibodies are directed against UDP-glucuronosyltransferases
(UGT1A), which are also a superfamily of drug-metabolizing proteins located in
the ER. LKM-3 autoantibodies have been identified in 6–10% of patients with
chronic HDV infection and in up to 10% of patients with AIH type 2 [52–54].
These autoantibodies can also occur in LKM-1-negative and ANA-negative patients and thus may become the only serological marker of AIH.
The identification of the molecular targets of autoantibodies led to the increasing use of immunoassays based on recombinant/purified antigens such as
radioimmunoassays or enzyme-linked immunosorbent assays to detect the respective autoantibodies.
13.4.2
Anti-cytosol Autoantibodies Type 1 (anti-LC-1)

Anti-LC-1 are viewed as a second marker of AIH type 2, in which they have
been detected in up to 50% of LKM-positive sera [55]. Other studies indicate
their occurrence in combination with ANA and SMA autoantibodies and in
chronic HCV [56]. In contrast to LKM autoantibodies, LC-1 autoantibodies seem
to correlate with disease activity. The molecular antigen target has been identified to be formiminotransferase cyclodeaminase and commercial kits have become available [57]. However, the specificity and clinical significance of these
antibodies remain unclear.
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13.5
Autoantibodies and Autoantigens Associated with Autoimmune Hepatitis Type 3

AIH type 3 has a lower prevalence than AIH type 2 and has a maximum age of
manifestation between 20 and 40 years. This subclass of AIH resembles AIH
type 1 with respect to clinical characteristics, immunogenetic markers, and
treatment response.
AIH type 3 is characterized by autoantibodies against soluble liver and pancreas antigen (SLA/LP), which are directed towards UGA-suppressor transfer
RNA (tRNA)-associated protein [58–61]. Recent studies have shown that antiSLA and the independently described anti-LP are identical [50, 62]. The exact
function of this protein and its role in autoimmunity remain unclear. Anti-SLA/
LP were initially detected in a patient with ANA-negative AIH. However, 74% of
patients with SLA/LP autoantibodies also have other serological markers of autoimmunity, including SMAs and AMAs [58, 61, 63]. In ANA-positive patients,
SLA autoantibodies appear in 11% of cases.

13.6
Autoantibodies Associated with Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) is the inflammatory, primarily T cell–mediated,
chronic destruction of intrahepatic microscopic bile ducts of unknown etiology.
In 90% of cases it affects women who exhibit elevated immunoglobulin M,
anti-mitochondrial antibodies (AMAs) directed against the E2 subunit of pyruvate dehydrogenase (PDH-E2), and a cholestatic liver enzyme profile leading to
cirrhosis over the course of years or decades. A prominent feature is the presence of extrahepatic immune-mediated disease associations, including autoimmune thyroid disease, Sjögren’s syndrome, rheumatoid arthritis, inflammatory
bowel disease, and, less frequently, celiac disease and CREST syndrome. Extrahepatic syndromes frequently precede hepatic disease manifestation [64–66].
Anti-mitochondrial antibodies are found in approximately 95% of patients
with PBC and are considered a serological hallmark of this disease. The targets
of AMAs in PBC sera are members of an enzyme family, the 2-oxo acid dehydrogenase complexes (2-OADC), which are located on the inner membrane of
the mitochondria and catalyze the oxidative decarboxylation of various alphaketo acid substrates. Components of 2-OADC include the E2 subunit of PDC
(PDC-E2), the E2 subunit of the 2-oxoglutarate dehydrogenase complex (OGDCE2), the E2 subunit of the branched-chain 2-oxo acid dehydrogenase complex
(BCOADC-E2), and the dihydrolipoamide dehydrogenase–binding protein
(E3BP). The most predominant reactivity of AMAs in sera from PBC patients is
directed against PDC-E2. Reactivity against OGDC-E2 and BCOADC-E2 is lower,
around 50–70%. Antibodies to PDC-E1-alpha are present in lower titers. Approximately 10% of patients react only to OGDC-E2 or BCOADC-E2, or to both
[67–69].

13.8 Discussion and Conclusions

Antinuclear antibodies (ANAs) have been identified in more than 50% of patients with PBC. These include antibodies against the nuclear pore protein,
gp120, which are found in 25% of patients with AMA-positive PBC and in up to
50% of patients with AMA-negative PBC. The disease specificity for the detection of such antibodies by immunoblotting is more than 90% [70]. Other autoantigens include the nuclear pore protein p62, which is recognized by PBC sera
in 32% of cases [71]. In about 20–30% of PBC patients, autoantibodies are directed against the nucleoprotein Sp100, which appears to have a high specificity
for PBC [72]. Less than 1% of PBC patients present antibodies to the lamin B
receptor (LBR), an inner nuclear membrane protein that also has a high disease
specificity for PBC [73]. In summary, the presence of PBC-associated ANAs in
AMA-negative patients may be the only seroimmunological clue for establishing
the diagnosis of PBC.

13.7
Autoantibodies in Overlap Syndrome Between Autoimmune Hepatitis
and Primary Biliary Cirrhosis

This overlap syndrome is characterized by the coexistence of clinical, biochemical, or serological features of autoimmune hepatitis (AIH) and primary biliary
cirrhosis (PBC). In about 5% of patients with a primary diagnosis of AIH, laboratory signs and clinical symptoms of PBC exist. On the other hand, 19% of patients with a primary diagnosis of PBC also have signs of AIH. The overlap of
PBC and AIH is characterized by the presence of ANAs in 67% and antibodies
against SMAs in 67%. Because patients with an overlap of PBC and AIH respond to corticosteroid treatment equally well as patients with primary AIH, the
identification of this variant group by autoantibody characterization is required
and contributes to the establishment of an efficacious therapeutic strategy
[74, 75].

13.8
Discussion and Conclusions

A common feature of all autoimmune diseases is the presence of autoantibodies. Some autoantibodies are specific for the site of the disease process, as exemplified by thyroid diseases, pemphigus vulgaris, or autoimmune gastritis.
However, even in instances in which the autoantibodies are not believed to be
the causative agents, they always make an important contribution to the diagnosis of autoimmune diseases. Subdifferentiation of the pattern of autoantibodies
allows us to distinguish not only different autoimmune types but also different
subsets of autoimmune diseases. For instance, antinuclear antibodies are the
most commonly detected autoantibodies in AIH type 1, but they are also frequently (50%) detected in PBC. Subclassification of ANAs shows that in PBC
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these autoantibodies are directed against specific nuclear antigens (gp 120, p62,
Sp100) that are not detected in AIH type 1. The presence of PBC-associated
ANAs in AMA-negative patients may therefore be the only diagnostic serum
marker of PBC. Another example is the recognition of different epitopes by
LKM-1 autoantibodies, which in the case of localizing between amino acids 257
and 269 appears to be specific for AIH and is discriminatory against LKM-1 autoantibodies associated with chronic hepatitis C virus infection.
In a number of autoimmune diseases, it is still unknown whether the autoantibodies highlight the responsible pathogenic process, thereby directly contributing to organ-specific autoimmunity and injury, or whether this is indirectly
mediated by infiltrating inflammatory cells and proinflammatory cytokine production. Almost all autoimmune diseases depend on the presence of CD4+ T
cells that recognize self-antigens. Whether these T cells are stimulated by an
autologous antigen or by an exogenous molecular mimic, they are responsible
for the production of classes of autoantibodies with pathogenic capabilities or T
cells that can attack and damage tissue. Production of proinflammatory cytokines including ligands of death receptors may amplify the autoimmunemediated tissue injury. As a response to cytokines, exposed T cells become activated and differentiate into Th1 or Th2 cells. Furthermore, proinflammatory cytokines may lead to upregulation of death ligands on infiltrating/attacking T
lymphocytes as well as of death receptors on parenchymal target cells, thereby
contributing to apoptotic tissue injury. Proinflammatory cytokines are therefore
believed to play an important role in the initiation and propagation of the autoimmune response. In addition, autoantibodies by themselves have been implicated as playing a role in the activation of T lymphocytes. In this respect, it has
been demonstrated that LKM-1 autoantibodies inhibit CYP2D6 activity in vitro
and are capable of activating liver-infiltrating T lymphocytes, indicating the combination of B- and T-cell activity in the autoimmune process involved. Liver histology from patients with autoimmune hepatitis shows a periportal infiltrate of
lymphocytes and plasma cells as well as piecemeal necrosis, indicating that in
this autoimmune disease an inflammatory immune response may predominately contribute to liver injury.
Although the presence of autoantibodies generally does not correlate with disease activity, disease progression, or treatment outcome, in some cases they
may be of prognostic value. In the case of AIH type 1, antibodies against actin
identify a subgroup of SMA-positive patients with an earlier onset of disease
and a more frequent steroid treatment failure. The presence of anti-ASGPR autoantibodies is associated with laboratory and histological disease activity and
more frequent relapses after corticosteroid withdrawal in patients with AIH type
1. In the case of AIH type 2, LC-1 autoantibodies seem to correlate with disease
activity, whereas LKM autoantibodies do not.
The development of commercial assays for application of autoantibodies with
prognostic value is needed and will give further insights into whether these antibodies are useful for monitoring the disease activity and the therapeutic response of the respective autoimmune disease.
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Autoantibodies in Autoimmune Thyroid Disease
Osvaldo Martinez and Bellur S. Prabhakar

14.1
The Thyroid Gland

The thyroid gland produces the thyroid hormone that is required to maintain
normal metabolism of the body. A highly regulated feedback loop controls thyroid function and helps maintain the euthyroid status (Fig. 14.1). Thyroid-stimulating hormone (TSH) is produced in the anterior pituitary in response to stimulation by thyroid-releasing hormone (TRH) produced in the hypothalamus.
The TSH binds to the thyrotropin receptor (TSHR), which then activates adenylyl cyclase and phosphatidyl inositol pathways and leads to the production of
thyroid hormone. Hormone production begins when tyrosine residues of the
thyroglobulin (Tg) are iodinated and then coupled through the catalytic action
of the thyroid peroxidase (TPO), leading to the formation of the thyroid hormone precursor T4. The T4 undergoes deiodination and results in the formation of the thyroid hormone triiodothyronine (T3). The T3 binds to its cognate
receptor in cells throughout the body and forms a complex, which is translocated to the nucleus. There it binds to the thyroid hormone response elements
and exerts its effects by activating transcription of relevant genes. The euthyroid
state is maintained by a positive feedback from the thyrotropin-releasing hormone (TRH), which stimulates TSH production and negative feedback from T3,
which causes downregulation of TRH and thus TSH production. Deregulation
caused by autoimmunity leads to symptoms associated with hyperthyroidism or
hypothyroidism through increased or decreased production of thyroid hormone,
respectively (Fig. 14.1).

14.2
Autoimmune Diseases of the Thyroid

Autoimmunity to thyroid antigens is the most common cause of thyroid diseases including Hashimoto’s thyroiditis (HT), Graves’ disease (GD), and primary
myxedema (PM). Different autoimmune diseases of the thyroid share similar
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Fig. 14.1 Regulation of thyroid hormone production. The upper panel
shows a normal hypothalamus-pituitary-thyroid axis, which maintains
hormonal homeostasis and regulates normal thyroid function. The middle
panel illustrates the effects of stimulatory Abs (TSAb) as seen in patients
with Graves’ disease. The lower panel shows the effects of blocking Abs
(TSBAb) as seen in patients with primary myxedema.

immunological characteristics and are thought to be interrelated. However, particular thyroid antigens, immunological abnormalities, symptoms, and clinical
courses are associated with specific thyroid diseases. For example, it is well
known that anti-thyroid antibodies circulate in the serum of patients that suffer
from HT and GD, but it is generally accepted that HT is primarily a T cell–
mediated disease in which thyroglobulin-specific T cells infiltrate the thyroid
and cause glandular destruction that results in hypothyroidism. In contrast,

14.3 Autoantibodies in Thyroiditis

GD, the most prevalent of the TSHR-mediated autoimmune diseases, is
mediated by anti-TSHR autoantibodies that can act as TSH agonists and cause
hyperthyroidism. However, if the anti-TSHR antibodies act as TSH antagonists,
they can result in primary myxedema (PM), which is characterized by hypothyroidism.

14.3
Autoantibodies in Thyroiditis

Autoimmune thyroid diseases are characterized by the presence of autoantibodies to multiple thyroid antigens [1] including thyroglobulin (TG), thyroid peroxidase (TPO), and the TSHR. As mentioned above, these proteins play essential
roles in the production of thyroid hormone. With respect to specific diseases,
Over 90% and ~80% of patients with GD have anti-TSHR and anti-TPO autoantibodies, respectively, while over 90% of patients with HT have anti-TPO and/or
anti-TG autoantibodies. Unlike anti-TSHR antibodies, anti-TPO and anti-TG antibodies do not play a significant role in the pathogenesis of either HT or GD.
However, they are helpful in the differential diagnosis and may serve as predictors of ensuing thyroiditis. The Whickam study, an extensive population-based
study, showed that after a 20-year follow-up, the odds ratio (with 95% confidence) of developing thyroiditis in individuals with thyroid autoantibodies and
elevated TSH but normal free T4 was 38 (22–65) for men and 173 (81–370) for
women [2, 3]. In another study, which followed patients with subclinical hypothyroidism (TSH levels > 4 mU L–1) for over nine years, 59% of women with
TPO autoantibodies became hypothyroid as compared to 23% of women without TPO autoantibodies [4]. Similarly, the presence of TPO and TG autoantibodies, along with abnormal TSH levels, is associated with a higher incidence
of hypothyroidism in juveniles and children, but the evidence is less compelling
for pregnant women [1].
A large proportion of women (~20–40%) have thyroid infiltration, and 10–
20% of these women are positive for anti-TPO autoantibodies [1, 5]; however,
only approximately 3% of women show clinical disease. Together, TPO and TG
antibodies are useful in confirming the diagnosis of Hashimoto’s thyroiditis.
Some contend that TG autoantibodies, which rarely occur on their own, may
not be as useful [6], while others claim specific disease associations. For example, presence of TG antibodies, without TPO antibodies, often could be indicative of thyroid hypertrophy and small nodules. However, in patients with HT, it
is more common to find both antibodies rather than the anti-Tg antibodies
alone [7]. Since the presence of TG-specific antibodies could interfere with the
measurement of TG, and the TG levels in the sera serve as very useful markers
to detect recurrence of thyroid cancer, testing for anti-TG antibodies to ensure
that they are not interfering with the TG assay will aid in the proper diagnosis
of thyroid cancers. Therefore, measurement of anti-TPO and anti-TG antibodies
could be of significant clinical value. In contrast, anti-TSHR antibodies not only
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serve as reliable markers for GD and primary myxedema (PM) but also play a
very important role in the pathogenesis of these diseases.

14.4
TSHR-mediated Autoimmunity

Pathogenic autoantibodies to the TSHR disturb normal hypothalamus-pituitarythyroid regulation of thyroid function [8–10] (Fig. 14.1). GD is characterized by
hyperthyroidism, which often leads to tachycardia, anxiety, excessive sweating,
and acute weight loss. On the other hand, autoimmune PM is characterized by
hypothyroidism that can lead to physical and mental lethargy, bradycardia, and
weight gain. Pathogenic antibodies (TSAbs) from patients with GD bind to
TSHR and stimulate thyroid, but in PM, pathogenic antibodies (TSBAbs) block
either the binding of TSH or TSH-mediated activation of thyroid cells. Unlike
in HT, the primary cause of thyroid dysfunction in GD and PM is not due to
glandular destruction but rather to physiological perturbation of thyroid function mediated by anti-TSHR antibodies. The important question is how one develops pathogenic antibodies against the thyroid. Since self-tolerance prevents
development of autoimmune responses, breakdown in self-tolerance must precede the generation of autoantibodies.

14.5
Development of Autoantibodies Against TSHR

The central dogma in immunology is defined by the ability of immune cells to
discriminate between self and non-self. The discrimination against self is governed by mechanisms that mediate tolerance to normal antigens in the body.
When tolerance is broken, self is recognized as non-self or foreign, and therefore the immune system begins to attack the organ in question. Evidence from
transgenic models that use foreign antigen hen egg lysozyme (HEL) expressed
on the thyroid cells and HEL antigen-specific B and T cells suggests that a
breakdown in T-cell tolerance to a thyroid antigen is required before B cells can
produce anti-thyroid antibodies [11, 12]. Specifically, B cells that express transgenic receptors that recognize the HEL expressed on the thyroid as a transgene
are not eliminated or inactivated. This means that the pre-immune B-cell repertoire against the thyroid antigen (i.e., HEL) is intact and that the tolerance
would have to depend on mechanisms other than B-cell deletion to avoid autoantibody production. Since TSHR (as well as HEL) is a protein antigen, it likely
requires T-cell help for both initiation and maintenance of anti-TSHR antibody
response. This is clearly illustrated by experiments showing that T cells that carry the transgenic T-cell receptor against thyroid-expressed HEL are hyporesponsive to the HEL antigen. This T-cell tolerance could not only help keep T cells
in check but also could prevent T cell–dependent activation of autoreactive B
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cells. However, in the same study the authors were able to stimulate HEL-specific T cells with a stronger stimulus, suggesting a putative mechanism by which
a break in T-cell tolerance to thyroid antigens may occur. Once T-cell tolerance
is overcome, the thyroid antigen–specific B cells can be readily activated, leading
to antibody production. In Graves’ patients, a majority of the stimulatory activity
in the serum resides in the IgG fraction of the antibodies [13, 14]. This is consistent with the concept that a breakdown in T-cell tolerance is required for the
production of pathogenic autoantibodies because B cells require T-cell help for
isotype switching from IgM to IgG and affinity maturation.
Given the right circumstances, a breakdown in tolerance precipitated by thyroid injury (e.g., environmental stress factors) could lead to thyroid autoimmunity. At the site of injury and inflammation, thyroid antigens could be processed
by professional antigen-presenting cells (APCs). The APCs will carry the antigen
to the draining lymph nodes and present the thyroid antigen in the context of
the right MHC class II to an appropriate CD4+ T helper cell, leading to its activation. In the same context, an autoreactive B cell could also acquire the thyroid
antigen by binding to it with its IgM receptor and present it to the appropriate
T cells. This interaction between T cells and B cells with a common antigen
specificity (linked recognition), and in the presence of sufficient amounts of the
thyroid antigen, could result in the formation of germinal centers where B-cell
differentiation could take place with T-cell help. A continued antigenic stimulation would lead to B-cell isotype switching and somatic hypermutation of the Bcell receptors, resulting in high-affinity antibody production. Interestingly, there
is evidence to suggest that anti-thyroid antibody–producing B cells accumulate
in the thyroid where they are continuously exposed to the antigen [1]. Once sufficient amounts of anti-TSHR antibodies of high affinity accumulate in the serum, they can continually stimulate the TSHR, resulting in Graves’ disease.
What predisposes certain individuals to GD and what triggers the initial autoimmune response are not completely understood. However, it is generally accepted
that genetic and environmental factors could act in concert to initiate an antithyroid autoimmune response.

14.6
The Role of Genetic Factors

The etiology of autoimmune thyroid disease (AITD) is unclear. Similar to other
autoimmune diseases, genetic, environmental, and other endogenous factors
contribute to the initiation of the disease. Increased incidence of GD among
members of a family and a higher degree of disease concordance among identical twins indicate that genetic factors may play an important role in determining susceptibility to GD [15–17]. As in most other autoimmune diseases, the
strongest bias in developing GD is gender: women are 5–10 times more likely
than men to develop the disease. Two recent reviews on genetic susceptibility to
GD have summarized and discussed the implications of a large number of stud-
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ies [18, 19]. The general conclusions one can draw from studies to date is that
multiple genetic factors appear to contribute to the risk of developing GD.
Some of the susceptibility gene(s) appear to be associated with the X chromosome, others seem to be specific to GD (e.g., GD-1, GD-2, and GD-3), and yet
others such as MHC class II alleles and CTLA4 are involved in the generation
of immune responses [20, 21]. The CTLA4 protein exists in multiple isoforms
due to genetic polymorphism of AT dimers at the 3'-untranslated region of the
third exon. This is often linked with another polymorphism in the first exon
[22]. A 106–base pair AT polymorphism is thought to be associated with increased risk of GD [20, 23]. Similarly, other associations with genetic polymorphism in CTLA4 have been reported [24–26]. Earlier studies have shown
that patients with GD express HLA-B8 more often than control subjects without
the disease [27]. Other studies have shown that the risk of developing the disease is higher among individuals with an MHC class II haplotype of HLA-DR3
[28, 29]. Similarly, the risk is increased in individuals with a DQA1-*0501 haplotype [30, 31]. In contrast, the expression of HLA DR b1*07 appears to confer
protection [32]. There is also a racial variation in the association of MHC haplotypes with an increased risk for the development of GD [32]. However, it is no
coincidence that the genetic associations with GD are related to genes involved
in immune regulation. Although GD is an autoantibody-mediated disease, as
discussed above, genetic factors such as linkage to MHC class II alleles and
CTLA4 point to an essential T-cell role in its development. How the autoimmune response is initiated in genetically susceptible individuals is not fully understood, but environmental factors appear to play an important role.

14.7
The Role of Environmental Factors

Like other autoimmune diseases, environmental factors have long been suspected in the etiology of the disease. For example, excess iodine intake is a risk
factor for developing autoimmune thyroid diseases in both humans and animal
models of AITD [33, 34]. Stress, drugs, and smoking can also contribute to the
development of the disease. The common mode of action of all these factors is
that they place stress on the thyroid [35]. It is possible that these environmental
stresses can lead to thyroid injury, which may in turn release thyroid autoantigens or alter the immunogenicity of the thyroid antigens. Another set of environmental factors linked to AITD [36] and host immune responses is microbial
infections, which can cause overexpression (e.g., heat shock proteins, MHC
class II molecules, costimulatory molecules, etc.) and/or altered expression of
certain self-proteins (altered self). Presentation of these antigens by professional
APCs could provide the necessary strength of signal or be perceived as foreign
[37] and lead to the activation of T cells. Alternatively, aberrant expression of
MHC and/or costimulatory molecules, due to infection and inflammation, can
allow thyrocytes to serve as APCs that can restimulate T cells. Superantigens
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and mitogenic bacterial products could also activate immune cells with a wide
range of different antigen specificities, including for self-antigens, in a nonspecific manner and initiate an autoimmune response. Molecular mimicry is yet
another mechanism often invoked to explain autoimmune responses that result
from activation of T cells or B cells that recognize a microbial antigen and can
simultaneously cross-react with an autoantigen. For example, Y. enterocolitica
has been implicated in GD induction because of its ability to produce superantigens and mitogens and because of the cross-reactivity of its lipoprotein with the
TSHR [38].

14.8
Assays for TSHR Autoantibodies

Passive transfer of immunoglobulins from GD patients to experimental animals
caused increased thyroid hormone production [39]. The discovery that autoantibodies were the cause of Graves’ disease began the quest to detect, quantify, and
characterize these antibodies. Two main assays are used to detect and characterize anti-TSHR autoantibodies. One measures the inhibition of TSH binding
(TBII) to the TSHR, while the other measures the stimulatory activity (TSAb) of
the antibody through cAMP production by TSHR-expressing cells. The latter assay can be readily modified to detect blocking activity (TSBAb) by measuring
the ability of a given antibody to prevent cAMP production in the presence of a
known amount of TSH. Although there is considerable agreement between results from TBII and TSAb assays, such agreement is lacking between the antibody titer/activity in the serum and the severity of the disease [40–43]. It is interesting to note that the TBII assay can detect both TSAb and TSBAb antibodies, suggesting that antibodies can bind to a number of different sites on
the TSHR and prevent TSH binding (perhaps due to stearic hindrance), but
their binding to specific epitopes might be required to exert their functional effects. These and other results (reviewed in [44]) show that some of the antibodybinding sites overlap and others are mutually exclusive. The TBIIs found in patients with Hashimoto’s thyroiditis or primary myxedema differ from the TBIIs
found in GD because they can inhibit the stimulating activity of both TSAbs
and TSH [46]. In contrast, many Graves’ TBIIs can inhibit TSH binding, but
not the TSAb activity. However, this cannot be generalized because some GD
patients’ sera do contain antibodies that can block both [47]. These observations
show the complexity of the autoantibody response against the TSHR. Moreover,
they show that it is not simply the presence or absence of stimulating and
blocking antibodies, but a balance between the levels of stimulating and blocking activity against the TSHR, that determine the disease outcome.

309

310

14 Autoantibodies in Autoimmune Thyroid Disease

14.9
Thyrotropin Receptor Down-modulation

The TSHR can be divided into three parts [48]: (1) a long hydrophilic region (aa
1–418), (2) a region with seven hydrophobic, membrane-spanning domains similar in sequence to other G protein–coupled receptors (aa 419–682), and (3) a
short (aa 683–764) cytoplasmic domain (Fig. 14.2). TSHR is different from other
gonadotropin receptors in that it contains two inserts within the extracellular
domain (TSHR ECD): one of 50 amino acids in the region of residues 300–400
of the TSHR and a second of eight residues (aa 38–45) [48–50]. The ectodomain
contains six potential N-linked glycosylation sites that are required for proper
folding of the receptor and for patient autoantibody binding. The TSHR ECD is
the primary region of TSH and TSHR Ab binding [47–50] and can undergo processing to yield two subunits (A and B) that can remain associated through
disulfide bonds [50]. Once TSH and TSAB bind to the receptor, they transduce
signals to the cell, resulting in G-protein uncoupling and activation of adenylyl
cyclase and cAMP production. Once the cAMP is activated, it can bind to its responsive elements and mediate a wide range of signaling and gene activation.
TSHR down-modulation and/or desensitization on thyrocytes provide yet
another level of regulation for TSHR function. Following ligand binding to G
protein–coupled receptors [51–53], the ligand-receptor complex is internalized,
resulting in the termination of cAMP signaling [54, 55], initiation of mitogenic
activity [56], dephosphorylation, and re-sensitization or down-modulation of the
receptor [57, 58]. However, how the receptor-mediated signaling is down-modu-

Fig. 14.2 (A) Schematic representation of
TSHR. Shown are the extracellular domain
(ECD), the transmembrane domain (TM),
and the short cytoplasmic domain (CD) of
TSHR. (B) The TSHR ECD, consisting of
first 21 residues as signal peptide and two

regions that are unique to TSHR, between
residues 38–45 and 317–366, when compared to other G protein–coupled receptors.
Six potential N-linked glycosylation sites at
positions 77, 99, 113, 177, 198, and 302 are
indicated by “Y” symbols.

14.10 Functional Domains of TSHR

lated in the thyroid is not fully understood. Although a great deal of information has been gathered on the internalization of receptors that contain a single
transmembrane domain [59], limited data exist on endocytosis of glycoprotein
hormone receptors, which contain multiple membrane-spanning domains. This
is particularly true of the TSHR protein upon ligand (TSH) binding, and there
is no known report on the fate of this receptor upon TSAb or TSBAb binding.
Milgrom’s group [60] has studied TSHR trafficking. They found that the receptor was expressed on the plasma membrane and clathrin-coated pits and that
a minor fraction of the expressed protein was constitutively localized to endosomes [60]. Upon TSH addition, there was an increase in the endocytosis of the
receptor. While the TSH was degraded in the lysosomes, a great majority of the
internalized TSHR was recycled to the cell surface, which could be blocked by
treatment with monensin. Furthermore, another study [61] provided further evidence for receptor recycling by demonstrating the co-localization of newly internalized TSHR to RhoB-containing early endosomes. Early endosomes are involved in dissociation and sorting of receptor-ligand complexes in an environment that is least damaging [62], whereas the late endosomes and lysosomal
vesicles are primarily involved in accumulating and digesting both exogenous
and endogenous macromolecules [63]. It appears that one molecule of TSH can
bind to one TSHR; however, since the Abs are bivalent it is possible that they
could simultaneously bind to two TSHR molecules. It is interesting to speculate
whether TSAb binding due to bivalency and larger size (150 kDa) might prevent
or slow receptor internalization and allow it to stay on the cell surface longer
than after TSH binding, resulting in a prolonged activation of the thyroid. If
this were to occur on a continual basis, it could lead to the development of
hyperthyroidism [61]. More definitive studies are required to establish a link
between perturbations in receptor trafficking and the pathogenesis of GD.

14.10
Functional Domains of TSHR

Several approaches have been used for determining the functionally relevant
epitopes bound by autoantibodies on TSHR. One involved construction of
TSHR-LH/CGR chimeras, in which select segments of TSHR were replaced
with the corresponding segments from the LH/CGR. Studies from this
approach resulted in the identification of putative TSH, blocking, and stimulatory antibody-binding regions of TSHR [57, 74, 80, 99]. Another approach has
been to use deletion mutants and/or site-directed mutagenesis to identify functionally relevant regions of TSHR. These studies revealed that certain glycosylation sites and cysteine residues are absolutely essential for proper folding of the
receptor, as well as for TSH and antibody binding [70, 71, 100]. Because of limitations associated with each of these approaches, no single approach has
yielded conclusive results on the overall structure-function relationship of the
TSHR. However, collectively, these studies have led to several important conclu-
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sions. It appears that both TSH and autoantibodies can primarily bind to the
ECD of the TSHR. The TSH-binding epitope consists of discontinuous amino
acids that come together due to protein folding. Antibodies against one or more
of these epitopes can inhibit TSH binding or TSH-mediated activation of cells
by affecting a step subsequent to TSH binding. The stimulatory autoantibody
binding sites reside predominantly at the N-terminus of the protein, while the
blocking antibodies bind primarily to the C-terminus of the TSHR ECD [50].
Recently, several other studies employing TSHR-LH/CGR chimeras have used
significant numbers of patient sera to begin to categorize the autoantibody response in Graves’ disease [44, 45].

14.11
TSAb Epitopes in GD

Determining the TSAb epitopes (stimulatory antibody-binding sites) is vital to
understanding how they stimulate the receptor and for the development of therapeutic intervention. Many studies have attempted to define TSAb epitopes and
have provided significant insights, but they have failed to provide definitive answers. One of the difficulties in performing such studies is that the TSAb binding requires native TSHR conformation. Negative results from assays that use
mutational analysis, chimeric constructs, or TSHR fragments are hard to interpret because one cannot distinguish between lack of binding due to the loss of
epitope versus improper folding that could make the epitope, although present,
inaccessible. Moreover, use of sera from patients who often exhibit a complex
and heterogeneous polyclonal autoantibody response also makes it very difficult
to define various functional epitopes. Logically, the functional equivalent of
TSH would be a stimulatory antibody that can block TSH binding. However,
the TBII activity does not always correlate with the TSAb activity and in some
cases may represent TSBAbs or functionally inert antibodies. Therefore, the
stimulating epitope on TSHR does not appear to be a narrow epitope that is
similarly bound by both TSH and TSAbs. Moreover, although TBII antibodies
can inhibit TSH binding, they often fail to inhibit TSAbs, again pointing to the
complex nature of various binding sites.
Until today, the most valuable approach to determining the TSAb epitopes of
TSHR has been the use of chimeric constructs in which pieces of the luteinizing hormone (LH) receptor have been used to replace the corresponding regions
of the TSHR (Fig. 14.3). Although these receptors are structurally very similar,
they show only ~40% identity. Further, there are unique insertions within the
TSHR (Fig. 14.2) not found in other G protein–coupled receptors. Also, glycosylation patterns, known to be important for proper folding of the protein required for TSAb and TSH binding [64], are different in both proteins. Nevertheless, these studies have provided very insightful information on the various
binding sites on TSHR. A summary of some of these studies is provided in
Fig. 14.3.

14.11 TSAb Epitopes in GD

Fig. 14.3 Domain mapping of TSHR regions
involved in TSAb, TBII, and TSH activity
using TSHR-LH/CGR chimeras. Loss of
stimulating (TSAb) and TBII activity in ~70
GD patients’ IgGs when tested against three
chimeras of the TSHR-LH/CGR: MC2
(residues 90–165 of the TSHR substituted),
MC1+2 (residues 8–165 of the TSHR substituted), and MC4 (residues 261–370). Shown

are numbers of positive sera against the
corresponding construct. ++++ Indicates
strongest activity, ++ indicates moderate
activity, and – indicates no activity. Depicted
above the figure are areas of the TSHR ECD
where TSH, stimulatory antibodies (TSAb),
TSH-binding inhibitory antibodies (TBII),
and blocking antibodies (TSBAb) have been
shown to bind. (Modified from [44, 45]).

Substitution of residues 8–165 of the TSHR with the corresponding region of
the LH/CGR (MC1+2) eliminates the ability to respond to TSAbs (i.e., TSAb1),
but not to TSH. Furthermore, if only residues 90–165 of the TSHR are substituted (MC2), TSAb activity is still lost or diminished in 96% of Graves’ IgGs,
but TSH activity is retained [65–67]. Although these results point to the importance of residues 90–165, earlier site-directed mutagenesis studies had identified
residues 30–61 as being critical for TSAb activity [48, 49, 68–74]. However, specific epitopes within this 90–165 residues with which TSAbs interact have not
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yet been elucidated [48, 49, 68–72]. These two sets of results would suggest that
the TSAb epitopes might be made of both contiguous and non-contiguous amino acids formed as a consequence of protein folding that results in the three-dimensional conformation of the protein. Recent studies confirmed that TSAb
epitopes reside in the N-terminus of the protein within the A subunit of the
TSHR ECD [75, 76].
Recently, there have been reports on the generation of stimulating monoclonal antibodies derived from mice and hamsters (reviewed in Ref. [77]). It would
be very interesting to determine whether they all bind to the same or similar
epitopes. Since the crystal structure of other G protein–coupled receptors have
been determined, it is likely that the structure of TSHR will be solved in the
near future. A final resolution of TSH and various autoantibody-binding sites
will emerge once the crystal structure of TSHR is determined.

14.12
TSBAbs with TBII Activity

The TBII activity present in the sera of patients with GD is most likely due to
TSAbs, and they primarily bind to epitopes in the N-terminus of TSHR as demonstrated by using LH/CGR-TSHR chimeras. In contrast, the TBII activity
found in the sera of patients with HT or PM most likely represents TSBAb activity, and they predominantly bind to epitopes in the C-terminus of the TSHR
ECD. This indicates that the TSBAb activity, however, does not always correlate
with the TBII activity and vice versa. Epitopes involved in TSBAb binding are
primarily located on the C-terminal portion of the TSHR ECD, probably within
residues 261–395. This is in contrast to TSAb epitopes (TSAb1), which are primarily located at the N-terminal portion of the TSHR ECD (Fig. 14.3). Evidence
to date suggests that these N-terminal and C-terminal areas come together due
to protein folding and that the function of the receptor is critically maintained
by proper three-dimensional structure. Another study, in which insect cell–derived fragments of TSHR were used, showed binding of TSBAbs to the C-terminus region of the TSHR [47]. The clinical relevance of these antibodies in PM is
evident in that they can block TSH-mediated activation of the thyroid and result
in hypothyroidism. However, more recently their importance in modulating GD
has become clearer. It had been previously suspected that during pregnancy the
amelioration of Graves’ disease was due to a decrease in TSAbs; however, Kung
et al. showed that disease remission during pregnancy [78] was associated with
the appearance of TSBAbs whose epitopes were located in the C-terminus of
the TSHR ECD [79].

14.14 Immunomodulation

14.13
The Heterogeneous and Homogeneous TSAbs

There are TSAbs whose activity solely depends on residues 25–165 (TSAb1,
homogeneous) or may also depend on sites present more on the C terminal
part (TSAb2, heterogeneous). These new studies show a new category of GD
pathogenic antibodies that may be relevant to the clinical progression of the disease [67]. In these studies newly diagnosed GD patients’ sera were tested
against the chimeric LH/CG-TSHR constructs. Consistent with earlier results
(see Section 14.11), about 67% of the patient sera lost TSAb activity when they
were tested against MC1+2 (aa 8–165 are substituted) and/or MC2 (aa 90–165
are substituted) chimeras. However, in about 33% of sera from newly diagnosed
Graves’ patients, TSAb activity was not completely lost when tested against
these N-terminal chimeras, which indicated that additional TSAb epitopes
might be present elsewhere in the receptor. It was suggested [80] that this additional epitope(s) might result from bridging of residues in the N-terminus with
the residues in the C-terminus of the TSHR ECD due to folding of the receptor.
It was also suggested that the C-terminal region was less critical than the N-terminus, for either TSH or TSAb activity [50, 81–84].
Several studies have revealed an interesting phenomenon where specificity of
TSAb to a heterogeneous epitope could be predictive of a more rapid response
to longer remission [66, 67, 85]. Specifically, treatment with oral immunosuppressives, methimazole (MMI), or propylthiouracil (PTU) [67] resulted in a 30%
increase in disease remission in patients who developed heterogeneous TSAbs.
Further, a correlation was shown between the presence of TSAbs against the
heterogeneous epitope with faster remission, at lower doses of PTU or MMI
[66, 67]. In another study, investigators suggested that the heterogeneous TSAb
epitope was also predictive of a successful response to MMI or PTU in 80% of
hyperthyroid patients with a small goiter or low TBII values [84].

14.14
Immunomodulation

There are limitations in our ability to monitor the evolution of the immune response against self-antigens in humans before the onset of clinical symptoms;
we therefore must rely on studies from animal models. There is no animal
model in which GD develops spontaneously. Developing an animal model for
GD has been hindered by our inability to purify TSHR in sufficient quantities
for the induction and characterization of experimental autoimmune GD
(EAGD). Even with the cloning of the receptor, establishing an animal model
for GD has been very challenging. Recently, however, several promising models
of EAGD have emerged [86]. These animal models have used different immunization protocols and sources of TSHR to induce the disease. Adenovirus vectors
that contain TSHR cDNA, DNA vaccination, or cells that overexpress TSHR

315

316

14 Autoantibodies in Autoimmune Thyroid Disease

have been used as immunogens to induce EAGD with varying degrees of success. These animal models have provided an opportunity to understand the evolution of the disease as well as to test different therapeutic approaches.
The discovery of “preferred” cytokine secretion profiles from in vitro CD4 T-cell
clones nearly two decades ago has led to a great deal of work on T-cell subset differentiation [87]. Generally, based on their ability to produce distinct cytokines, T
cells can differentiate into two subsets called Th1 and Th2. Although more complicated, one can functionally categorize Th1 cells as those producing IL-12 and
IFN-c and supporting cell-mediated immune responses, while Th2 cells can be
characterized as those producing IL4 and supporting antibody production. Modulation of immune responses where one type of response is enhanced at the expense of the other has had a significant impact on both onset of disease in animal
models and our understanding of disease progression. For example, infection of
susceptible BALB/c (H-2d) mice with the intracellular parasite Leishmania major
induces predominantly a Th2-type T-cell response that leads to death, but the resistant B10.D2 (H-2d) strain of mice develops a Th1 response that can control
parasite replication and result in its expulsion. Other examples of the protective
or susceptible nature of Th1 or Th2 cytokine secretion profiles abound in the literature [87]. Even more interesting is our ability to skew the immune response
artificially from a Th1 to a Th2 or vice versa, with life-and-death consequences
for the experimental mice. For example, in BALB/c mice, expression of exogenous
IL-12 (which skews the response to a Th1 response) can confer protection [88]. In
fact, recombinant cytokines that can skew the immune response have been used
to ameliorate experimental thyroiditis [89]. In these studies, it was shown that
granulocyte-macrophage colony–stimulating factor, but not fms-like tyrosine
kinase receptor 3-ligand, was able to skew the immune response toward the
Th2 type and prevent development of thyroiditis. These studies provide intriguing
glimpses into the possibility of immunomodulating diseases.
The animal models of GD have provided some interesting insights; however,
a consensus as to the specific effects of skewing the response towards Th1 or
Th2 on GD development or maintenance has not emerged. Studies have shown
a dominance of Th1 immune responses in some models of GD [90–92]. Splenocytes from immunized mice secreted either spontaneously or after TSHR addition a Th1 cytokine IFN-c, but not Th2 cytokine IL-4. In addition, injection of
an adenovirus expressing TSHR and IL-4, and not TSHR and IL-12, inhibited
the induction of EAGD. Th2 response-inducing adjuvants, alum, and pertussis
toxin, but not a Th1 response-inducing adjuvant poly (I : C), suppressed the development of EAGD in BALB/c mice immunized with dendritic cells infected
with an adenovirus encoding TSHR [93]. These studies suggested a Th1 response dominance in EAGD.
On the other hand, it is generally believed that GD is characterized by a Th2dominant response [94]. Several reports have shown an increase in the frequency of EAGD when pertussis toxin and/or alum that skew the immune response towards the Th2 type were used in conjunction with the TSHR [95, 96].
Dogan et al. [97] showed production of IgG1 (Th2) and IgG2a (Th1) antibodies,
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and secretion of both IL-4 (Th2) and IFN-c (Th1) cytokines, in TSHR-immunized BALB/c mice with EAGD. However, IFN-c–/– mice, but not IL-4–/– mice,
developed hyperthyroidism upon immunization with TSHR and demonstrated
that the Th2 response was required for the development of EAGD. In another
study [98], EAGD was induced in mice whose signal transducer and activator of
transcription-4 (Stat-4) or Stat-6 genes were deleted. While 50% of wild-type
BALB/c and Th1-impaired Stat-4(–/–) mice developed hyperthyroidism, none of
the Th2-impaired Stat-6(–/–) mice became hyperthyroid. Further, Stat-4(–/–)
mice demonstrated strong Th2-type responses such as the production of IL-4
and IgG1 anti-TSHR antibodies, and Stat-6(–/–) mice had a strong Th1 immune response characterized by IFN-c production and IgG2a antibodies. Together, these observations suggest an important role for Th2-dominant responses. Intuitively, a strong role for Th2 would be consistent with the production of autoantibodies required for disease induction.
The differences seen in the different models of EAGD could be due to the differences in the strain of mice used, environmental factors, TSHR preparations
used and route of immunization, and adjuvants used in different studies.
Further studies are required to conclusively determine whether there is a dominance of a Th1 or a Th2 response or whether both are required, albeit at different stages of the pathogenesis of the disease. Once the role of specific cytokines
is established, cytokine therapies can be tested before, during, and after disease
onset to determine efficacy of the regimen to suppress the development of the
disease or to treat it.

14.15
Conclusions

Our understanding of the role of autoantibodies in Graves’ disease pathogenesis
is limited to the assays, which we can use to measure or characterize the autoantibodies. The better the assays are, the more useful they will be in understanding the pathogenesis of GD as well as in predicting the efficacy of various
therapeutic regimens. There is also a need to better understand the evolution of
the antibody response, because it would be useful in evaluating anti-thyroid antibodies. For example, as alluded to with the discovery of heterogeneous or homologous epitopes, it would be most useful to determine progression towards
generation of antibodies required for stimulation of the receptor and the specific
epitopes on the TSHR with which they react. If one can determine these epitopes and then measure the amounts of specific antibodies against relevant epitopes and develop methods to modulate the immune response against specific
epitopes, one can perhaps coax the immune system away from producing
pathogenic antibodies. To this end, several animal models of experimental autoimmune Graves’ disease have recently emerged. These models could be used to
better understand the evolution and diversity requirements of autoantibodies in
Graves’ disease.
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Autoantibodies in Diabetes
Sarah M. Weenink and Michael R. Christie

15.1
Introduction

Type 1 diabetes mellitus is an organ-specific autoimmune disease characterized
by a deficiency in endogenous insulin, the metabolic hormone responsible for
maintaining blood glucose homeostasis. The World Health Organization estimates that more than five million individuals suffer from type 1 diabetes worldwide. Affected individuals develop acute hyperglycemia, exhibiting excessive levels of glucose in the blood stream, while the surrounding tissues of the body
are starved of an energy source. Despite extensive research efforts, there is no
known cure and treatment options have advanced little since 1922, when Banting and Best first demonstrated the ability to manage type 1 diabetes through
regular administration of exogenous insulin [1]. Even with insulin treatment,
diabetic complications are common and debilitating and include neuropathy, retinopathy, nephropathy, and increased risk of coronary disease, with a consequent decrease in life expectancy [2].
Type 1 diabetes arises as the result of autoreactive immune cell–mediated destruction of insulin-producing b-cells of the pancreas. Concordance rates for both
mono- and dizygotic twins indicate susceptibility to be under complex polygenic
control [3], with additional modulation by environmental factors, such as infections
or diet [4, 5]. In common with other autoimmune diseases, the primary genetic risk
factor for susceptibility to type 1 diabetes is the inheritance of certain MHC alleles,
expressed in the form of heterodimeric proteins that present peptides derived from
antigens to T cells [6, 7]. Thus, a strong risk association is established between type
1 diabetes and expression of HLA-DR3 and -DR4 alleles. In Caucasians affected by
type 1 diabetes, 95% express HLA-DR3 and/or -DR4, compared with an occurrence
of just 40–50% in unaffected subjects [8]. More precise characterization of HLA
gene variants on the short arm of chromosome 6 has localized the primary genetic
association of type 1 diabetes in Caucasian populations to be at the HLA-DQ locus,
although there is likely to be an independent contribution from HLA-DR4 alleles.
The alleles associated with the highest risk are HLA-DQ8 (DQB1*0302) and HLA-
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DQ2 (DQB1*0201) [9]. Protective MHC alleles also exist that safeguard an individual against type 1 diabetes. For example, individuals that express HLA-DQ6
(DQA1*0102/DQB1*0602) develop type 1 diabetes rarely, even in the presence
of DQ8 or DQ2 [9]. Similarly, expression of either of the alleles DRB1*0406 or
DRB1*0403 reduces the risk conferred by the DQ8 molecule [10, 11]. It is expected
that these genes act by regulating the presentation of peptides derived from antigens involved in the diabetes process to effector or regulatory T cells.
A major feature of type 1 diabetes is the infiltration of lymphocytes into the
pancreatic islets of Langerhans. This “insulitis” is usually associated with damage to or destruction of the insulin-producing beta cells within the islet. Our
understanding of the mechanisms of beta-cell destruction is complicated by the
wide variety of immune cells infiltrating the pancreatic islets. These include B
lymphocytes, T cells of both CD4+ and CD8+ lineages, macrophages, and dendritic cells [12–14]. In order to unravel the etiology of type 1 diabetes, researchers
have made substantial use of spontaneous and induced animal models, including the bio-breeding rat [15] the non-obese diabetic (NOD) mouse [16], and a
streptozotocin-induced rodent model [17]. The most extensively studied of these
is the NOD mouse, which has provided a valuable resource in which genetic
and environmental backgrounds have been manipulated to examine their effects
upon the development and progression of type 1 diabetes.
Studies with NOD mice have revealed that lymphocytic infiltration into the
pancreatic islets occurs 2–4 months before the development of overt diabetes.
Macrophages and dendritic cells are the earliest cell types to infiltrate the islets
[12], and this early infiltration is followed by beta-cell damage that may occur directly through the actions of proinflammatory cytokines secreted by these cells
[18, 19]. However, T lymphocytes have emerged as the predominant initiator
and effector cells of diabetes. This is supported by the high frequency of these
cells in the islet infiltrate at disease diagnosis [20]. Furthermore, splenic T cells
from diabetic NOD mice induce disease upon transfer to neonatal or sublethally
irradiated animals [21, 22]. Similarly, a human case report shows diabetes development following bone marrow transplantation from a diabetic to a non-diabetic
individual [23]. Meanwhile, neonatal thymectomy, which impairs T-cell development, significantly reduces the incidence of insulitis and diabetes in NOD mice
[24, 25], as does immunosuppressive treatment in humans [26]. Further experimental work has revealed that both CD4+ and CD8+ T-lymphocyte subsets are
important to the disease process, but to different extents at distinct stages in its
progression [27, 28]. CD8+ T cells may inflict acute cytotoxic damage upon the
b-cells, e.g., after recognition of peptides from specific islet-cell b-cell antigens
associated with cell-surface class I MHC molecules. Class I MHC expression is
upregulated in the inflamed islet in type 1 diabetes [29]. It is the CD8-positive T
cells that have been reported as the predominant cell type infiltrating islets in
human diabetes, consistent with a role for cytotoxic T cells in beta-cell damage
[30]. Together, these studies implicate the T cell as a promising target of therapies aimed at halting autoimmunity to the pancreatic beta cell and, as a consequence, preventing diabetes progression in susceptible individuals.

15.1 Introduction

Despite the prominent role of T cells in type 1 diabetes, it is widely accepted
that the development of autoimmune diabetes involves the activation of both
the cellular and humoral arms of the adaptive immune response, in that autoantibodies reactive to islet-cell components are also detected in diabetes. Pancreatic islet-cell antibodies (ICAs) were first detected in the serum of diabetic
patients using immunofluorescent techniques 30 years ago [31] and have proved
invaluable for the diagnosis of the disease. Moreover, the ability to detect ICAs
many years before the onset of overt disease permits the identification of prediabetic individuals as candidates for therapeutic intervention.
Whether circulating islet autoantibodies contribute to beta-cell destruction is
uncertain. Despite early experiments suggesting that ICAs were capable of lysing islet b-cells [32], further evidence of a direct pathogenic role of antibodies secreted by B cells has not been forthcoming. Humoral reactivity coincides with
onset of insulitis in NOD mice [33]. However, neither the initiation of anti-islet
autoimmunity nor the subsequent destruction of the b-cells appears to be antibody-mediated, and, unlike T cells, B lymphocytes from a diabetic mouse are
not capable of inducing disease in transfer experiments [21]. Furthermore, individuals lacking B cells may still develop type 1 diabetes [34]. Nevertheless, depletion of B lymphocytes early in disease progression in NOD mice delays, and in
some animals prevents, subsequent development of disease [35–38]. B cells
within islet lesions may provide an important source of antigen-presenting cells
during the disease process [39]. Binding of antibodies to specific antigens facilitates their efficient internalization and also enhances their trafficking into the
late endosomal compartments for processing. Here, the bound antibody may influence the ultimate T-cell response by altering proteolysis of the antigen [40–
42]. Antibodies may enhance the presentation of epitopes by protecting them
from proteolysis, facilitating their loading into the binding groove of class II
MHC molecules, or reducing competition for MHC binding by suppressing the
presentation of other epitopes [43]. Alternatively, the presentation of epitopes to
T cells may be suppressed if high-affinity antibodies do not dissociate from the
antigen to allow for processing [41, 43]. This modulation of antigen processing
through the binding of antibodies has been postulated to play a role in the development of autoimmunity by enhancing the presentation of previously cryptic
epitopes to an awaiting repertoire of self-reactive T cells.
Hence, while it is generally accepted that T cells are central to the autoimmune process in type 1 diabetes, the B cell does have a major influence on the
development, maintenance, and specificity of the autoimmune response. Circulating antibodies are a readily accessible marker of an ongoing autoimmune response to pancreatic islets that may precede the clinical development of disease.
Knowledge of both antibody and T-cell responses to islet antigens, and the relationships between these, is therefore critical for the development of strategies to
predict and prevent type 1 diabetes. In this chapter, we review our current understanding of the components of pancreatic islets that are targeted by autoantibodies in type 1 diabetes and the relationship of the B-cell response to T-cell reactivity and disease development in type 1 diabetes.
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15.2
Islet-cell Antigens

Autoantibody reactivity to islet-cell antigens was first detected as serum immunoreactivity to pancreatic islets on tissue sections by indirect immunofluorescence [31]. ICA detection subsequently became widely used to demonstrate the
presence of islet autoantibodies in a high proportion of type 1 diabetic patients
at the time of disease onset. Studies in non-diabetic relatives of patients have
demonstrated the appearance of these antibodies many years before disease onset in at-risk individuals [44]. These observations established ICA as an important predictive marker for disease, particularly in first-degree relatives of diabetic
patients, and initiated a search for the identity of the antibody targets in islet
cells. Studies first by Pav et al. [45] and then by Palmer [46] showed that insulin
itself is one potential target of autoantibodies in diabetes. The failure of insulin
to completely block serum antibody reactivity to islets on tissue sections indicated the presence of other target islet-cell antigens. Baekkeskov et al. were able
to specifically immunoprecipitate radio-labeled proteins of 64 kDa from extracts
of isolated human islets with serum antibodies from a majority of diabetic patients at the time of diabetes onset [47]. These “64k-antibodies” were shown to
appear years before clinical onset of disease in at-risk relatives [48], as is the
case for ICA. Subsequent work has shown that there are at least three distinct
protein targets, all of similar molecular weight, for 64k-antibodies: the enzyme
glutamic acid decarboxylase (GAD) [49] and proteins of the tyrosine phosphatase
family, IA-2 (otherwise known as ICA512) [50] and phogrin (or IA-2b) [51].
Hence, like many other autoimmune disorders, type 1 diabetes is associated
with antibody reactivity to multiple antigens in the target tissue.
15.2.1
Insulin as an Autoantigen

It is well established that therapeutic injection of insulin into type 1 diabetic patients leads to the generation of insulin antibodies; in rare cases, such an immune response can lead to immunological insulin resistance. Type 1 diabetes is
also associated with the appearance of insulin antibodies before clinical diagnosis and prior to initiation of insulin treatment [46]. Levels of antibodies detected
after initiation of insulin treatment do not correlate with those detected at disease onset, so the response to the exogenous insulin is independent of the autoimmune response [52]. Insulin has also been shown to be a target of circulating
natural autoantibodies that are generally of low affinity, often polyreactive, and
that may play a role in immune regulation. Insulin can therefore be a target of
immunity in a range of circumstances, and not all antibody responses are diabetes-associated.
Insulin autoantibodies (IAAs) are commonly detected in diabetic patients who
are young at the time of clinical diagnosis and are less common in older patients [53]. The presence of IAAs in diabetes is positively associated with the ex-
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pression of HLA-DR4 in the patients [54], providing a link with genes conferring susceptibility to disease. Insulin is also the only antigen that is reproducibly detected as a target of autoantibodies in the NOD mouse. Furthermore, insulin-reactive CD4- and CD8-positive T cells have been isolated from pancreases
of NOD mice, and it has been estimated that T cells to insulin represent a major proportion of the islet-infiltrating T cell population [55]. T cells from diabetic
NOD mice reactive to insulin are capable of transferring diabetes to non-diabetic animals [56] and may therefore contribute to beta-cell destruction in the
animal model. These observations have established insulin as a major target of
the immune response in pre-diabetes.
Further evidence of a role for insulin in the pathogenesis of type 1 diabetes
has come from genetic studies that identify a major diabetes susceptibility locus
that maps to variable number of tandem repeats (VNTR) upstream of the insulin gene on chromosome 11 [57]. Short repeats (class I VNTR) predispose to
diabetes. Long and short VNTR are associated with differences in levels of insulin expression, short repeats being associated with higher insulin expression in
the pancreas but low expression in the thymus [58], a major site of T-cell “education” and immunological tolerance induction. It has been proposed that low
levels of thymic insulin expression associated with class I VNTR may lead to defective induction of immunological tolerance to insulin, thereby predisposing to
an autoimmune response.
Insulin is synthesized by the pancreatic beta cell as a single-chain precursor,
preproinsulin, comprised of the 86-amino-acid proinsulin and preceded by a 24residue signal sequence that is cleaved during translation as the protein is translocated into the lumen of the endoplasmic reticulum. Further proteolytic processing of proinsulin occurs within insulin secretory granules, where the hormone is
stored prior to exocytosis. This processing involves cleavage at dibasic amino acids
to yield mature insulin that is comprised of a 21-amino-acid A-chain connected by
intermolecular disulfide bonds to a 30-amino-acid B-chain (Fig. 15.1 A). The Cpeptide that connects the A- and B-chains in proinsulin is excised and secreted together with insulin after stimulation of pancreatic beta cells.
Structural features required for IAA reactivity have been investigated by examining the ability of modified insulins, and insulins from other species, to block
autoantibody binding to native human insulin using sera from diabetic patients
or IAA-positive relatives of patients. Autoantibodies associated with diabetes can
bind proinsulin, but antibody reactivity specific to the prohormone is rare, indicating that disease-associated epitopes are exposed on both insulin and its precursor. Guinea pig and fish insulin, which differ substantially in amino acid sequence from the human protein between residues A8–A12 and B1–B3 showed
poor inhibition of IAA binding [59]. Human insulin substituted at position 13
of the A-chain also competed poorly. The studies implicate amino acids B1–B3
and A8–A13 as important for binding of diabetes-associated IAAs (Fig. 15.1A).
A different pattern of binding has been detected for low-affinity IAAs not associated with disease progression [60] that bind well to fish insulin but are dependent on amino acids B28–B30 for binding.
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Fig. 15.1 Structural modeling of islet autoantigens in type 1 diabetes and localization of
major autoantibody epitopes. Linear and
three-dimensional representations of major
islet-cell antigens and localization of regions
important for autoantibody binding.
(A) Insulin is composed of an A-chain (turquoise) linked to a B-chain (purple) by disul-

fide bonds (orange) after proteolytic removal
of a linking C-peptide (pale blue). Epitopes
for diabetes-associated IAA are found within
residues 8–13 of the A-chain (magenta) and
1–3 of the B-chain (brown).
(B) Three distinct regions for autoantibodies
to GAD65 are at the N-terminus, middle,
and ~C-terminus of the molecule. The struc-
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15.2.2
Glutamic Acid Decarboxylase

Glutamic acid decarboxylase (GAD) was first detected as an autoantigen in stiffperson syndrome [61], a neurological disorder characterized by rigidity of the
musculature often accompanied by muscle spasms. The syndrome is the result
of impairment of inhibitory neuronal systems operating through the neurotransmitter c-amino butyric acid (GABA), and symptoms can be alleviated by
drugs that enhance GABA-ergic neurotransmission. It was noted that a proportion of patients with stiff-person syndrome have other autoimmune disorders
and that these patients have antibodies in both the serum and cerebrospinal
fluid that are reactive on brain sections to regions rich in GABA-ergic neurons.
The target antigen for these antibodies was shown to be the enzyme that catalyzes synthesis of GABA in these neurons, GAD [61].
Approximately 30% of patients with autoimmune stiff-person syndrome progress to insulin-dependent diabetes [62]. As a consequence of this link between
stiff-person syndrome and diabetes, it was noted that the molecular weight of
GAD, approximately 64 kDa, was equivalent to that of the “64k-antigen” shown
to be immunoprecipitated from islet extracts by antibodies in the majority of patients with type 1 diabetes. These observations led to the demonstration that
GAD is a major target of autoantibodies, not only in the rare neurological syndrome but also, and more commonly, in the majority of patients with type 1
diabetes [49]. More recent reports have also implicated GAD as a target of antibodies in another neurological disorder, Batten disease [63].
GAD is expressed predominantly in the GABA-ergic neurons, but also in a
number of peripheral tissues including the pancreatic islets, the oviduct, ovary,
and testis; low levels of GAD enzyme activity have also been detected in liver
and kidney [64]. The protein is expressed as two major isoforms, GAD65 and
GAD67 (of 65 kDa and 67 kDa, respectively) that are the products of different
genes; in humans, the gene for GAD65 is on chromosome 10 and that for
GAD67 on chromosome 2 [65]. The two isoforms exhibit considerable sequence

ture shown in (B) represents the middle and
C-terminus of GAD65 and has been modeled
on the crystal structure of ornithine decarboxylase [75]. Amino acids in the middle and
C-terminal regions of GAD65 implicated in
autoantibody binding have been identified
with the aid of human monoclonal antibodies, and these are distributed throughout the
molecule so that much of the GAD surface
is recognized by antibodies.
(C) Autoantibody reactivity to IA-2 is confined to the cytoplasmic domain of the protein (amino acids 601–979). Epitopes for

diabetes-associated antibodies have been
localized to the juxtamembrane domain
(two linear epitopes, JM1 and JM2, in blue
and red on the linear representation of the
cytoplasmic domain) and the PTP domain.
The three-dimensional structure of the PTP
domain has been modeled [102], and the
figure shows the position of epitopes in the
middle region, identified as two clusters of
amino acids (magenta and brown), and at
the C-terminus (green), where participating
amino acids have not been identified.
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diversity over the first 100 amino acids at the amino terminus of the molecule
but have approximately 75% sequence homology over the rest. There are two
distinct functions for the biosynthesis of GABA. GAD has a metabolic role by
allowing energy generation from glutamate through the GABA shunt; it also
has a role in signaling through GABA receptors in the nervous system and in
pancreatic islets. GABA is synthesized and stored in these tissues in synapticlike vesicles and subsequently secreted. The existence of two isoforms of GAD
may in part reflect these different functions. GAD67 is predominantly cytoplasmic and freely soluble, whereas GAD65 is hydrophobic and, in neuronal cells
and pancreatic islets, the smaller GAD isoform associates with the cytoplasmic
face of synaptic-like vesicle membranes where GABA is stored [66]. The nature
of the membrane anchor for GAD65 is unclear, but palmitoylation of the molecule at cysteine residues at positions 30 and 45 of the molecule appears important for membrane association [67].
GAD65 is the predominant isoform recognized by antibodies in type 1 diabetes [68]. Thus, approximately 70% of type 1 diabetic patients have antibodies
to the 65-kDa isoform but only 10–15% to GAD67. This contrasts with the situation in stiff-person syndrome, where the majority of autoimmune patients have
antibodies to both GAD isoforms [69]. Much of the GAD67 antibody reactivity
in diabetes may be adsorbed by addition of purified GAD65; hence, binding to
the larger isoform by antibodies in a minority of patients is likely to be the consequence of common epitopes on the two proteins due to structural similarities.
Epitopes for GAD antibodies (GADA) have been investigated by analysis of
antibody binding to deletion mutants and chimeric molecules constructed with
different regions of GAD65 and GAD67. Studies with these chimeric molecules
in type 1 diabetes have identified three regions of the GAD65 molecule that
harbor distinct conformational epitopes for antibodies in type 1 diabetes
(Fig. 15.1B). One of these is located towards the amino terminus of the molecule (amino acids 1–83), one in the middle of the molecule (96–444), and one
towards the C-terminus (445–585) [69–71].
Further characterization of these GAD epitopes has been facilitated by the
generation of a number of human monoclonal GADA, following Epstein-Barr
virus transformation of B lymphocytes obtained from peripheral blood of patients with diabetes [72, 73]. Epitopes for these antibodies have been defined by
analysis of binding to GAD65/GAD67 chimeric proteins and to single amino
acid–substituted GAD65 [74]. Putative antibody contact residues have been
mapped onto structural models of GAD65, generated using the crystal structure
of ornithine decarboxylase as template [75, 76]. The results of these studies demonstrate a diverse range of epitopes, such that much of the protein surface of
GAD65 is recognized by autoantibodies in diabetes. The localization of some of
these epitopes is illustrated in Figure 15.1 B. These include conformational epitopes within the middle region of GAD65 with contributing amino acids from
different parts of the middle region (residues marked in pink and brown on the
blue chain in Fig. 15.1B) and epitopes in the C-terminal region localized on
three alpha helices (green, brown, and gray on the purple chain in Fig. 15.1 B).
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Competition studies have been performed with recombinant Fab fragments of
some of these monoclonal antibodies to estimate the contribution of regions
recognized by the monoclonal antibodies to total serum immunoreactivity [77].
A high proportion of antibody reactivity was competed by Fab fragments of
monoclonal antibodies recognizing the middle region of the molecule, showing
that these regions are commonly recognized in type 1 diabetes. Hence, a pattern
is emerging of highly diverse immune reactivity to GAD65, with little evidence
of an immunodominant region on the molecule.
There are further differences in the pattern of reactivity of GADA in stiff-person syndrome compared with those in type 1 diabetes. Titers of GADA are considerably higher in stiff-person syndrome than in type 1 diabetes [78]. Furthermore, there are three regions of the GAD65 molecule that are preferentially targeted by autoantibodies in stiff-person syndrome but rarely in type 1 diabetes
[78–80]. These include a linear epitope between amino acids 1 and 16 at the
amino terminus of the molecule and two conformational epitopes between residues 188 and 442 and 442 and 563. Analysis of epitope specificity may therefore
be useful in distinguishing immune responses to antigens common to different
autoimmune disorders.
15.2.3
IA-2 (ICA512) and Phogrin (IA-2b)

Following the identification of GAD as a major 64-kDa protein target for antibodies in type 1 diabetes, other evidence demonstrated the existence of distinct
proteins of very similar molecular weight that are also recognized by antibodies
associated with the disease [81]. Antibodies to these proteins may even be more
closely linked to diabetes development than those to GAD itself. The proteins
have been identified as two related proteins of the protein-tyrosine phosphatase
family, termed IA-2 (or ICA512) and phogrin (or IA-2b), that are products of
two distinct genes on human chromosomes 2 and 7, respectively [50, 51]. These
genes encode protein precursors of 105 kDa and 110 kDa that are subsequently
glycosylated and subject to post-translational processing to generate mature proteins of approximately 64 kDa [82–84]. Both proteins are expressed by a number
of neuroendocrine tissues, including regions of the brain, pituitary, and pancreatic islets and, within these tissues, are localized to secretory granules where
they are anchored by a single transmembrane domain [83, 84]. Both IA-2 and
phogrin have a single tyrosine phosphatase–like domain within the cytoplasmic
region of the proteins, but both lack enzyme activity as a result of substitutions
at key amino acids that are highly conserved in other active tyrosine phosphatases [85, 86]. The two proteins are highly homologous (> 80% sequence similarity) within the cytoplasmic region of the molecule, particularly within the PTP
domain, but are more diverse (approximately 50% similarity) in the region localized within the secretory granule lumen. The functions of IA-2 and phogrin in
neuroendocrine tissues are not fully defined, but both proteins are found associated with the cytoskeleton, where they may play a role in granule-cytoskeletal
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interactions in secretory granule storage or exocytosis [87–90]. There are differences, however, in the timing of expression of IA-2 and phogrin, since the latter
is expressed in the developing pancreas very early in fetal development, while
IA-2 is not detectable until shortly after birth [91, 92]. The timing of IA-2 expression, concomitant with maturation in insulin secretory responses of pancreatic
islets to glucose in early life, provides additional evidence for a role of the protein in hormone secretion [93]. The late expression of IA-2 in development may
also have implications for the autoimmune response [92], since late fetal and
early neonatal life is a critical period in induction of immunological self-tolerance.
The intralumenal domains of IA-2 and phogrin are transiently exposed on the
cell surface of islet cells and other neuroendocrine tissues during exocytosis
[94]. However, all of the autoantibody reactivity in diabetes is directed to the cytoplasmic regions of the molecules; thus, antibodies cannot normally bind these
molecules on the intact beta cell [50]. Of the two proteins, IA-2 is the dominant
antibody target, while antibody reactivity to phogrin is likely to be the consequence of cross-reactive epitopes located on the two structurally similar proteins
[95]. Analysis of antibody binding to IA-2 deletion mutants and IA-2/phogrin
chimeric molecules has identified three distinct regions of antibody reactivity
(Fig. 15.1 C): a region within the juxtamembrane domain that contains two nonoverlapping linear epitopes, JM1 (amino acids 611–620, blue in Fig. 15.1 C) and
JM2 (residues 621–630, red in Fig. 15.1 C) [96]; a region within the central portion of the PTP domain (amino acids 795–889, boxed magenta in Fig. 15.1 C)
encompassing conformational epitopes [97–99]; and a region at the C-terminus
of the IA-2 molecule (931–-979, green in Fig. 15.1 C) [100]. Epitopes that are
common to IA-2 and phogrin are located within the middle and C-terminus of
the cytoplasmic domain [95].
As is the case for GAD, the availability of human monoclonal autoantibodies
from diabetic patients and structural modeling of the IA-2 PTP domain based
on crystal structures of other PTPs have assisted the definition of major disease-associated antibody epitopes. A number of human monoclonal antibodies
have been obtained by Epstein-Barr virus transformation of B lymphocytes from
type 1 diabetic patients, and these bind epitopes within the juxtamembrane and
PTP domains of the IA-2 molecule [101]. One of these monoclonal antibodies,
termed 96/3, was shown to effectively compete for IA-2 binding with serum antibodies from a majority of patients with type 1 diabetes, and this antibody
binds to an epitope within a region (amino acids 795–889) that is frequently
targeted by antibodies in type 1 diabetes. Peptide phage display and molecular
modeling have identified potential 96/3 antibody contact residues at positions
799, 836, and 858 within the PTP domain of IA-2, and substitution of each of
these amino acids was found to inhibit binding of IA-2 antibodies (IA-2A) in
sera from type 1 diabetic patients [102]. Substitution of amino acids 822 and
862 also inhibits binding. Fab fragments of 96/3 antibodies also block antibody
binding in a majority of patients, in some cases by close to 100% (S. Weenink,
unpublished observations). The region of the IA-2 PTP domain recognized by
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the 96/3 monoclonal antibody therefore contains dominant epitopes for IA-2A
in type 1 diabetes. A distinct middle region epitope (marked in brown in
Fig. 15.1 C) lies between amino acids 876 and 880 [97].
15.2.4
Other Target Antigens

Antibodies to insulin, GAD65 and IA-2 are well established as distinct and important markers for diabetes diagnosis and prediction and the latter two antigens contribute to ICA reactivity on frozen sections of pancreas [103]. However
it is clear that diabetic patients have increased immune reactivity to several
other components of pancreatic islets, including proteins and glycolipids (Table
15.1). There is evidence that the sialo-ganglioside GM2-1 may represent a major
component of ICA [104] and that antibodies to the glycolipid are associated with
progression to diabetes in relatives with ICA. Sulfatides have also been shown
to be reactive with antibodies in a high proportion of diabetic patients at disease
onset [105]. Other protein antigens, such as ICA69 [106] and Glima 38 [107],
have shown some promise as predictive markers for diabetes, but difficulties in
establishing reproducible assays for these antibodies have prevented their widespread use in large-scale screening studies. Some antibodies, such as those to
Glima 38, may be strongly associated with other established antibody markers,
such as IA-2A [108]. It seems likely that, as a consequence of islet damage and
antigen release in an inflamed islet, there is increased immune reactivity to a
wide range of pancreatic islet components. Some of these immune responses
are detected at low frequency in the diabetic population, their target antigens
may be widely expressed in tissues, and antibodies may be detected in autoimmune diseases other than diabetes [109, 110]. There is currently little evidence
that detection of autoantibodies to antigens other than insulin, GAD, and IA-2
adds significantly to diabetes prediction.
Antibodies that are reactive to heat shock proteins have also been detected in
type 1 diabetes [111]. Since heat shock proteins are ubiquitous, it may seem surprising that immune reactivity to heat shock protein should be found in an organ-specific autoimmune disease such as diabetes. Increased T-cell reactivity is
also a feature of the NOD mouse [112, 113], and immune responses to heat
shock proteins have also been associated with other autoimmune disorders, in-

Table 15.1 Targets for islet-cell autoantibodies in type 1 diabetes.
Antigen

Ref.

Antigen

Ref.

Insulin
GAD65
GAD67
IA-2 (ICA512)
Phogrin (IA-2b)

46
49
68
50
51

Glima-38
Ganglioside GM2-1
Sulfatide
ICA69
Heat shock protein

107
104
105
106
111
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cluding rheumatoid arthritis and systemic lupus erythematosus [114]. In some
experimental diseases, T cells to heat shock proteins may be pathogenic, but
there is considerable evidence that immunity to hsp60 is part of normal immunoregulation [114]. Heat shock proteins are upregulated in inflamed tissues,
and the immune system may exploit this as a “danger signal” for the recruitment and regulation of inflammatory cells [115]. Immune regulation may be
mediated by the secretion of cytokines that downregulate pathogenic responses;
in the case of type 1 diabetes, such bystander suppression could be mediated by
Th2 cytokines, IL-4, IL-10, or TGF-b. Detection of antibody or T-cell reactivity to
heat shock protein may therefore provide a general indication of an ongoing inflammatory response [116] and may explain the association of immune responses to these antigens in a number of chronic autoimmune disorders. If
these responses do turn out to participate in immune regulation, then there
may be the potential to exploit this as a general therapy for autoimmune disease, and trials of heat shock protein peptide therapy have already been initiated
in diabetes [117].

15.3
Islet Autoantibodies and the Prediction of Type 1 Diabetes
15.3.1
Antibody Detection and Standardization

Characterization of serum autoantibodies to the major islet-cell antigens associated with type 1 diabetes has shown that these are of high affinity, but of low
capacity, and frequently recognize epitopes that are highly dependent on the native conformation of the molecule. Thus, islet autoantibodies in diabetes tend
not to bind antigen on Western blots or fixed tissue sections where antigen conformation is disrupted by ionic detergents or chemical cross-linking [49]. This is
in contrast to the situation in stiff-person syndrome, where autoantibodies readily bind GAD on Western blots and epitope characterization has identified major linear epitopes on the molecule. The characteristics of autoantibodies in diabetes place limitations on the type of assays that can be used for autoantibody
detection. Procedures where antigen is directly bound to a solid phase, as in a
direct ELISA, invariably perform poorly [118]. This is probably the result of conformational changes in the protein on binding to the solid phase, steric hindrance of antibody binding to plate-bound antigen, and low signal relative to
background binding as a consequence of low antibody concentration in the test
sample. In the research setting, the most successful assays for islet autoantibodies have been radioligand-binding assays, where antigen is synthesized by transcription and translation of specific cDNA in vitro in the presence of radiolabeled amino acids and then is incubated in the presence of serum antibodies in
liquid phase [118]. Radiolabeled antigen bound to autoantibody is recovered by
immunoprecipitation with protein A-Sepharose and quantified by scintillation

15.3 Islet Autoantibodies and the Prediction of Type 1 Diabetes

counting. Such assays for antibodies to GAD and IA-2 have been successfully
established in many laboratories worldwide, and reference standards have been
made available through the World Health Organization to allow quantification
of antibody levels in units that are comparable between laboratories. Diabetes
antibody proficiency programs have shown good concordance between participating laboratories in GAD and IA-2 antibody assay performance [119].
The preferred method for detection of IAAs has been by radioimmunoassay
using 125I-labeled insulin and separation of antibody-bound antigen with polyethylene glycol or activated charcoal. These procedures have often used long incubation times and relatively large volumes of serum for antibody detection.
More recently, IAA microassays using protein A precipitation have been introduced [120], but the performance of these in standardization programs has been
poor relative to those for GADA and IA-2A [119]. This may be because insulin
is a small molecule that has few epitopes for antibodies and requires radioiodination to generate protein of high enough specific radioactivity for detection; addition of a large iodine group to the molecule may to some extent impair antibody binding. Thus, although insulin has long been recognized as a major target for antibodies, the reliability of procedures for IAA detection lags behind
those for GADA and IA-2A.
15.3.2
Development of Islet Autoantibodies in Early Life

A number of large-scale prospective studies have been established with the intention of following the natural history of autoantibody responses to islet-cell
autoantigens in early life. These studies have also tried to identify factors important for the initiation of islet autoimmunity and to estimate the risk for later development of diabetes of individuals in whom islet autoantibodies are detected.
Three major studies are established. The BABYDIAB Study [121] was started in
1989 and is a multi-center study in Germany following offspring of diabetic parents from birth. In the US, the Diabetes Autoimmunity Study in the Young
(DAISY) based in Denver [122] has, since 1993, followed young (<4 years), firstdegree relatives of diabetic patients, as well as children with no family history
of diabetes, who were identified at birth as having high- or moderate-risk diabetes-susceptibility HLA-DQ genotypes. Thirdly, the Type 1 Diabetes Prediction
and Prevention (DIPP) study follows children in the general population in Finland (a country with high diabetes incidence) who have high- and moderate-risk
HLA-DQ alleles [123]. The results of each of these studies provide important information about the initiation of autoimmune responses to islet autoantigens in
early life in both families with a history of type 1 diabetes and members of the
general population expressing diabetes-susceptibility HLA genes.
Although islet autoantibodies can be detected at birth, the majority of these
are likely to be the result of transplacental transfer of antibodies from a diabetic
mother and are not associated with later detection of islet autoantibodies in the
children [124]. Initiation of islet autoimmunity in fetal life is apparently very
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Fig. 15.2 Frequency of autoantibodies to islet-cell antigens in offspring of diabetic parents followed from birth. The figure shows
a graphical representation of islet autoantibodies from the
BABYDIAB study. (Data from Hummel et al. [125]).

rare. Islet antibodies do start to appear in the first year of life and are commonly detected by the age of five years (Fig. 15.2); autoantibody frequency starts
to plateau at around the age of 10 years [125]. Hence, immune responses to islet antigens are most commonly initiated in the first five years of life, and future screening programs for islet autoantibodies to identify individuals at risk of
diabetes development would be best carried out at this time.
In all the prospective studies, IAAs are the most common marker in the first
sample in which autoantibodies are detected [125, 126]. In approximately 40%
of cases, the detection of a single islet autoantibody in a young child is accompanied or followed by the appearance of other islet autoantibody specificities. In
individual patients, the sequential appearance of different antibodies over time
periods of many months has been observed [121]. Progression to multiple antibody positivity is most common when the first antibody appears at an early age
[125]. Antibodies may persist over time, but there can also be considerable
changes in antibody levels, often with peak responses around the age of two
years, and individuals may seroconvert from positive to negative over time [127].
Loss of autoantibodies is particularly common for IAA [126]. The results of
these prospective studies show that islet autoimmunity can be initiated within
the first 1–5 years of life and is often accompanied by spreading of autoimmune
responses to other islet antigens, consistent with early destructive autoimmunity
with release of islet antigens. However, these early autoimmune responses may
be self-regulated, such that antibody levels decline over time.
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In addition to the intermolecular spreading of autoimmunity to islet antigens
described above, changes in the specificity of the immune response to epitopes
on individual antigens are found following the first detection of islet autoimmunity. In the case of GAD, early autoantibody responses are directed predominantly to epitopes in the middle region of the molecule (amino acids 96–444)
[71]. Subsequent spreading of antibody reactivity to epitopes in other parts of
the molecule is common and is most frequently directed to those in the amino
terminal region. IA-2A in early life are often reactive to one of two epitopes in
the juxtamembrane domain of the molecule (JM1 and JM2 in Fig. 15.1 C); the
specific epitope recognized is dependent on HLA-DR or -DQ genes expressed
[96, 97]. Antibodies subsequently develop to epitopes in the PTP domain and include those that are cross-reactive with the closely related phogrin. Antibody reactivity to juxtamembrane epitopes can decline or disappear over time, such that
in the established IA-2 response, PTP domain–reactive antibodies predominate
[97].
15.3.3
Distribution of Antibodies in Diabetic Patients at Time of Disease Diagnosis

By the time of disease onset, the majority (>90%) of patients with type 1 diabetes possess serum antibodies to at least one of the major islet-cell antigens in
type 1 diabetes7GAD65, IA-2, or insulin [128]. The precise specificity of antibodies present in the serum of individual patients is dependent on both the age
of the patient and the HLA genes expressed by the individual (Fig. 15.3). The
frequency of IAA and IA-2A at the time of diabetes onset is highest among individuals who develop the disease at an early age and is less frequent in older patients [128]. IAAs show a particularly strong negative association with age. Since
prospective studies have shown that some islet autoantibodies, particularly
IAAs, can decrease in titer to undetectable levels over time [126], the absence of
these at the time of disease onset does not necessarily imply a lack of an immune response to that antigen in the pre-diabetic period. In contrast to IAA
and IA-2A, GADA are present at moderate to high frequency in young patients,
but antibody levels are highest in older patients. GADA have a greater tendency
to persist than do antibodies to other islet antigens. GADA have been shown to
be still present many years after diabetes onset, despite loss of beta-cell function
and the disappearance of other antibody markers [129].
The distribution of IAA, GADA, and IA-2A in representative populations of
young and older patients with recent-onset type 1 diabetes is shown in Figure
15.3 (top panels). More than 85% of young (<10 years at onset) diabetic patients
possess antibodies to multiple islet-cell antigens, but this frequency decreases in
older patients as a consequence of the lower prevalence of IAA and IA-2A.
The presence of autoantibodies to insulin and IA-2, at diabetes onset or in
the pre-diabetic period, is associated with the expression of HLA-DR4 or associated DQ alleles (Fig. 15.3, bottom panels) [54, 130]. There are reports that
GADA are also associated with the expression of high-diabetes-risk HLA haplo-
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Fig. 15.3 Frequency of autoantibodies at
time of onset of type 1 diabetes and influence of age and HLA. Upper panels: Age associations of islet autoantibodies are shown
as Venn diagrams, with proportions of diabetic patients within each age group positive
for antibodies or antibody combinations

DR

DR

DR

DR

DR

given within the circles. Lower panels:
frequency of antibodies at time of diabetes
onset according to HLA type of patients.
(Data are from the Belgian Diabetes registry
(I. Weets and F. Gorus, unpublished),
modified from Gorus et al. [128]).

types [131], and frequencies are highest in patients with HLA-DR3 (Fig. 15.3),
although such an association is not always observed. Since the HLA-DR and
-DQ genes encode gene products that participate in immune function by presentation of antigenic peptides to T cells, which regulate antibody production, a
link between HLA expression and islet autoantibodies might be expected. However, our understanding of the role of the HLA in the presentation of specific
fragments of islet antigens to T cells in type 1 diabetes is at present very limited
(see below), and there have been few studies showing a direct correlation between T-cell and antibody responses to specific islet antigens. Interpretation of
the HLA data is complicated by the observation that individuals with high-risk
HLA alleles, including DR4, have evidence of a more rapid progression to clinical diabetes [132]. The association of HLA-DR4 with IAA and IA-2A may there-

15.3 Islet Autoantibodies and the Prediction of Type 1 Diabetes

fore be secondary to more aggressive beta-cell destruction, and consequent antigen release, in DR4-positive individuals.
In addition to the high frequency of islet autoantibodies in type 1 (insulin-dependent) diabetes, it has become apparent that these antibodies are found in a
significant proportion of older individuals who are diagnosed as type 2 diabetic
and are not initially dependent on insulin treatment. In a study of > 3500 patients aged between 25 and 65 years diagnosed with type 2 diabetes, ICA was
present in 6% and GADA in 10%; 4% had both markers [133]. IA-2A are also
detected, but the frequency is lower (<3%) than for GAD antibodies or ICA.
The frequency of autoantibodies was highest in younger type 2 diabetic patients
[133]. Although initially treated with oral hyperglycemic agents for months or
years, the majority of type 2 diabetic patients with islet autoantibodies eventually become insulin-dependent; more than 80% of patients with both ICA and
GADA require insulin treatment within six years of diabetes diagnosis, and IA2A are a particularly strong marker for insulin dependency. It is suggested that
these patients have a slowly progressing form of autoimmune diabetes, called
latent autoimmune diabetes in adults (LADA). Detection of islet antibodies may
be valuable for the early identification of patients who are diagnosed as type 2
diabetic but who will eventually require insulin treatment.
15.3.4
Islet Autoantibodies and Diabetes Prediction

Subjects participating in prospective studies of islet autoimmunity early in life
(e.g., BABYDIAB, DAISY, DIPP) have also been followed for subsequent development of diabetes, and these studies provide an indication of the value of autoantibodies as markers for diabetes development. The vast majority of subjects
who developed diabetes at an early age in these studies possessed multiple islet
autoantibodies months or years before disease onset [121, 126]. The cumulative
risk of developing diabetes within five years of developing one or more islet autoantibodies was estimated to be between 40% and 50% for individuals with
multiple antibodies, but only 3% for those positive for only a single antibody
specificity (IAA, GADA, or IA-2A).
In these prospective studies of autoimmunity in early childhood, follow-up to
disease is necessarily restricted to a narrow time window in the first few years
of life, but the vast majority of patients who develop diabetes will do so at an
older age. Calculations of disease risk for antibody positivity may be underestimated if based only on observations in these young subjects. Family studies
where siblings, parents, and offspring of diabetic patients are screened for islet
autoantibodies at older ages, and are subsequently followed for some years for
development of disease, can also provide important information on the value of
markers in diabetes prediction. Statistical analysis of the data (with life tables)
obtained from such studies may be used to obtain estimates of disease risk over
the period of follow-up, and the proportion of individuals positive for markers
in those who develop disease provides an indication of the sensitivity of a test.
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Family studies were initially used to study disease progression in family
members who were positive or negative for ICA. Although > 80% of relatives
who progressed to diabetes were positive for ICA, indicating high sensitivity for
the test, a large proportion (around 60%) of relatives with these antibodies did
not develop disease, even with long-term follow-up. Once specific target antigens for islet autoantibodies were identified, studies were performed to determine whether testing for these new markers in ICA-positive relatives could improve the specificity of diabetes prediction (studies 1 and 2 in Table 15.2). These
showed that the presence of two or more antibody markers in addition to ICA
indicated high risk (>80%) for progression to diabetes within 10 years [134,
135]. Subsequent analyses of IAA, GADA, and IA-2A in relatives without prior
selection for ICA confirmed the high specificity of multiple islet autoantibodies
for diabetes prediction [136–138], while maintaining high sensitivity for identifying pre-diabetic individuals (60–80% of pre-diabetic individuals positive for
two or more antibody markers; studies 3–5 in Table 15.2). These studies also
showed a more rapid progression to clinical diabetes in individuals positive for
IA-2 antibodies compared with similar analyses for other islet antibodies, such
that the five-year diabetes risk was particularly high for IA-2A (Table 15.2). The
risk for other markers may increase to that for IA-2A with longer periods of follow-up.
Analysis of multiple islet autoantibodies provides a means to identify with
some accuracy those relatives of diabetic patients most at risk of diabetes development. However, the vast majority of new cases of diabetes have no family history of disease, and thus strategies for diabetes prediction need to be developed
for the general population. Since disease prevalence in the general population is
Table 15.2 Value of islet autoantibodies in diabetes prediction. a).
Marker

IAA
GADA
IA-2A
One antibody
Two antibodies
Three antibodies
a)

b)
c)

Five-year diabetes risk (%)

Sensitivity (%)

Study

Study

1 b)

2 b)

3

4

5

1

2

3

4

5

25
18
76
0
0
44

28
56
65
0
17
77

59
52
81
15
44
100

29
39
55
0 c)
26 c)
62 c)

12
19
59
6 c)
23 c)
34 c)

61
67
50
6
17
78

67
83
83
11
44
44

76
90
64
18
28
52

25
69
69
13
66
6

63
70
70
22
41
22

Estimated percentage of risk and sensitivity conferred by antibody markers
in non-diabetic relatives of type 1 diabetes patients for development of diabetes within five years of detection. Values are from published studies as
follows: study 1 [134]; study 2 [135]; study 3 [136]; study 4 [137]; study 5 [138].
Subjects were pre-selected for positivity for ICA.
ICA was included as an additional marker in estimates of risk of multiple
antibodies.
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considerably lower than that in relatives, very large numbers of individuals need
to be followed for long periods of time if precise estimates of risk are to be obtained. Such studies have not yet been performed. Nevertheless, comparison of
frequencies and levels of ICA, IAA, GADA, and IA-2A in non-diabetic and newly diagnosed diabetic schoolchildren from a region of the UK has provided estimates of risk that these markers confer for diabetes development in the general
population [139]. Individually, risk for diabetes development for individuals with
high titers of each of ICA, IA-2A, and GADA was estimated to be 20–24%,
while detection of two or more of these markers increased risk to 71% with a
sensitivity of 83%. In making these calculations, it was assumed that autoantibodies appear by the age of 10 years and are stable until development of disease. While such assumptions may not be entirely valid, the analysis does suggest that combinations of autoantibodies are able to predict diabetes with reasonable accuracy in the general population.

15.4
Relationship of Islet Autoantibodies to T-cell Responses in Type 1 Diabetes

The analysis of islet autoantibodies provides a means by which individuals may
be identified at early stages of pancreatic autoimmunity and gives an indication
of the risk of development of type 1 diabetes. T cells are likely to be more directly related to diabetes development than are antibodies, but it is unclear to what
extent autoantibody secretion reflects a pathogenic T-cell response. Measures of
disease-related T-cell responses in diabetes and an understanding of the relationships of these to autoantibodies are essential for further advances in our understanding of the etiology of type 1 diabetes and to provide an accurate assessment of autoimmune status. Indicators of T-cell autoimmunity will become particularly valuable for monitoring signs of disease recurrence following immune
intervention and islet transplantation.
Analysis of T-cell reactivity in diabetes has proven to be an extremely complex
task. Assessment of these responses requires that the lymphocyte population be
isolated from the host individual and maintained in a viable state in culture
while being stimulated with the antigen of interest. The outcome is then measured in some form of readout. The fundamental sensitivity of the T-cell population to external factors may result in disease-specific responses being distorted
when attempts are made to assess them in vitro. Accordingly, the modulating effects on T-cell responses of nearly every facet of T-cell culture and assay continue to be hotly debated in international T-cell workshops. Factors likely to be
important include the source and purity of antigen, serum supplements, culture
medium, cell numbers and density in culture, the nature of the antigen-presenting cell (APC), the use of fresh versus cryopreserved cells, and the inclusion
of response-potentiating factors [140–146]. Meaningful interpretation of T-cell
responses in human diabetes has been hampered by a lack of appropriate controls. An added complication is that the T-cell population of most interest in
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type 1 diabetes resides in the pancreas, but this population is normally inaccessible. Any reliable method for measuring antigen-specific T-cell responses in
diabetes must therefore have sufficient sensitivity to detect those islet-reactive T
cells that migrate to the periphery, where they occur at extremely low frequencies, typically one in 105 cells [147, 148].
Initial studies to detect islet antigen–specific cells among the peripheral T-cell
population from diabetic patients relied on the capacity of these cells to proliferate in response to exogenous antigen. Evidence of mitotic activity was typically
provided by assessing changes in cellular DNA content through the incorporation of radiolabeled nucleotides [149]. Knowledge of autoantibody targets led to
purified preparations of recombinant GAD65, insulin, and IA-2 (expressed in E.
coli, yeast, or insect cells) being investigated as potential targets of pathogenic T
cells. Increased proliferative responses to these autoantigens were detected in
peripheral blood mononuclear cells (PBMC) isolated from type 1 diabetic patients [150–152]. Similarly high T-cell reactivity was detected in PBMC from relatives of diabetic patients identified as being at-risk for diabetes through possession of islet autoantibodies, but not from healthy, islet autoantibody–negative
controls. A primary or dominant target of the T-cell response in type 1 diabetes
was not identified among these candidates but, as with autoantibody reactivity,
those most at risk of developing disease have T-cell autoreactivity to multiple
autoantigens [153, 154].
Proliferation assays for T-cell responses to islet-cell antigens also suggested an
inverse correlation with autoantibody levels [155, 156], leading to the suggestion
that individuals who exhibit higher concentrations of antibodies might be expected to progress more slowly to clinical disease. Such observations have even
thrown into question the use of islet autoantibodies as markers for predicting
type 1 diabetes [157]. However, the reliability of T-cell response data obtained
using recombinant autoantigen preparations, which are probably contaminated
with highly antigenic bacterial proteins, has been questioned, and disease-associated responses to such preparations have not been reproduced in T-cell workshops [145, 158]. Furthermore, T-cell proliferation assays yield little information
on the nature of the response to the antigen of interest, and results obtained
may be clouded by effects of regulatory cells present in the culture [159]. As a
result of these problems, the emphasis of T-cell studies has turned to the monitoring of specific cytokines secreted in response to peptide antigen stimulus.
Early assays to detect cytokine secretion by T cells relied upon ELISA of culture supernatants following the incubation of T cells with antigen and APC
[160]. While being adequate for assessing strong responses that result from viral
or bacterial challenges, these assays unfortunately lack the sensitivity required
to detect the activity of rarer autoantigen-specific T cells. Instead, the enzymelinked immunospot assay (ELISPOT) has become the method of choice for analyzing autoreactive T-cell responses in diabetes. This technique represents a significant advance on standard ELISA methodology in that cytokine production is
assessed at the single-cell level and is able to provide an estimate of frequency
of individual T cells secreting a specific cytokine in response to antigen or pep-
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tide [161]. ELISPOT is currently sensitive to a level of one in 105–106 cells [162–
164]. The assay involves the capture of cytokine directly onto the surface of an
antibody-coated microtiter plate as it is secreted. Further treatment with a combination of anti-cytokine antibodies and detection reagents then allows individual cells secreting cytokine to be visualized in the form of spots on the plate,
where the size and intensity are proportional to the amount of cytokine secreted
per cell.
A number of strategies have been employed to identify the immunodominant
T-cell epitopes within the known type 1 diabetes autoantigens for use in these
assays. These include the screening of naturally processed peptides eluted from
type 1 diabetes–associated HLA [165–168] or synthetic peptides spanning an
autoantigen [152, 169–171] for their ability to stimulate responses in either Tcell lines generated against purified antigen or peripheral blood lymphocytes
isolated from type 1 diabetes subjects. Using such approaches, T-cell responses
have been identified in type 1 diabetes that target the (pro)insulin residues B9–
23, B11–C24, B20–C4, C18–A1, C28–A21, and C35–50 [172–174]. For GAD65, a
number of T-cell epitopes have been identified spanning residues 115–130, 206–
220, 247–285, 481–495, and 555–570 [165, 166, 168–171]. Meanwhile, multiple
independent studies have identified a focus of T-cell reactivity to IA-2 against
two central regions of the PTP domain, residues 787–817 and 831–869 [152,
167, 175, 176].
Comparison of these T-cell determinants with previously identified autoantibody epitopes (Fig. 15.1) suggests that these may frequently overlap, raising the
question as to whether T- and B-cell responses at the epitope level are related
[102, 177]. Antigen-specific B cells and the soluble antibodies that they secrete
are able to play a major role in shaping T-cell responses through their ability to
act as highly efficient APCs [178]. Examples of both B cell–mediated enhancement and suppression of T-cell epitopes in type 1 diabetes have been reported.
In one study, stimulation of a T-cell hybridoma recognizing the GAD 274–286
epitope was greatly enhanced when the APCs were exposed to GAD65 protein
complexed with anti-GAD serum antibodies, rather than the recombinant antigen alone [179]. In another study, GAD65-specific B cells were able to enhance
the processing and presentation of T-cell determinants when they resided outside the antibody epitope region, but any overlap between the antibody and Tcell epitopes led to a dominant suppression of antigen presentation [177]. The
possible suppression of diabetogenic T-cell responses by autoantibodies has led
to the suggestion that recombinant Fabs may represent a novel tool by which to
modulate the disease process [77].
When T-cell responses were determined against proinsulin peptides in antibody-positive, first-degree relatives of type 1 diabetes patients, a significant positive correlation was seen between insulin autoantibody levels and the T-cell response [154]. Further refinement of these experiments revealed that T cells from
individuals with increased levels of IAAs prior to the onset of clinical disease
characteristically secreted cytokines of a Th2 or regulatory (Tr) phenotype (IL-4,
IL-5, and/or IL-10) in response to synthetic proinsulin peptides [180–182]. By
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contrast, T cells from individuals already undergoing insulin therapy for type 1
diabetes, and therefore responding to exogenous injected insulin, exhibited increased production of the Th1 cytokine IFN-c [181]. Recent results from our
own laboratory also reveal a positive association between T-cell responses to peptides representing residues 831–860 of IA-2 and autoantibodies to the 96/3 epitope region of the molecule (residues 795–889 of the IA-2 PTP; Fig. 15.1) that
overlaps this region (S. Weenink, unpublished observations). Diabetic patients
with higher levels of autoantibodies to the 96/3 epitope region were found by
ELISPOT to have increased frequency of T cells secreting IL-10 in response to
synthetic peptides spanning the 831–860 region.
Together, these observations challenge the belief that proinflammatory Th1 cytokine responses (IFN-c) exclusively drive disease progression in type 1 diabetes,
while anti-inflammatory Th2 responses (IL-4, IL-10) offer protection [183]. Instead, the Th2 predominance of T-cell reactivity that is associated with the presence of antibodies strongly linked with diabetes progression suggests that elevated Th2 or regulatory responses continue in the presence of destructive autoimmunity. Similar observations of an early Th2-type response have been reported in pre-diabetic NOD mice and in T cells that protect against diabetes
isolated from islet infiltrates from diabetic mice [184, 185]. Such a Th2 environment would account for the activation of the humoral immune response (autoantibody production). However, the critical factor that tips the balance into a
Th1 state towards destructive insulitis and overt disease remains unknown.

15.5
Conclusions

Diabetes susceptibility genes, T-cell responses to islet antigens, and the detection of autoantibodies all provide important information on the risk of an individual developing diabetes. While susceptibility genes are still common in the
non-diabetic population and analysis of T-cell responses has proved technically
difficult, characterization of autoantibodies and their specific targets is now sufficiently advanced to predict type 1 diabetes with reasonable accuracy. Furthermore, associations between autoantibody and T-cell responses are emerging,
and we are starting to understand the relationship between autoantibody detection and the underlying T-cell response. Further knowledge of these T-cell responses in diabetes, and the manner in which they are regulated, is now essential for the development of strategies for immune intervention, such that progress in the autoantibody field can be put to practical use to prevent diabetes in
those at risk.
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16
Autoantibody Recognition of Cellular and
Subcellular Organelles *
Ivan Raška and Šárka Růžičková

16.1
Introduction

Autoantibodies (autoAbs) targeting cellular molecules, usually proteins, nucleic
acids, and nucleoproteins, are recognized with an increasing frequency in a variety of diseases. The prototype category of human autoimmune diseases that
exhibit serum autoAbs are systemic rheumatic diseases such as systemic lupus
erythematosus (SLE), Sjögren’s syndrome, polymyositis/dermatomyositis (PM/
DM), scleroderma, rheumatoid arthritis, and mixed connective tissue disease
(MCTD) (Tan 1989 a, 2001; Chen et al. 2004; Gilburd et al. 2004; Horvath et al.
2001; Garcia de la Pena-Lefebvre et al. 2004; Bridges 2004; Kanazawa et al.
2004; Sherer et al. 2004). The occurrence of autoAbs is also associated with
thewell-known organ-specific autoimmune diseases that include autoimmune
thyroiditis, Graves’s disease, autoimmune gastritis, primary biliary cirrhosis,
myasthenia gravis, and various dermatological disorders such as pemphigus
and bullous pemphigus, as well as several other disorders (Bach et al. 1998;
Monzani et al. 2004; Franic et al. 2004; Bittencourt et al. 2004; Miyachi et al.
2004; Giraud et al. 2004; Ohkura et al. 2004; Latrofa et al. 2004; Schott et al.
2004; Anzai et al. 2004; Mimouni et al. 2004). The production of self-reactive
autoAbs also takes place under altered cellular mechanisms involved in tumorigenesis (Imai et al. 1993; Tan 2001; Zhang et al. 2001; Mozo et al. 2002; Hong
et al. 2004 a), or it can arise during viral infections (Eystathioy et al. 2002 a;
Strassburg et al. 2003). Finally, autoAbs are seen in drug-induced lupus syndrome (e.g., by procainamide and hydralazine) (Rubin et al. 1985; Rubin et al.
2004; Teodorescu et al. 2004) and in disorders associated with occupational or
diet hazards (Rom et al. 1983; Haustein and Ziegler 1985; Black et al. 1985; Bell
et al. 1992, 1995; Hultman et al. 1995, 1996; Chen et al. 2002 a).
Similar autoAbs can be found in currently used animal models of autoimmunity, particularly rodent models (Pollard et al. 2003). In these models, produc* A list of abbreviations used is located at the end of this chapter.
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tion of autoAbs can be spontaneous, such as that observed in animals ensuing
from crosses between New Zealand black and white mice strains (Reimer et al.
1987a; Jacob et al. 1987; Finck et al. 1994). It can also be induced by exogenous
agents such as mercuric chloride (Hultman et al. 1996), by direct immunization
with antigens such as thyroglobin and acetylcholine receptors (von Westarp et
al. 1977; Lindstrom 1976; Scott et al. 2004), or by gene mutations encountered
in mice with gene specific knockouts (Pollard et al. 2003).
The presence of autoAbs in patients’ sera has its straightforward clinical importance. In turn, target structures of autoAbs, often autoAbs associated with
systemic rheumatic diseases, regularly represent key players in fundamental cellular processes such as DNA replication and repair or RNA synthesis and processing as well as in processes involved in cell cycle progression, endoplasmic
reticulum transport, and apoptosis signalling. Here, we shall provide an overview of the importance of autoAbs as probes in molecular cell biology, with emphasis on a role of autoAbs in microscopy investigations of cells and tissues.

16.2
Autoantibodies Are Important in Clinical and Basic Research

Early studies led to the observation of autoAbs in serum of patients with SLE;
subsequently, the DNA and the deoxyribonucleoprotein were identified as the
cognate autoAgs (Hargraves et al. 1948; Tan and Kunkel 1966). Later on, these
findings were followed by a large series of clinical investigations demonstrating
the relationship between autoAbs and clinical syndromes (Scofield 2004).
Whereas the mechanisms leading to the occurrence of serum autoAbs in various autoimmune diseases are unknown (Zinkernagel 2000), the clinical tests establishing the occurrence of autoAbs belong to important standard diagnostic
tests. Importantly, the determination of target structures for autoAb binding
sometimes has a definite diagnostic value. For instance, anti-DNA, anti-histone,
and anti-Smith (Sm) autoAbs are highly characteristic for SLE, anti-DNA topoisomerase I autoAbs for systemic scleroderma, and anti-centromeric autoAbs for
the CREST (calcinosis, Raynaud’s syndrome, esophageal dysmotility, sclerodactyly, and telangiectasia) subset of scleroderma (Tan and Kunkel 1966; Mattioli
and Reichlin 1973; Pinnas et al. 1973; Moroi et al. 1980; Chung and Utz 2004;
Scofield 2004). However, anti-U1 RNP autoAbs reflect a diversity, as they are associated with both SLE and MCTD (von Mühlen and Tan 1995; Pollard 2004;
Utz et al. 1997; Overzet et al. 2000). Along this line, certain autoAb responses
are consistently associated with one another. Thus, the profile of serum autoAbs
may have a prognostic value (Love et al. 1991; DeGiorgio et al. 2001; van Gaalen
et al. 2004) and facilitates the clinical treatment follow-up in many cases
(Vencovsky et al. 2003; Berglin et al. 2004; von Mühlen and Tan 1995).
The mechanism by which cellular components become autoimmunogenic remains unknown. Moreover, both the mechanism of the autoAb production and
the nature of antigenic stimuli are enigmatic. However, it has been shown that

16.2 Autoantibodies Are Important in Clinical and Basic Research

induction of non-apoptotic cell death by exposure of cells to mercury in vitro resulted in mercury-protein (e.g., fibrillarin) interaction. This leads to the altered
proteolysis and production of unique cleavage fragments that represent a source
of antigenic determinants for self-reactive T cells (Pollard et al. 2000). Furthermore, the accumulation of 20S and 26S proteasomes and their colocalization
with fibrillarin within the nucleus were demonstrated under subtoxic concentrations of mercuric chloride (Chen et al. 2002b). Proteasomes generate oligopeptides, and a fraction of oligopeptides escapes complete destruction. They are
subsequently transported through the endoplasmic reticulum and then subjected to antigen presentation in context of the major histocompatibility class I
(MHC I) molecules; thus, the self-intracellular antigens can be recognized as
foreign by T cells (Chen et al. 2002 b).
The autoAbs are assumed to form immune complexes with autoAgs in extracellular fluids. This does not affect the function of their target autoantigens
(autoAgs) (Tan 1989 b). However, if autoAbs can enter the cells, as described
previously (Alarcón-Segovia et al. 1978; Ma et al. 1991; Koscec et al. 1997), they
could act as the inhibitors of biological functions of their cognate autoAgs. It
would mean the inhibition of functions such as DNA replication, transcription,
mRNA splicing, and translation, i.e., functions essential for survival and replication of the cell.
A major breakthrough in autoAb research came 25 years ago. Surprisingly, it
was not in the clinical field, but in basic research. Lerner and Steitz (1979)
showed that the Sm autoantigen (autoAg) and nuclear ribonucleoprotein (U1
RNP) autoAg were RNP particles that were in complexes with small nuclear
RNAs (snRNAs), called uridylate (U) snRNAs, and different proteins. Enigmatic
snRNAs, which are abundant nuclear RNA species, had then been known for
years (Busch and Smetana 1970; Reddy and Busch 1981). Specifically, using Sm
and U1 RNP autoAbs, U1, U2, U4, U5, and U6 snRNAs were involved. The
breakthrough came with the result that these autoantibodies blocked the splicing reactions in vitro (Lerner et al. 1980). This result not only established the
function in splicing for a subset of snRNPs but also provided a new way of
studying the mechanism of the splicing process. Most recently, the novel complex of proteins containing the U1 snRNP-A protein (U1A) was found in serum
of a patient with SLE. In this case, the inhibition of splicing and of in vitro polyadenylation was also shown; moreover, the serum component displaying the
specificity for U1A protein recognized the identical epitope as the monoclonal
antibody and identified a new protein complex within the cell (Faig and Lutz
2003).
Along these lines, today’s concept is that the most prominent autoAgs, particularly those defined through the systemic rheumatic diseases, are ubiquitous
nuclear proteins involved in fundamental cellular events (Tan 1989 a; von Mühlen and Tan 1995; Mahler et al. 2003). The important feature of autoAgs arising
from their biological functions is their evolutionary conservation across the species. In this regard, the autoAbs represent an important diagnostic tool for autoimmune diseases, and moreover their reaction with respective autoAg provides
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the possibility to analyze the nature, properties, and function(s) of autoAg itself
(Tan 1989 a; von Mühlen and Tan 1995; Mahler et al. 2003; Pollard 2004).

16.3
Epitopes Recognized by Autoantibodies

The autoAbs can serve as biological probes to detect their cognate autoAgs using
standard approaches such as immunoblotting, immunoprecipitation, enzymelinked immunosorbent assay (ELISA), and microscopy, particularly fluorescence
microscopy (Tan 1989 a; von Mühlen and Tan 1995; Mahler et al. 2003; Pollard
2004). With the help of antigenic material from different species, the use of these
approaches allows for a determination of the presence of simple or complex autoepitopes and autoepitope conservation across species. An emphasis will be put on
the use of microscopy techniques in this review, and immunocytochemical (IC)
approaches will be described in detail separately in Section 16.4.
The cloning of cDNAs of expressed proteins from cDNA libraries from a variety of species represents another possibility of how to study the nature of autoAgs that contain in common, across species, conserved sequences and conformational protein elements (Pollard 2004). However, this method is used mostly
in the characterization of the primary structure of a variety of human cytoplasmic and nuclear proteins, which is important for the determination of autoantigenic epitopes.
The inhibition experiments using either peptide libraries and/or autoAbs represent an effective tool complementing the techniques combining site-directed
mutagenesis and expression vector constructs to study the molecular base and
biological function of autoAgs (Mahler et al. 2003).
Recently, the progress of proteomics in the field of autoimmune diseases
(Robinson et al. 2002 a) led to the development of novel strategies such as multiplex assay systems based on microarray technology (Robinson et al. 2002 b),
using recombination proteins, peptides, and nucleic acids as antigens for detection of autoAbs, or fluorescent microsphere immunoassays, using antigencoated beads (Pickering et al. 2002; Pollard 2004). These techniques allow
screening and characterization of autoAgs and epitopes of all types in a very
short time simultaneously in a single array. The process from the identification
of autoAb and its relevant autoantigen/autoepitope to the development of detecting/diagnostic reagent could thus be remarkably shortened.
The structure of autoepitopes is diverse (Fig. 16.1) (Mahler et al. 2003). Their nature comprises primary, secondary, tertiary, and quaternary structures as well as
modified epitopes. In addition, epitopes can be hidden in the structure of the native
autoAg or can mimic the structure of an antigen of a different nature. Primary
epitope (Fig. 16.1 A) comprises a linear stretch of up to 10 amino acids (AAs)
and can be detected by almost all methods (e.g., in the centromeric protein
CENP-A). The secondary epitope (Fig. 16.1 B), represented by simple three-dimensional a-helices (a-helical epitope region in protein PM/Scl-100) or b-turns, can be
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Fig. 16.1 Different epitope types. The general
nature of autoepitopes includes primary (A),
secondary (B), and tertiary (C). Moreover, the
existence of modified (D) and hidden (E)

autoepitopes as well as epitopes mimicking
the autoepitopes (F) has been established.
(Reproduced from Mahler et al. (2003) with
permission from Elsevier Ltd.).
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determined by epitope-mapping strategies combined with computer-based analyses. The most complicated is the analysis of tertiary (Fig. 16.1 C) (the epitope
is spatially organized as in the molecule of fibrillarin) and quaternary structures
(e.g., histone H2A-H2B-DNA complex) (Burlingame et al. 1994) due to the distribution of AAs forming the epitope over distant parts of the protein’s primary sequence or due to a combination of different components in the complex autoAg.
The identification of post-translationally modified AAs (Fig. 16.1 D) by dimethylation (Brahms et al. 2000) or citrullination (Schellekens et al. 2000) of arginine residues in a set of human nuclear proteins such as the Sm D (Brahms et al. 2000),
fibrillarin (Aris and Blobel 1991), and nucleolin (Lapyere et al. 1986) requires the
development of assays using the modified amino acid. All of the above-mentioned
autoAg epitopes may be hidden (Fig. 16.1 E) (Deshmukh et al. 1999) in the native
form of antigen due to formation of secondary, tertiary, or quaternary structure, as it
is seen in Ro52 protein. The accessibility of the cryptic binding site to (auto)antibody is established after disruption of the three-dimensional structure by denaturation or proteolytic cleavage. AutoAbs against cryptic autoepitopes rising from
cleaved or modified autoAgs are associated with a variety of human autoimmune
diseases (Greidinger et al. 2000). Structures mimicking the epitopes, so-called mimotopes (Fig. 16.1 F), can display sequence homology to the autoAg of interest or
the structural homology lacking such sequence identity. Such mimotopes can be
represented by a short peptide that is recognized by anti-dsDNA autoAbs, as was
recently shown (Sun et al. 2001). These mimotopes can be analyzed using recombinant proteins for immunoblotting, immunoprecipitation, and ELISA and by random peptide phage display and peptide scans (Mahler et al. 2003; Zhang and Davidson 1999; Sun et al. 2001). The set of overlapping synthetic peptides covering the
entire sequence of human histone H1 was used to identify the immunodominant
epitope, and its immune reactivity was correlated with disease activity in human
SLE patients (Schett et al. 2002). Another application of the library of synthetic peptides to determine the exact structure and amino acid sequence of target autoepitopes is the inhibition of autoreactivity of autoAbs in vitro. Such an approach allowed the detection of the decapeptide that inhibits the binding of anti-dsDNA
and antibody deposition in kidneys, which suggests possible implications in the
therapy of human autoimmune diseases (Sharma et al. 2003; Mahler et al. 2003).
Although not established with the help of autoAbs, we wish to provide the
reader with the results that document the most sophisticated possibilities of epitope characterization (Fig. 16.2) (Conway et al. 2003). Surprisingly, this result
came from the field of structural biology and was achieved by the application of
cryo-electron microscopy (cryo-EM) and three-dimensional image reconstruction
to hepatitis B virus (HBV) capsid labeled with a Fab fragment. The Fab fragment binds specifically to the quaternary epitope shared by a dimer of core capsid protein. This example of epitope mapping demonstrates a highly conformational epitope. The individual core proteins are not arranged in an equivalent
way in the capsid, but through quasi-equivalence principles governing the architecture of self-assembly structures, i.e., icosahedral viruses in this case (Caspar
and Klug 1962). Thus, the dimer of the core protein may be, within the capsid,
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Fig. 16.2 Cryo-EM reconstruction of HBV
capsid labeled with Fab fragment targeting
the quaternary epitope between the subunit
dimer (A) and the control capsid (C). The
capsid protein is blue, and the Fab density is
pink. (B) Lattice diagram of a single triangular facet, which is also marked on the control capsid, and a single dimer. In the lattice
diagram, the packing of dimers, the positions of symmetry axes, and the placement

of four quasi-equivalent subunits, A, B, C,
and D, are marked. Rings marking the positions of the epitopes are shaded according
to occupancy: the C-D site is dark, representing 100% occupancy; the A-A sites around
the fivefold vertex are gray, representing
20–40% occupancy; the unoccupied D-B and
B-C sites have empty rings. (Reproduced
from Conway et al. (2003) with permission
from the American Society for Microbiology).
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exposed to different traction and torque forces. The epitope, depending on its
position on the capsid surface, thus shows, after the labeling, from 0% to 100%
occupancy with the Fab fragment. This example, which could not be demonstrated through other approaches, represents the power of today’s structural
biology.
We wish to finish this subsection with the following comment. We believe
that the actual scientific challenge of today’s molecular and cell biology is not
the sheep Dolly or stem cells, but the complexity of the functional organization
of chromatin. Now that the proteome of various cell parts and/or organelles has
become clearly defined, many new autoAbs to cell components will be easily defined. Autoimmune sera and particularly (high-titer) SLE sera target chromatin
structures (Sherer et al. 2004). We are of the opinion that such anti-chromatin
sera will be shown to contain autoAbs directed to all kinds of “epiproteome” epitopes such as histone and chromatin non-histone protein modifications.

16.4
Immunocytochemistry and Autoantibodies

Fluorescence microscopy demonstration of autoAbs in patients’ sera is a routine
procedure performed in clinical laboratories. In research laboratories, autoAbs
serve as molecular and cellular probes in the detection of their cognate antigens
using fluorescence, confocal, and electron microscopy (EM). AutoAbs are commonly more useful IC probes than specific sera raised in immunized animals
against the same “autoantigen” and, similarly, “autoimmune” monoclonal antibodies are usually more useful than hybridomas in which lymphocytes from
standardly immunized animals were used for hybridoma fusion (Tan 1989 a;
Tan et al. 1994; von Mühlen and Tan 1995; Mahler et al. 2003; Pollard 2004).
For such “autoimmune” hybridomas, either lymphocytes from patients or, more
commonly, rodent lymphocytes in animal models of autoimmunity were used.
This is apparently due to the fact that autoAbs frequently target functionally important autoAgs, and thus epitopes that are conserved across species, and even
epitopes associated with the active domain in the autoAg (Tan 1989 a; Tan et al.
1994; von Mühlen and Tan 1995; Mahler et al. 2003; Pollard 2004).
The principles of microscopic approaches used in immuno(cyto)chemistry
mapping are explained in Figures 16.3 to 16.5. We emphasize that the approach
used should allow the autoAbs to “find” their target autoAg (also, in the second
step of the procedure, the secondary antibodies bearing a marker should “find”
the bound autoAbs) in the cell, but, at the same time, they should not allow the
cellular macromolecules to move away from their genuine location. The first
condition is usually met through the use of detergent or acetone, or through
the mechanical opening of cells by sectioning. The second condition is fulfilled
through (more-or-less stringent) fixation of cells and tissues (Raška 2003).
In Figure 16.6, we provide the reader with an example of the commercial monoclonal antibody to actin with which we have elucidated a new phenomenon of
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Fig. 16.3 LM and EM approaches used in IC
mapping. In the most common two-step IC
procedure, the primary antibody molecules
bind the target (blue) within a sample. Consequently, secondary antibodies, bound to a
detectable (fluorescent, electron-dense) marker, are used to locate the primary antibody
molecules. In LM, fluorophores (A) of different colors can be used simultaneously to
map several different epitopes. Moreover,
the IC fluorescence pattern can be complemented with common fluorescence dyes (in
the case of nucleus DAPI, Hoechst, YOYO-1,
and others), phase contrast, or differential
interference contrast. The contrast of the
EM image is generated by the scattering of
the electron beam on nuclei of heavy atoms.
Thin-sectioned cells, consisting of light
atoms (carbon, hydrogen, oxygen, nitrogen,
etc.), are stained with salts of heavy atoms
such as uranyl acetate to generate a contrast
of cell structures. IC approaches employ the
colloidal gold particles (5–15 nm) bound to
secondary antibodies (B). In monochrome
EM image, the size of the gold particle,

rather than its color, can distinguish among
different epitopes. In a special case of the
EM IC procedure – pre-embedding, in-volume labeling (Fig. 16.5) – a secondary antibody is bound to a very small gold particle
(1 nm in diameter) to be able to penetrate
the sample. Consequently, the small gold
particles, which cannot produce a sufficient
contrast, are silver intensified (C) in situ, and
enlarged silver particles are observed. The
concomitant visualization of the LM and EM
labeling in a thin-sectioned cell can be performed. To obtain such a result, a standard
two-step labeling with colloidal gold adducts
is performed (B) on thin sections placed
on the supporting EM grid, and a third
antibody, with an affinity to the secondary
antibodies, conjugated to a fluorophore, is
applied (D). The thin sections are counterstained with a dye and observed in the fluorescence microscope. The thin sections are
then stained with uranyl acetate and the
image of the same nucleolar section is taken
in EM. (Reproduced from Raška (2003)
with permission from Elsevier Ltd.).

361

362

16 Autoantibody Recognition of Cellular and Subcellular Organelles

Fig. 16.4 Accessibility of cell structures to IC
probes. In this particular case, the mapping
of nucleolar transcription sites is documented (Koberna et al. 2000; Raška 2003).
If mapped using BrUTP incorporation into
newborn RNA, nucleolar transcription sites
are not revealed after the standard formaldehyde fixation procedure. Other nucleotide
analogues, such as biotinylated UTP, have to
be used to localize the nucleolar transcription events. Bromine epitopes in nucleoli are
not accessible for IC probes. Physical sectioning of the nucleolus, as in the case of
post-embedding, on-section labeling
(see Fig. 16.5), can help to uncover them.

In this case, only the epitopes exposed to
the section surface are visualized. Another
approach leading to the detection of brominated RNA in nucleolus is the use of acetone/methanol fixation. One has to keep in
mind that such an approach severely alters
the ultrastructure of the specimen. Indeed,
while aldehydic fixatives cross-link macromolecules, acetone/methanol treatment
rather precipitates them. Thus, the use of
acetone/methanol fixation may be correct
only within the frame of LM resolution.
(Reproduced from Raška (2003) with permission from Elsevier Ltd.).

cold-dependent in situ epitope detectability (Fidlerova et al. 2005). In contrast to
generally known fixation-dependent changes in epitope detectability (or temperature-dependent changes in the kinetics of antigen-antibody reactions), we demonstrate specific, cold-dependent detection of an epitope in a new in situ location
that, depending on the temperature during which the fixed cells are labeled,
produces a different fluorescent pattern. At room temperature, the cytoplasmic
cytoskeleton is revealed, and at 4 8C, nuclear labeling is put into evidence as well
(Fidlerova et al. 2005). This example complements Figure 16.1 and testifies that
with immuno(cyto)chemistry, which represents the fundamental tool in molecular
and cell biology, we have to be, as with every experimental approach, cautious.
With autoimmune sera, we may face a major drawback. They can be polyspecific (typically SLE sera) even though highly monospecific sera (e.g., some scleroderma sera) can be found. Thus, if indicated, specific autoAbs have to be affinity-purified from polyspecific autoimmune sera (Olmstead 1981; Pollard 2004).
The existence of high-titer monospecific sera or high-titer sera with a highly restricted profile of antinuclear autoAbs targeting functionally important nuclear
macromolecules made possible the breakthroughs achieved with autoAbs in the
nuclear research.
Even though a given IC approach may reveal itself to be inadequate for detection of a particular autoAg, suitable means for the permeabilization-fixation protocol can be usually found. This is why we always begin in light microscopy
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A

B

Fig. 16.5 Comparison between pre- and
post-embedding labeling approaches. (A)
Post-embedding, on-section labeling: Cells
or pieces of tissue are first fixed, embedded
in plastic resin, or frozen, and hard, tiny
blocks containing the biological material are
(thin)-sectioned. The labeling on plastic sections, or thawed cryosections, is then performed. For LM, the sections are mounted.
For EM, the sections are stained by uranyl
acetate. In the post-embedding approach,
only target macromolecules exposed on the
surface of plastic sections are detectable,
and the labeling efficiency is thus usually
lower than in the pre-embedding approach.
The penetration of IC probes into thawed
cryosections is limited and depends on the
extent of fixation. On the other hand, the
sectioning itself may help to expose otherwise hidden epitopes. (B) Pre-embedding,
in-volume labeling: Cultured and/or isolated

cells or cells in the small pieces of tissue are
made permeable (e.g., detergent treatment,
thawed thick cryosections, and vibratome
sections are used). Fixation impedes the
penetration of the labeling probes such as
antibodies into the cell interior, and the
specimen is therefore either unfixed or, at
most, lightly fixed. After the labeling, the
specimen is mounted in LM, or thoroughly
fixed, resin-embedded, thin-sectioned, and
stained with uranyl acetate in EM. The target
macromolecules can be potentially labeled
throughout the cell interior, but the penetration problem of IC probes into the cell interior may occur. In the pre-embedding EM
approach, the cell structures may not be
well preserved. In summary, if used, the preembedding EM procedure requires a correlation with the parallel post-embedding EM
approach. (Reproduced from Raška (2003)
with permission from Elsevier Ltd.).

(LM) with two entirely different fixation-permeabilization procedures, formaldehyde/triton and methanol/acetone procedures. Formaldehyde generates a truly
chemical fixation, while methanol/acetone fixation results in dehydration/precipitation of macromolecules. In Figure 16.4, we provide an interesting example
in which, in contrast to methanol/acetone treatment, formaldehyde fixation results in inaccessibility of the epitope and thus generates a bias (Koberna et al.
2000; Raška 2003).
We emphasize that EM has a resolution power almost three orders of magnitude higher than that of LM (see Fig. 16.8). Thus, while the methanol/acetone
procedure is convenient for LM applications, the cell structure looks ruined in
the EM if methanol/acetone fixation has been used. Also, EM IC is more diffi-
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Fig. 16.6 Cold-dependent epiC labeling. Fixed
human primary fibroblasts were incubated
with anti-actin monoclonal antibody (detecting epil epitope of actin) for 2 h at room
temperature (RT), followed by incubation with
Cy3-conjugated goat anti-mouse secondary
antibody (A) for 40 min at RT. After wash, the
cells were incubated again with the same anti-

actin antibody overnight at +4 8C, followed
by incubation with Alexa Fluor 488 goat antimouse secondary antibody (B). Merging of
both channels is shown (C). If labeled at RT,
only cytoplasm is labeled. If labeled at +4 8C,
both cytoplasm and nucleus are labeled
(bar: 20 lm). This figure was kindly provided
by Dr. H. Fidlerová.

cult than LM mapping. Indeed, the success in EM mappings represents only
the subset of successful LM mappings. An important corollary ensues: one
should avoid EM IC if the parallel fluorescence LM IC, performed on either
whole cells or sectioned material, has failed.

16.5
Autoantibodies as Probes for Cytoplasmic Antigens

Historically, clinical and basic research has focused on antinuclear autoAbs and on
nuclear autoAgs (von Mühlen and Tan 1995). In the last few years, considerably
more attention is being given to the study of cytoplasmic autoAgs (Stinton et al.
2004). These are represented by organelles or macromolecular assemblies such
as mitochondria, lysosomes, endosomes, cytoskeleton, centrosomes, the Golgi
complex, and translation machinery. Recently, a novel cytoplasmic organelle termed
the GW body was described with the help of the autoantibody (Stinton et al. 2004).
Some of these autoAbs are exclusively associated with particular diseases or with
distinct forms of autoimmune diseases, such as autoAbs recognizing mitochondrial antigens of the inner mitochondrial membrane (Bogdanos et al. 2003). This
type of autoAbs, termed anti-M2, is regarded as specific for primary biliary cirrhosis (Bogdanos et al. 2003; Zuber and Recktenwald 2003). Other cytoplasmic organelles detected by autoAbs, especially by sera from patients with SLE, include endosomes – respectively, their components such as early endosome antigen 1, cytoplasmic linker protein-170, and lysobisphosphatidic acid – and lysosomes and
their autoAg h-LAMP2 (Selak et al. 1999; Griffith et al. 2002; Stinton et al. 2004).
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Special cytoplasmic autoAbs occurring in sera of patients with Wegener’s
granulomatosis, vasculitis, and inflammatory bowel disease (Peter and Schoenfeld 1996) are termed anti-neutrophil cytoplasmic antibodies (ANCAs). They are
divided according to the labeling pattern into two groups, C-ANCAs, which label
the cytoplasm of neutrophils and monocytes, and P-ANCAs, which display a
perinuclear labeling pattern (Wiik and van der Woude 1989). Proteinase 3 –
a protein involved in proteolytic degradation of such proteins as elastin, lamin,
and collagen – and myeloperoxidase, an enzyme abundantly expressed in
neutrophils, are the major C-ANCA and P-ANCA antigens, respectively
(Goldschmeding et al. 1989; Falk and Jennette 1988; Peter and Schoenfeld
1996). Recently, new autoAgs of anti-neutrophil autoAbs in neutrophils and
their immature stages were identified in sera of patients with SLE (Chen et al.
2004).
As mentioned above, cytoplasmic autoAbs can be specific for particular forms
of autoimmune disease. This is also the case of autoAbs directed against microtubule-associated protein 2, which is a neuron-specific protein that maintains
the integrity of the neuronal cytoskeleton (Maccioni and Cambiazo 1995). These
autoAbs were specific for patients with neuropsychiatric SLE (Williams et al.
2004). AutoAbs targeting actin, myosin, and other cytoskeletal proteins were
also observed in sera of patients with rheumatoid arthritis (Shrivastav et al.
2002). Besides these, there is a heterogeneous group of anti-cytoskeletal autoAbs
that occur in liver disease, cardiomyopathy, and pemphigus vulgaris and that
target actin, tubulin, keratin, desmin, or vimentin (Johnson et al. 1965; Raška et
al. 1991 b; Gregor et al. 1987; Whitehouse et al. 1974; Kurki et al. 1977; Leibovitch et al. 1995; Pelacho et al. 2004).
A number of autoAgs in centrioles/centrosomes (cytoplasmic organelles that
in interphase are located not far from the nuclear envelope and that in metaphase establish opposite poles of the mitotic spindle) were identified with sera
from patients with Raynaud’s syndrome, scleroderma, or CREST syndrome
(S. Sato et al. 1994; Tuffanelli et al. 1983; Bao et al. 1995; Hayakawa et al.
2004 a; Sager et al. 1989). The autoAgs of centrioles and centrosomes are represented by a wide spectrum of proteins including centractin; c-tubulin; tektin A,
B, and C; p34cdc2; cyclins A, B1, and B2; mitotin; PCM1; ninein; Cep 250; and
pericentrin-B (Bao et al. 1995, 1998; Peter and Schoenfeld 1996; Mack et al.
1998; Li et al. 2001).
Another cytoplasmic organelle, the Golgi complex, was also shown to be recognized by autoAbs known as anti-Golgi complex antibodies (AGAs) (Stinton
et al. 2004). Since 1993 there have been many studies identifying individual
autoAgs that are integral parts of the Golgi complex. Among such proteins are
golgin-95 and -160 (Fritzler et al. 1993; Eystathioy et al. 2000; Nozawa et al.
2004; Hong et al. 2004 b; Stinton et al. 2004) as well as golgin-245 and giantin
(Nozawa et al. 2004). The AGAs have been found in several systemic autoimmune diseases such as SLE, RA, MCTD, and Wegener’s granulomatosis
(Fritzler et al. 1984, 1993; Mayet et al. 1991; Hong et al. 1992, 2004 b; Rossie et
al. 1992; Eystathioy et al. 2000; Nozawa et al. 2004; Stinton et al. 2004).
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Various autoimmune diseases are associated with the occurrence of autoAbs
to translation machinery. The autoAbs specific for patients with primary myositis recognize the enzyme histidyl-tRNA synthetase (Jo-1) (Nishikai and Reichlin
1980). This autoAg catalyzes the esterification of histidine to its respective
tRNA, and its localization in both nucleus and cytoplasm has been described
(Shi et al. 1991). Recently, it was shown that histidyl-tRNA synthetase tagged
with a green fluorescent protein (GFP) localizes mainly in cytoplasm and that
occasionally it is colocalized with a nuclear pore complex. This apparently indicates the influx of histidyl-tRNA synthetase–GFP fusion protein into the nucleus (Kamei 2004). In addition, autoAbs specific for other aminoacyl tRNA
synthetases such as alanyl-, threonyl-, glycyl-, and isoleucyl-tRNA synthetase
were also observed (Peter and Schoenfeld 1996). Many of the anti-cytoplasmic
autoAbs found especially in SLE patients are directed against ribosomal components, e.g., the phosphoproteins P0, P1, and P2 (Francoeur et al. 1985); the L5/
5S protein complex (Steitz et al. 1988); the S10 protein of the 40S ribosomal
subunit (T. Sato et al. 1991); and L12 and P proteins (T. Sato et al. 1990, 1994).
In a recent study, it was shown that especially anti-P autoAbs are strongly related to the various forms of central nervous disturbances in patients with SLE
(Reichlin 2003). Other examples of autoAbs encountered first in myositis patients are those targeting SRP54 (Reeves et al. 1986; Kao et al. 2004). The SRP
(signal recognition particle) is composed of six polypeptides and a small RNA
molecule (Zwieb and Larsen 1994), and these play a role during translocation of
newly synthesized protein from the ribosome into the endoplasmic reticulum
(Rapoport 1990).
The most exciting finding among cytoplasmic structures was the discovery of
GW bodies (GWBs) with the help of the autoantibody (Eystathioy et al. 2002 b,
2003 a; Stinton et al. 2004). These GWBs, in the form of a few fluorescent cytoplasmic bodies, were detected using serum from a patient with motor and sensory neuropathy that was preceded by Sjögren’s syndrome and SLE (Eystathioy
et al. 2003 a). The characteristic marker for this structure is the protein termed
GW182 (Eystathioy et al. 2002 b). The GWs do not colocalize with Golgi complex, endosomes, lysosomes, or peroxisomes, suggesting that GWBs represent a
novel cytoplasmic structure of human cells. GW182 represents a new class of
RNP autoAg, and GWBs are apparently involved in mRNA decapping and degradation (Eystathioy et al. 2003 b).

16.6
Autoantibodies as Probes for Nuclear Antigens

In contrast to autoAbs targeting cytoplasmic autoAgs, autoAbs identifying nuclear autoAgs frequently played a decisive role in fuelling the scientific progress of
nuclear cell biology. The nucleus does not possess internal membranes, and for
many years studies on the cell biology of the nucleus were limited by a relative
lack of distinctive substructures that were amenable to biochemical purification.
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The same applies to cell biology studies, since the nucleus lacks distinctive substructures revealed by microscopy. When a typical mammalian nucleus is seen
even in the EM, clumps of heterochromatin are visible at the nuclear periphery
and the nucleolus is readily identified by virtue of its electron-dense nature, but
otherwise the nucleoplasm appears rather featureless and amorphous. However,
during the second part of the 1980s and particularly in the 1990s, a very different view (Fig. 16.7) became evident when antibody probes, commonly autoantibody probes, were used to detect specific nuclear factors (or, in the case of chromosome territories, to detect through in situ hybridization the specific nucleic
acid sequences). Many nuclear proteins localize to distinct regions, domains or
bodies of the nucleus (Fig. 16.7) that can be recognized in the fluorescence microscope. We say that the nucleus is subcompartmentalized 1).
The high-titer autoAbs in human autoimmune diseases such as SLE are directed against chromosome/chromatin structures. Their target is frequently the
complex of double-stranded DNA and histones (Burlingame and Rubin 1996)
that forms a higher-order structure, the nucleosome. In this structure the DNA
wraps around an octamer composed of two copies of histones H2A, H2B, H3,
and H4 that form the core of the nucleosome (Wolffe 1992). Histone H1 connects nucleosomal cores and locks two helical turns around the histone core,
forming a more highly organized chromatin structure resembling beads on a
string (Boulikas 1993). The higher orders of chromatin/chromosome organization are unknown, including the structure of the next order, the 30-nm chromatin filament. Moreover, the structure of the nucleosome is now the center of
interest of the whole scientific community. We speak today not just about the
genome but also about the epigenome (Jenuwein 2002; McNairn and Gilbert
2003). The histones are post-translationally modified by acetylation, phosphorylation, and methylation, and these changes, together with the methylation of
DNA within CpG islands of cytosine and guanine, are key players in the chromatin activity, respectively inactivity (silencing). A large number of histone modifications are known, and, for instance, if “yesterday” we were considering
whether a given lysine residue in histones H3 and H4 is or is not methylated,
“today” we also have to consider whether the lysine residue bears a mono-, di-,
or trimethyl group (Jenuwein 2002; Novik et al. 2002). In this context, the histones represent one category of important factors influencing the regulation of
gene expression, and it has been shown that in drug-induced SLE, the main target of autoAbs is the (H2A-H2B)-DNA complex (Burlingame and Rubin 1996).
Recently, the histone H1 was identified as a highly specific autoAg for SLE
(Schett et al. 2002). Thus, anti-chromatin autoAbs targeting histones as well as
a very high number of identified non-histone chromatin and chromatin-associated factors (including RNA polymerases I, II, and III; myriads of transcription factors; replication factors; and heterogeneous nuclear RNP proteins) con1) We shall omit the enumeration of the very

high number of autoAgs associated with
chromatin, nuclear speckles, and nucleolus

and refer the reader to more specific review
articles by von Mühlen and Tan (1995), Mahler
et al. (2003), and Sherer et al. (2004).
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Fig. 16.7 Illustration of a mammalian cell nucleus and fluorescence patterns corresponding to various nuclear domains that have been identified. Chromosome territories have been identified with the in situ hybridization approach, but patterns of most remaining domains could be also

obtained with the help of autoAbs. This figure was kindly provided by
Dr. D. Spector. (Reproduced from Spector (2001) with permission from
The Company of Biologists).
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tinue to play an important role in the elucidation of the chromatin structure
(Stanek et al. 1997; Pollard 2004). Just to remind the reader, another autoAg,
DNA topoisomerase II, is a major structural component of the chromosomal
scaffold (Hoffmann et al. 1989; Hayakawa et al. 2004 b; Chang et al. 2004).
A distinct chromatin structure recognized by autoAbs is the centromere (kinetochore), which is the integral part of human chromosomes and is required for
cell division (Hoffmann et al. 1989; Mitchell 1996). The centromere contains
alphoid repetitive satellite DNA associated with a set of centromeric proteins
(CENPs). The CENPs were discovered by using the serum of patients with
CREST syndrome (Moroi et al. 1980), and anti-centromeric autoAbs were also
detected in other human diseases such as Raynaud’s syndrome, telangiectasia,
gastric antral vascular ectasia, etc. (Fritzler 1993; Rattner et al. 1998; He et al.
1998). With the help of anti-centromeric autoAbs and autoAbs to some other
nuclear autoAgs (e.g., mitotic spindle apparatus autoAgs, lamin autoAgs), a
breakthrough in our knowledge of chromosomal regions and chromosome loci
positioning as well as mitosis has been achieved (Hoffmann et al. 1989; Warburton et al. 1997; Andrade et al. 1996).
AutoAbs are potent tools in expanding our knowledge on the nuclear pore
complex (NPC) and the nuclear lamina (Enarson et al. 2004). They are targets
of the autoimmune response in patients with autoimmune liver disease, SLE,
and related conditions (Enarson et al. 2004; Miyachi et al. 2004). The pore complex, which is one of the largest macromolecular complexes of the cell, allows
for the transport of molecules in and out of the nucleus. Nuclear lamina is a
structure near the inner nuclear membrane and the perinuclear chromatin. It is
composed of lamins B and A/C (lamins A and C being just the splice variants
of a single gene), which are also present in the nuclear interior, and lamin-associated proteins (LAMs). The nuclear lamina is an essential component of cells
and is involved in most nuclear activities including DNA replication, RNA synthesis, nuclear and chromatin organization, cell cycle regulation, cell development
and differentiation, nuclear migration, and apoptosis (Enarson et al. 2004).
Many autofigs are associated with nuclear envelope (NE) and lamina. AutoAg
targets include the lamins A, B, and C of the nuclear lamina; gp210, p62,
Nup153, and Tpr within the NPC; and lamin B receptor (LBR), MAN1, and the
lamin-associated proteins LAP1 and LAP2, which are integral proteins of the internal nuclear membrane in which more than 50 proteins have been identified
(Enarson et al. 2004). AutoAbs to these NE targets have been shown to be correlated with various autoimmune diseases such as primary biliary cirrhosis, other
autoimmune liver diseases, and systemic rheumatic diseases. Interestingly,
some autoimmune sera label both centromeres and NPCs in interphase cells
(Enarson et al. 2004; Miyachi et al. 2004).
The nuclear speckles are enriched in splicing factors and in the factors of the
transcription machinery, but the transcription does not occur in the speckles
(Spector 2003). If growing mammalian cells are labeled with autoAbs to splicing
components, 20–50 shining nuclear domains, i.e., speckles, are usually observed. At the EM level, the speckles consist of morphologically well-defined in-
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terchromatin granule clusters (ICGs) and of domains of perichromatin fibrils,
some of which are believed to represent precursor mRNAs (pre-mRNAs) (Puvion et al. 1984; Fakan 1994; Melcak et al. 2000). Most mammalian pre-mRNAs
contain introns and usually have to be spliced before being transported to the
cytoplasm. It has been shown biochemically that the spliceosome formation and
splicing may be co-transcriptional events (Wuarin and Schibler 1994). It has
been demonstrated that speckles serve as pools of splicing factors that are recruited to the transcription sites (Huang and Spector 1996; Misteli et al. 1997).
Speckles are apparently sites of active splicing, as unspliced and released transcripts diffuse from transcription sites into speckles (Huang and Spector 1996;
Ishov et al. 1997; Dirks et al. 1997; Snaar et al. 1999; Melcak et al. 2000, 2001).
Cajal bodies (CBs) are small nuclear organelles that contain the three eukaryotic RNA polymerases and a variety of factors involved in transcription and
processing of all types of RNA (Raška et al. 1990, 1991 a; Gall 2001; Stanek and
Neugebauer 2004). It is suggested that pol I, pol II, and pol III transcription
and processing complexes are pre-assembled in the CBs before transport to the
sites of transcription on the chromosomes and in the nucleoli. The protein marker of Cajal bodies, p80-coilin, was identified with an autoantibody and enabled
the investigation of this nuclear organelle. In this way, another nuclear subcompartment could be characterized: the Gemini of cajal bodies, termed the Gems
(Liu and Dreyfuss 1996), which contain the survival of motor neurons (SMN)
protein. This protein is the product of the disease-determining gene of the neurodegenerative disorder spinal muscular atrophy (SMA) (Liu and Dreyfuss 1996;
Gubitz et al. 2004).
The promyelocytic leukemia nuclear body (PML nuclear body) is another nuclear subcompartment discovered with the help of autoAbs targeting P-100 and
PML protein (Ascoli and Maul 1991; Szostecki et al. 1990; André et al. 1996).
Interest in these bodies was increased upon finding that a fusion protein resulting from a t(15;17) translocation between the PML protein and the retinoid acid
receptor alpha, in acute promyelocytic leukemia, resulted in the disruption of
these bodies (Puvion-Dutilleul et al. 1995; Koken et al. 1994). Treatment of the
leukemia patients with retinoic acid or arsenic trioxide allowed their remission,
and, concomitantly, the reformation of PML bodies was observed (PuvionDutilleul et al. 1995; Dyck et al. 1994; Koken et al. 1994). A clear function of
PML bodies was, however, not established.
A distinct class of autoAgs recognized by sera of patients with autoimmune
diseases such as scleroderma and polymyositis (Reimer et al. 1987 b; Lee and
Craft 1995; Mahler et al. 2003) is associated with the nucleolus. The nucleolus
is a subnuclear compartment of eukaryotic cells in which the intense synthesis
of ribosomal rRNA and biogenesis of ribosomes take place (Raška 2004). Human diploid cells contain about 400 ribosomal genes organized in the form of
several tens of head-to-tail tandem repeats at well-described positions within five
pairs of chromosomes, termed nucleolar organizer regions (NORs). The transcription of ribosomal genes is driven by the nucleolar RNA polymerase I,
which synthesizes the long precursor rRNA (pre-rRNA) containing 18S, 5.8S,

16.7 Conclusions

and 28S rRNA sequences (Raška 2004). The biogenesis of mature ribosomal RNA
necessitates the presence of non-ribosomal proteins and ribonucleoproteins
(RNPs) containing large varieties of small nucleolar RNAs (snoRNAs) (Fatica
and Tollervey 2002; Tschochner and Hurt 2003). Ribosomal RNA associates with
about 70 ribosomal proteins in the nucleolus. The numerous autoAgs of this
subcellular compartment also include several key proteins: RNA polymerase I that
transcribes the ribosomal DNA and is enriched in the nucleolar fibrilar centers
(FC), but also maps to the dense fibrilar components (DFC) (Fig. 16.8) (Reimer
et al. 1987 b; Raška 2004); an important transcription factor termed the NOR90
protein/upstream binding factor that maps to both the DFC and the FC
(Rodriguez-Sanchez et al. 1987); DNA topoisomerase I, which is involved in the
transcription and maps to the DFC and, to a lesser extent, to the FC (Fig. 16.8;
Raška et al. 1995); fibrillarin that plays a role in 18S rRNA processing and maps
to the DFC (Figs. 16.8 and 16.9; Ochs et al. 1985; Reimer et al. 1987 a; Dragon et al.
2002); and a subset of ribosomal proteins that maps to the DFC and the GC
(Fig. 16.10; Raška et al. 1995). With these autoAb examples (Figs. 16.8 to 16.10.)
and with the help of other autoAbs, the nucleolar ultrastructure could be dissected
as various autoAgs could be confined to various nucleolar domains. The nucleolus
represents the prototype nucleolar organelle that could be, with the help of autoAbs, described in functional terms such as sites of active or inactive ribosomal
DNA, sites of early or late rRNA processing, or sites of ribosome assembly (e.g.,
Reimer et al. 1987 b; Raška et al. 1989; Raška 2005). Thus, together with the parallel implementation of the functional proteomics (Tschochner and Hurt 2003),
enormous progress has been made in understanding how the nucleolar substructures are related to the pathway of ribosome biogenesis.

16.7
Conclusions

The purpose of this chapter was to document the dual significance of autoantibody research, in clinical medicine on one hand and in basic research on the
other. Initially, the detection of autoantibodies in human sera became a routine
and important test in clinical laboratories. Later on, it became apparent that
more detailed characterization of autoantibodies may have a prognostic value
and may facilitate clinical treatment follow-up in many cases. Despite such progress, the etiopathogenesis of autoimmune diseases is still unknown. In contrast, autoantibodies have become powerful tools in molecular and cell biology.
With the help of autoantibodies, the function of snRNAs was discovered 25
years ago and the mechanism of the splicing process could be described later.
These observations opened a new era in basic research, and autoantibodies became “reporter molecules” or molecular probes useful in the identification of
autoantigens that are usually evolutionarily conserved and are crucial players in
fundamental cellular processes such as DNA replication, transcription, translation, protein transport, and cell cycle progression. In many instances, the func-
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Fig. 16.8 Labeling of RNA polymerase I and
fibrillarin. LM (A, B) and EM (C, D) labeling
of RNA polymerase I (A, C) and fibrillarin
(B, D) in a HeLa cell. Autoimmune serum
highly enriched in anti-RNA polymerase I
autoAbs (A, C) and “autoimmune” monoclonal antibody to fibrillarin were used. Note
the large difference in resolution power between LM (A, B) and EM (C, D). The nucleolar fluorescence pattern is well distinguished
and appears to be composed of finer (A)
and coarser (B) fluorescent dots. Thin cryosections were used for EM in which the
three basic nuclear substructures are seen:

electronlucent FC surrounded by DFC and
nuclear granular components (GC). Labeling
due to RNA polymerase I in C (10-nm gold
particles) is enriched in FC but is also present
in the DFC (arrows). Fibrillarin (10-nm gold
particles) is specifically enriched in the DFC
(D). ch: chromatin; cy: cytoplasm; f: nucleolar
fibrillar center; d: nucleolar dense fibrillar
component; g: nucleolar granular components; the same designations are used in
Figs. 16.9. and 16.10 (bar in A and B: 10 lm;
bar in C and D: 500 nm). (Reproduced from
Raška et al. (1989) with permission from
Elsevier Ltd.).
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Fig. 16.9 Double labeling of RNA polymerase I and DNA topoisomerase I.
In this thin cryo-sectioned RV cell, the RNA polymerase I label (10-nm gold
particles) is within the nucleolus found more in the FC, whereas the DNA
topoisomerase I label (5-nm gold particles; arrows) is found more in the
DFC (bar: 500 nm). (Reproduced from Raška et al. (1989) with permission
from Elsevier Ltd.).

Fig. 16.10 Labeling of ribosomal proteins. The cryo-sectioned HeLa cell
was labeled (10-nm gold particles) with autoAbs to ribosomal proteins.
The label is enriched in the cytoplasm and in the nucleolar DFC and FC
(bar: 500 nm). (Reproduced from Raška et al. (1995) with permission
from Elsevier Ltd.).
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tion of these autoantigens was determined. The progress was particularly apparent with regard to the cell nucleus. Autoantibodies have enabled us to expand
our knowledge about chromatin, nuclear speckles, the nuclear pore complex,
nuclear lamina, the nucleolus, Cajal bodies, Gems, and PML bodies. Today,
more attention is also being given to the study of cytoplasmic autoantigens.
This trend is probably best documented by the discovery of novel cytoplasmic
organelles: GW bodies, the plausible site of mRNA degradation. Finally, new
multiplex technologies such as proteomics, peptide microarrays, and fluorescent
microsphere immunoassays represent powerful approaches to characterize the
autoantigens in detail. This may lead to new therapeutic possibilities and a better understanding of the nature of autoimmune diseases.
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Autoantibody Recognition of Macromolecular Structures
and Their Subunits
Erica A. Champion and Susan J. Baserga

17.1
Autoantibodies Used to Probe the Function of Macromolecular Structures

Typically, molecular biology is used as a tool to study the pathogenesis of disease. Though this was the original intention of using autoantibodies to probe
the cell, it soon became clear that patient-derived autoantibodies would be a useful tool in molecular biology. Indeed, a great deal of information has been
gained in the field of basic research. This chapter is about the macromolecular
structures of the cell and how autoantibodies have been used to discover them
or their functions. Although there are many macromolecular assemblies targeted by autoantibodies inside the cell (Table 17.1), they have been most useful
in the study of ribonucleoproteins (RNPs), complexes of RNA, and protein.
The identification of small RNAs in the nucleus of eukaryotic cells spawned
from studies of ribosomal RNA (rRNA) processing in the 1960s and 1970s. At
this time, the central dogma of DNA to RNA to protein was being expanded
upon by the discovery that mRNA must be processed (capped, appended with
a poly-A tail, and often spliced) in order to be used as a template for protein
translation. Likewise, tRNA processing and rRNA processing were of considerable interest [1].
Methods at that time were such that one could isolate RNA from various subcellular compartments via phenol extraction, separate them according to size by ultracentrifugation on a sucrose gradient, and measure base composition using electrophoresis and chromatography [1]. Therefore, when RNA was extracted from
mammalian nuclei, the only way to identify the different species was by size
and base composition. Two groups found that in addition to the large (18S-45S,
rRNAs) RNAs found in the nucleus, there were a number of small (4-6S) RNA
species that were rich in uridylic acid and therefore designated U RNAs [2, 3]. Cellular fractionation indicated that U3 was the major species in the nucleolus, while
the others were primarily found in the nucleus [3]. Little was learned about the
function of these new small nuclear RNAs until the application of autoantibodies
as molecular probes and additional methods became available.
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Table 17.1 Macromolecular structures commonly targeted by autoantibodies.
Macromolecular
complex

Localization

Major
autoantigenic
component(s)

Spliceosome

Nucleus

SSU
processome

Clinical
association a)

Function

Ref.

Sm proteins;
SLE, RA,
U1, U2, U4,
Scl, MCTD
U5, U6-specific
proteins

Pre-mRNA
splicing

Section 17.2,
Table 17.2,
and references
therein

Nucleolus

Fibrillarin,
Mpp10,
hU3-55K

SLE, RA,
Scl, RP

Pre-18S rRNA Section 17.3,
processing
Table 17.3,
and references
therein

Box C/D
snoRNPs

Nucleolus

Fibrillarin

SLE, RA,
Scl, RP

rRNA
methylation

Box H/ACA
snoRNPs

Nucleolus

Unknown

Arthritis

rRNA pseu- 148
douridylation

Ro and La
RNPs

Nucleus,
cytoplasm

Ro 52 kDa,
Ro 60 kDa,
La 48 kDa

SLE, SS

Unknown

Section 17.4
and references
therein

RNase
P/MRP
(Th/To)

Nucleolus

Rpp30, Rpp38, Scl, RP,
hPop1, Rpp14, SLE
hPop5, Rpp40,
hPop4, Rpp21

Section 17.5,
Table 17.4,
and references
therein

Exosome

Nucleolus

PM-Scl 100,
PM, Scl,
PM-Scl 75,
PM/Scl
hRrp4, hRrp40,
hRrp41, hRrp42,
hRrp46, hCsl4

MRP:
cleavage
A3 of rRNA;
M ? G1
transition?
P: 5' end
processing
of tRNA
5.8S rRNA
3' end
formation

RNA
polymerases
I, II, and III

Nucleus,
nucleolus

NOR-90/hUBF, Scl, SLE,
RPC62,
PM/Scl
RPC155

DNA
transcription

Section 17.7,
references
therein, 149

Ribosome

Cytoplasm

P proteins,
28S rRNA,
S10, L12

SLE

Protein
synthesis

150–152

Proteasome

Nucleus,
cytoplasm

C9, C2,
C8, C5

Myositis,
SLE, MS

Protein
degradation

153–156

Centromere/
kinetochore

Nucleus

CENPs
A, B, C

CREST,
SLE

Mitotic
spindle

157

Section 17.3
and references
therein

Section 17.6,
Table 17.5,
and references
therein

17.1 Autoantibodies Used to Probe the Function of Macromolecular Structures
Table 17.1 (continued)
Macromolecular
complex

Major
autoantigenic
component(s)

Clinical
association a)

Function

Ref.

PCNA/Cyclin Nucleus/
nucleolus
in proliferating cells

Cyclin A,
45 kDa,
50 kDa

SLE, AIH,
RA, MCTD

Cell cycle
control

158–160

SRP

Cytoplasm

54 kDa

PM, SLE

Protein
targeting
to ER

161, 162

Histidyl
tRNA
synthetase
(Jo-1)

Cytoplasm

HRS

Myositis

Peptide
synthesis

163

Ku

Nucleus

70 kDa,
86 kDa

SLE, SS, Scl,
PM/Scl,
myositis

ATP164–167
dependent
DNA helicase

Topoisomerase I

Nucleus

Scl-70

CREST,
Sc, RP

DNA
supercoiling

168

Histones

Nucleus

H1, H2a,
H2b, H3, H4

SLE

Chromatin
scaffold

169

Nucleic
acids

Nucleus

ssDNA,
dsDNA,
ssRNA,
dsRNA

SLE

Genetic
information
carrier

170

a)

Localization

Abbreviations: SLE = systemic lupus erythematosus; RA = rheumatoid arthritis; Scl = scleroderma; RP = Raynaud’s phenomenon; PM = polymyositis;
PM/Scl = polymyositis-scleroderma overlap syndrome; SS = Sjögren’s
syndrome; AIH = autoimmune hepatitis; MCTD = mixed connective
tissue disorder; CREST = calcinosis, Raynaud’s phenomenon, esophageal
dysfunction, sclerodactyly, and telangiectasia; MS = multiple sclerosis.
Details on clinical associations can be found in [148, 171–173].

Initially, the specificity of autoimmune sera was used as a marker for different autoimmune diseases. This was possible using double immunodiffusion in
agar gel (Ouchterlony) or by immunostaining [4, 5]. But when autoantibodies
were used to probe cell extracts and isolate particular RNAs, it was apparent
that this would be a powerful tool to study the small RNAs in terms of their associated proteins and to determine a function for the RNPs.
Since then, autoantibodies have been valuable for the study of RNPs in a
number of ways. Often, it has been possible to identify a number of RNAs that
could be grouped by a common set of proteins, suggesting a common function.
The function of an RNP could also be tested in vitro, using autoantibodies to in-
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hibit the proposed function. Additionally, autoantibodies were essential for the
discovery of non-abundant RNAs and their associated proteins by allowing the
enrichment of a particular RNP. From these first studies, a new discipline in
molecular biology was established.

17.2
Autoantibodies as Probes for the Mechanism of Pre-mRNA Splicing

It was an M.D./Ph.D. student at Yale University, Michael Lerner, working under
the mentorship of Joan Steitz in the Department of Molecular Biophysics and
Biochemistry, who made the leap that birthed the field of small RNP biology.
They were the first to use autoantibodies as probes for understanding macromolecular structures, and the structures that they described were small nuclear ribonucleoproteins (snRNPs).
17.2.1
Patients with Systemic Lupus Erythematosus (SLE) Make Antibodies to snRNPs

The occasion of the discovery of snRNPs was a convergence of medicine and
molecular biology. Anti-Sm autoantibodies were first described in Stephanie
Smith, a lupus patient of Drs. Henry Kunkel and Eng Tan at Rockefeller Hospital in the 1950s and 1960s [5]. The Sm antigen was shown to be nuclear in localization and conserved across species [6]. The antigen of anti-RNP sera (also
designated anti-Mo) in patients with SLE and mixed connective tissue disease
(MCTD) [7] was sensitive to trypsin and RNase, indicating that it was likely to
be an RNP. It localized to the nucleus of mouse cells in a speckled pattern by
indirect immunofluorescence. The Sm and RNP antigens were subsequently
shown to be molecularly associated [8].
To define precisely the molecular targets of these SLE autoantibodies, Lerner
and Steitz performed immunoprecipitations with anti-Sm and anti-RNP sera on
extracts made from mouse cells labeled with 32P [9]. They analyzed the resulting
labeled small RNAs in the precipitate by denaturing polyacrylamide gel electrophoresis (Fig. 17.1). Following autoradiography, they identified the previously sequenced U1 and U2 snRNAs as well as three other snRNAs, which they called
U4, U5, and U6, to be immunoprecipitated by anti-Sm sera. In contrast, they
found, with two different anti-RNP sera, that only U1 was immunoprecipitated
by anti-RNP sera and suggested that it be renamed anti-U1 RNP. The bands on
the gel were indeed U1 and U2 snRNAs because the T1 RNase fingerprint
matched that of the previously sequenced U1 and U2 from rat cells. They also
carried out important controls such as immunoprecipitation with normal human serum, showing that it did not co-immunoprecipitate these snRNAs. In addition, neither anti-Sm nor anti-U1 RNP could immunoprecipitate deproteinized RNA. Thus, Lerner and Steitz asserted that the autoimmune sera were
immunoprecipitating RNA-protein complexes, and called them snRNPs (pro-
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Fig. 17.1 Gel fractionation of snRNAs from nuclear preparations and immune precipitates.
32
P-labeled RNAs were extracted with phenol from: lane 1, whole nuclei; lane 2, nuclear sonicate; lane 3, Pansorbin precipitate with anti-Sm serum; lane 4, remaining supernatant from
lane 3; lane 5, Pansorbin precipitate with anti-RNP serum; lane 6, supernatant from lane 5;
lane 7, nuclear sonicate; lane 8, anti-Sm Pansorbin precipitate; lane 9, Pansorbin precipitate
with normal serum; lane 10, Pansorbin precipitate with serum characterized as mostly RNP;
lane 11, anti-RNP Pansorbin precipitate. Lanes 1–6 and 7–11 represent two different experiments. (Reprinted from [9]).

nounced “snurps”). Furthermore, to examine the nature of the protein constituents of snRNPs, immunoprecipitations on extracts from 35S methionine-labeled
mouse cells were carried out, and it was evident that both anti-U1 RNP and
anti-Sm immunoprecipitate the same seven proteins in the same amounts.
They rightly concluded, in their own words, that “we have established the biochemical identity of the nuclear antigens designated RNP and Sm in the rheumatic disease literature.”
What did we learn about the macromolecular structure of snRNPs from these
first experiments? First, that the snRNAs were not free in the cell, but stably associated with proteins. Second, that there were antigenic proteins common to
all snRNPs (though this was slightly revised later; see below and Table 17.2).
Third, that there is a strong possibility that each snRNP is in a separate complex. Fourth, that the technique of using autoimmune sera to detect snRNPs
might be used to investigate whether snRNPs are required for the RNA processing of nuclear pre-mRNAs and to discover additional macromolecular assemblies. These were two predicted applications of the newly developed methodology that were realized.
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Table 17.2 Autoantibodies to spliceosome components.
Autoantibody

Antigen

Function

Ref.

Anti-Sm

Sm proteins B/B’
and D1–3 common to
major spliceosome U1,
U2, U4, U5 snRNPs;
LSm proteins of U6

Sm proteins required
for trimethyl guanosine
cap modification on snRNA;
nuclear
localization of snRNPs

28, 174

Anti-U1 RNP

70K, A and C
U1 snRNP-specific
proteins

U1 snRNP base pairs
with 5' splice site

28, 43, 175

Anti-U2

A' and B' U2
snRNP-specific
proteins

U2 snRNP base pairs
with branch point

43, 175, 176

Anti-U4/U6

150 kDa protein
of U4/U6 snRNP

U4 snRNP escorts U6
snRNP to the spliceosome
via base-pairing; U6 base
pairs with 5' splice site
after U1 is released

37, 175

Anti-U5

U5 snRNP-specific
proteins

U5 snRNP interacts
with both exons
in spliceosome

38, 39, 175

17.2.2
Are snRNPs Involved in Splicing?

Pre-mRNA splicing was first described in viral systems based on the discontinuity of viral genes and their mature mRNAs [10, 11]. It was soon clear that this
was not some unusual consequence of the compact nature of viral genomes, as
it was also described soon after in mammalian cells. The protein-coding portion
of genes from higher eukaryotes was interrupted by DNA sequence that would
not be in frame if an RNA bearing these sequences were translated. However,
the mature cytoplasmic mRNA lacked these sequences and was thus perfectly
translatable. The pre-mRNA must, therefore, be spliced before it is translated.
The translatable portion of the pre-mRNA came to be known as exons, and the
portion to be spliced out as introns.
Two groups [12, 13] proposed that snRNPs are involved in pre-mRNA splicing. Lerner et al. made a multifaceted argument backed up by experimental
evidence. They reasoned that if the U1, U2, U4, U5, and U6 snRNPs were involved in pre-mRNA splicing, they would be conserved in all species where splicing was known to occur. This was demonstrated to be so by immunoprecipitations with autoimmune sera in extracts representing human, mouse, and insect.
In addition, snRNPs would be present in the highest abundance in metaboli-
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cally active cells, such as the liver, and reduced in silenced cells, such as chicken
erythrocytes. This was also verified. Gradient fractionation of nuclear extract indicated that the snRNPs could be found in fractions bearing the pre-mRNAs,
providing evidence that they are indeed associated. Most importantly, both Lerner et al. and Rogers and Wall observed that the U1 snRNA had potential basepairing interactions with the pre-mRNA splice sites. This provided a framework
for thinking about how snRNPs might function in splicing by using snRNA
complementarity to pre-mRNA. In addition, if snRNPs were involved in premRNA splicing, then adding autoantibodies to splicing reactions should be inhibitory, generating a critical, testable hypothesis.
17.2.3
A Useful Tool: Anti-Sm Monoclonal Antibodies Derived from an SLE Mouse Model

With the knowledge that MRL/l mice, afflicted with a lupus-like syndrome, also
make anti-Sm antibodies [14], the laboratories of Charles Janeway and Joan
Steitz collaborated on the production of an anti-Sm hybridoma cell line using
the spleen of the MRL/l mouse as a source of antibody [15]. Ethan Lerner, also
an M.D./Ph.D. student at Yale, working with his brother, Michael, recovered
monoclonal antibodies to the Sm proteins (hybridoma cell line Y12) and to
rRNA and DNA. The anti-Sm monoclonal antibody performed identically to patient sera in co-immunoprecipitation of U1, U2, U4, U5, and U6 snRNAs from
32
P-labeled HeLa cell extracts. This renewable resource of anti-Sm antibodies
was a valuable tool for investigating the assembly and function of snRNPs, and
both the antibody and the hybridoma cell line have been shared (and continue
to be shared) with laboratories around the world. As a result, the anti-Sm monoclonal antibody developed in 1981 has been cited so frequently that the publications are too numerous to mention here.
In Joan Steitz’s laboratory the anti-Sm monoclonal antibody was used by a
graduate student, Karen Montzka (now Wassarman), to detect new low-abundance Sm protein-containing snRNPs, which they called U11 and U12 [16].
Having hypothesized that there were snRNPs that could not be resolved on denaturing polyacrylamide gels, they searched for them on 2D gels following
large-scale anti-Sm immunoprecipitations from HeLa cell extracts. The function
of U11 and U12 remained a mystery until eight years later, when it was proven
that they were involved in pre-mRNA splicing of AT-AC introns, a previously
undetected minor class of introns found in eukaryotic cells [17–21].
17.2.4
Autoantibodies Are Used to Test Whether snRNPs Are Involved
in Pre-mRNA Splicing

To investigate whether snRNPs are involved in pre-mRNA splicing using autoantibodies, the development of pre-mRNA splicing assays was essential. The assays evolved between 1981 and 1985, and at each step in their development,

385

386

17 Autoantibody Recognition of Macromolecular Structures and Their Subunits

when autoantibodies were used to probe the mechanism of splicing, it was clear
that snRNPs were necessary for the splicing reactions to occur.
The first experimental evidence that snRNPs were required for pre-mRNA
splicing was derived from analysis of splicing in isolated nuclei from adenovirus-infected HeLa cells [22]. Pre-incubation of the nuclei with both anti-Sm
and anti-U1 RNP inhibited splicing of adenovirus early mRNAs. In contrast,
normal human serum or other autoantibodies (anti-Ro and anti-La) had no
effect. Further evidence that snRNPs were involved in splicing came from a
coupled transcription-processing system where anti-Sm (patient sera and monoclonal antibody) and anti-U1 RNP sera inhibited splicing of transcripts from the
adenovirus major late promoter [23]. Similarly, injection of SV40 viral DNA with
anti-Sm and anti-U1 RNP sera into Xenopus oocytes indicated inhibition of splicing of SV40 late viral transcripts [24]. Consistent with the perception that the
splicing machinery must be conserved, they thus demonstrated that “human
antibodies inhibit splicing of monkey viral RNA in frog oocytes.” The laboratories of Walter Keller and Reinhard Lührmann used anti-Sm autoimmune sera
conjugated to protein A-Sepharose to deplete splicing extracts of snRNPs, which
has some biochemical advantages over adding the sera to the splicing reactions
[25]. They found that depletion of only 50% of the snRNPs resulted in splicing
inhibition of adenovirus major late mRNA. Grabowski et al. [26] coined the
term “spliceosome” (splicing body) to describe the multicomponent RNA-protein complex where pre-mRNA splicing takes place. They showed, using antiSm and anti-U1 RNP sera, that the spliceosome contains snRNPs. Indeed,
snRNPs are involved in splicing.
17.2.5
The Protein Components of snRNPs

Investigators have long been interested in the protein components of the
snRNPs and, with autoimmune sera in hand, they began to define them. At
first this was carried out in a cumbersome manner using immunoprecipitations
on extracts from 35S methionine–labeled cells (e.g., [9]) and later using immunoblots or Western blots (e.g., [27]). Much work in a number of different laboratories has contributed to the conclusion that the anti-Sm sera reacts with the
B'/B and D1–3 components of the Sm proteins (defined as B/B', D1–3 , E, F, and
G) and that the anti-U1 RNP sera reacts with the U1 snRNP-specific proteins
U1-70K, A, and C to varying extents (reviewed in [28]). With the advent of
cDNA expression library screening, autoantibodies were also used to clone the
genes coding for the antigenic proteins, as is detailed in Chapter 18 of this
book.
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17.2.6
Subcellular Localization of Splicing Components

The subcellular localization of the anti-Sm and anti-U1 RNP antigens was studied as part of the initial characterization and identification of the autoantibodies.
They were found to be nuclear, in a distinctive speckled pattern that excluded
the nucleoli [7, 29]. Similarly, the anti-Sm monoclonal antibody yielded a
speckled nuclear pattern in indirect immunofluorescence [15]. Thus, snRNPs
were localized to discrete areas of the nucleus in speckles.
As microscopy techniques and microscopes improved, it was possible to ask
whether the anti-Sm and anti-U1 RNP patient antibodies were recognizing the
same set of nuclear speckles. Double immunofluorescence staining followed by
digital image analysis indicated that both antigens were without a doubt found
together in nuclear speckles [30]. This prompted the tantalizing hypothesis that
the speckles represent sites of transcription and pre-mRNA processing. After
many years of experimentation, it is now clear that the speckles contain little
DNA and are therefore not the sites of transcription and splicing, but are instead thought to be assembly/modification sites that deliver snRNPs to actively
transcribed genes. Furthermore, the nuclear speckles are dynamic entities, as
RNA and protein components can move among them and other parts of the nucleus (reviewed in [31]).
17.2.7
Specific Autoantibodies to Each Spliceosomal snRNP

Since they were first used to probe the structure of snRNPs, extensive work
with the anti-Sm and anti-U1 RNP autoantibodies has demonstrated that many
times they are of mixed specificity. For example, Western blot analysis of purified U5 snRNPs with anti-Sm and anti-U1 RNP sera indicated that they also
contained antibodies to U5-specific proteins [32]. However, antibodies specific to
the U2, U4, U5, and U6 snRNPs have proved to be much more rare in occurrence (see Table 17.2).
Antibodies specific for the U2 snRNP were first detected in a Japanese patient
with scleroderma-polymyositis overlap syndrome (1/500 sera screened) and subsequently in several other screens [33–36]. Similarly, autoantibodies to the U4/
U6 particle have been detected in a screen of 400 sera from patients with systemic sclerosis [37]. (The U4 and U6 snRNAs can be found in a single particle
because of the extensive base pairing between the snRNAs.) Anti-U5-specific autoantibodies have been described in sera from patients with systemic sclerosispolymyositis overlap syndrome (1/1171 patients with connective tissue diseases
and 1/281 patients with systemic sclerosis) [38, 39].
Most recently, it has become clear that the U6 snRNA is associated with a different set of proteins than the Sm proteins but that they form the same structure [40, 41]. They are called LSm (Like Sm) proteins. IgM autoantibodies to the
LSm4 protein associated with the U6 snRNA have been found in a patient with
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infectious mononucleosis, and IgG anti-LSm4 antibodies have been found to coexist in many anti-Sm sera [42]. Thus, Sm autoantigens likely include both Sm
and LSm complexes.
17.2.8
SLE Led the Way to Our Current Understanding of the Mechanism
of Pre-mRNA Splicing

The discovery in 1979 that autoantibodies from patients with SLE recognize
snRNPs was fundamental to the elucidation of their function in pre-mRNA splicing. With the knowledge that snRNPs are involved in splicing but lacking the
understanding of how, in the 1980s investigators turned increasingly to biochemical exploitation of in vitro splicing extracts and then to yeast genetics
upon the identification of snRNPs in S. cerevisiae. Our current knowledge is that
in the major spliceosome, the U1 snRNP interacts with the 5' splice site on the
pre-mRNA and the U2 snRNP with the branch point in the intron, both via
base-pairing interactions (Fig. 17.2; reviewed in [43, 44]). The tri-snRNP of U4/
U5/U6 then joins the pre-mRNA, and a dynamic series of RNA rearrangements
occurs, resulting in the release of the U1 and U4 snRNPs. In the minor spliceo-

Fig. 17.2 Spliceosome assembly and action.
(a) The major spliceosome and (b) the AT-AC
spliceosome are pictured at an early stage
of spliceosome assembly and after the first
reaction step (formation of the lariat intermediate) has occurred. U11 and U12 are pic-

tured as entering the spliceosome as a twosnRNP complex. After joining of the U4-U6U5 or U4atac-U6atac-U5 tri-snRNP, a conformational change occurs that loosens the
association of U1 or U11 and U4 or U4atac
with the spliceosome. (Reprinted from [43]).

17.3 U3 and the Box C/D Small Nucleolar RNAs (snoRNAs)

some (Fig. 17.2), U11 and U12 replace U1 and U2, and the U4 and U6 analogues, U4atac and U6atac, replace their counterparts. There is evidence that
RNA splicing is an RNA-catalyzed reaction, with the U6 snRNP playing the central role. Recently we learned that RNA splicing requires many more factors
than originally envisioned (reviewed in [44]) and that transcription, splicing, and
mRNA export are interconnected (reviewed in [45]).

17.3
U3 and the Box C/D Small Nucleolar RNAs (snoRNAs)

The box C/D family of snoRNAs was discovered as an unexpected result of
using autoantibodies to study the protein components of the U3 snoRNP. U3
was the first of this family to be identified because it is very abundant in the
cell and therefore easily visualized without stringent purification. Through early
studies, it was determined that U3 is part of a ribonucleoprotein complex that
has a function in pre-rRNA processing, but the protein components of that
RNP remained elusive. Autoantibodies identified the first U3-associated protein,
fibrillarin. But perhaps more importantly, immunoprecipitation of RNA using
the fibrillarin autoantibodies revealed additional fibrillarin-associated RNAs that
were less abundant than U3. These RNAs were found to share the box C/D motif and a set of common proteins and were found to function in methylation of
pre-rRNA. Interestingly, U3 does not share the common box C/D function, but
rather is required for cleavage of the small subunit pre-rRNA.
17.3.1
The U3 snoRNA in Ribosome Biogenesis

Early studies of the large rRNAs and their precursors revealed that rRNA was
processed prior to incorporation into the mature ribosome. While mature
rRNAs of 18S and 28S were found in the cytoplasm of mammalian cells, larger
precursors could be found in the nucleolus. The kinetics of radioactively labeled
precursor rRNAs showed a stepwise series of cleavage events that derived the
mature 18S and 28S rRNAs from a single 45S precursor. As shown in Figure
17.3, it was known that the 45S precursor is transcribed as a single unit and
cleaved at four sites: (1) separating the 5' external transcribed spacer (ETS) from
the 18S rRNA, (2) separating the 18S from the first internal transcribed spacer
(ITS1), (3) separating ITS1 from the 5.8S and 28S rRNAs, and (4) separating
the 5.8S rRNA from the 28S rRNA. Except for the alternation of cleavages 2
and 3 depending on species and conditions, these cleavages were observed to
occur in order [1]. Since then, many trans-acting factors have been discovered to
assist in the processing of rRNA, and the sites of cleavage have been defined
more precisely, but the major cleavages remain the same [46].
It was generally hypothesized and accepted by the early 1980s that U3 had a
role in rRNA maturation [47], but evidence to define this role was lacking. U3

389

390

17 Autoantibody Recognition of Macromolecular Structures and Their Subunits

Fig. 17.3 Scheme for processing mammalian
ribosomal RNA. The primary product of
rRNA synthesis is a 45S molecule of about
12.5 kb. The first cleavage at site 1 removes
the 5'-terminal leader sequence. The second
cleavage can be at either site 2 or site 3, depending on the species of cell and to some
extent on environmental conditions; the predominant pathway apparently is determined
by the conformational state of the first intermediate. The final trimming near site 4 is
usually the rate-limiting step in the process-

ing pathway, thus causing a substantial accumulation of the proximal intermediate, the
32S component. This trimming involves at
least two cuts in the polynucleotide backbone, one at the 5' end of the 28S component and another at the 3' end of the 5.8S
component. The 5.8S component, 140
nucleotides in length, is a stretch in the 5'
region of the 32S component that remains
bound to 28S component by base paring
after the final cleavage. (Reprinted from [1]).

had been colocalized with rRNA in the nucleolus [3], and chemical association
of the U3 RNA with rRNA had been demonstrated [48]. Furthermore, it was
shown that the U3 RNA could be found in ribonucleoprotein particles that associate with the 32S pre-rRNA via RNA-RNA and RNA-protein interactions [49].
When immunoprecipitation of the U1 and U2 snRNAs by human autoimmune
sera implicated these RNPs in processing of pre-mRNA in the nucleus, it was
further hypothesized that U3 performed an analogous function in the nucleolus: processing of pre-rRNA [50]. Still, the question remained: how?
17.3.2
Fibrillarin Is the First U3-associated Protein

Protein components of RNPs are critical for their function, yet the proteins associated with the U3 snoRNA could not be identified until the 1980s, when it
was determined that human autoantibodies could precipitate the U3 snoRNA.

17.3 U3 and the Box C/D Small Nucleolar RNAs (snoRNAs)

When scleroderma patient sera were used in protein immunoprecipitation, a
protein of 34 kDa was isolated. Conversely, antibodies raised against this 34-kDa
protein were able to immunoprecipitate the U3 snoRNA. Because the protein
was visualized in the fibrillar regions of the nucleolus, it was named fibrillarin
[51, 52].
Further studies using both patient sera and various anti-U3 RNP antibodies
identified at least five potential additional U3-associated proteins [53]. Indeed,
genetic and biochemical studies uncovered 11 additional U3-associated proteins
in 15 years (Table 17.3 and references therein). Still, additional uncharacterized
proteins remained. With the application of mass spectrometry and affinity purification techniques to study peptide fragments from purified cell extracts, nucleolar proteins were identified in bulk: a proteomic analysis of the yeast nucleolus found 271 proteins, 30% encoded by previously uncharacterized genes [54–
56]. It is currently understood that the U3 snoRNA exists in two RNPs: a small
nucleolar RNP (snoRNP) that sediments at 12S on a sucrose gradient (see Table 17.3) and a large RNP termed the SSU processome that sediments at 80-90S
and is described below.
Purifications of the yeast U3 RNP yielded a total of 40 U3-associated proteins
(Table 17.3) [55–57]. Each of these proteins was localized to the nucleolus and
shown to associate specifically with the U3 snoRNA [55, 57]. Previous experiments in vitro in mouse cell extracts and in vivo in yeast and Xenopus oocytes
had proven that the U3 snoRNA was required for 18S pre-rRNA processing
[58–60]. Therefore, these proteins were genetically depleted and shown to be required for maturation of the small subunit (18S) rRNA, indicating that each individual protein is integral to the function of the U3 RNP in pre-rRNA processing. The entire ~2.2-MDa complex, named the SSU processome for its role in
small subunit processing, most likely corresponds to the > 60S complex observed in earlier gradients [49]. Additionally, the SSU processome likely corresponds to the terminal knobs observed decorating the ends of pre-rRNA transcripts in Miller chromatin spreads (Fig. 17.4) [61], because upon depletion of
any SSU processome protein, the terminal knobs do not form [55].
Knowing the identity of the proteins involved in pre-rRNA processing is the
first step to understanding how mature rRNA is produced. Currently, work is
being done to determine why and how each of the 40 proteins is necessary for
rRNA maturation. It is remarkable that a complex as large as the ribosome itself is required for just a small portion of ribosome assembly. Furthermore,
none of the 40 proteins yet identified is predicted to be an endonuclease, which
could perform the cleavages that release the small subunit rRNA from the 45S
precursor. This suggests that the SSU processome may function structurally in
ribosome biogenesis, by coordinating the orientation of the pre-rRNA to allow
cleavage by a yet unidentified endonuclease. To begin to explore this hypothesis,
studies are underway to determine the structure of the U3 snoRNA and its associated proteins.
It is interesting to note that among the 40 U3-associated proteins, only fibrillarin was identified using patient sera. One would expect such a large particle
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Table 17.3 Components of the SSU processome. a)
Yeast
protein

ORF
name

Human
homologue(s)

Utp5

YDR398w

WDR36,
KIAA0007

Utp4

YDR324c

Utp8
Utp9
Utp10
Utp15

YGR128c
YHR196w
YJL109c
YMR093w

Utp17/
Nan1/
Lph1
Utp1/
Pwp2
Utp6

YPL126w

CIRH1A,
87.8
FLJ10458, REC14
80.1
65.1
FLJ10359
199.9
FLJ12787,
57.5
HPRP8BP,
TUWD12
FLJ12519,
101.1
TLE4, PF20

Utp12/
Dip2

YLR129w

Utp13/
Cst29
Utp18
Utp21

YLR222c

Utp22
Nop1

YGR090w
YDL014w

Nop5/
Nop58/
Luc9
Nop56/
Sik1
Rrp9

YOR310c

Snu13

YEL026w

Dhr1/
Ecm16
Imp3

YMR128w

YCR057c
YDR449c

YJL069c
YLR409c

YLR197w
YPR137w

YHR148w

PWP2H,
FLJ25955
HCA66,
CRNKL1
WDR3,
FLJ25955,
REC14
TBL3, WDR5,
FLJ25955
CGI-48, TBL3,
LOC123169
NOL6
Fibrillarin
(FIB)

Nop5/Nop58,
NOL5A,
PRPF31
Nop56, NOL5A,
PRPF31
hU3-55K, TAF5,
TAF5L
15.5K, RPL7A,
NOLA2
DHX37, DHX29,
DHX36
C15ORF12
(hImp3), RPS9

Size
(kDa)

Subcomplex

Comments

Ref.

71.9

A/tUtp

WD repeats;
Utp15interacting
WD repeats

55, 177, 178

A/tUtp

55, 56, 177–179

A/tUtp
A/tUtp
A/tUtp
A/tUtp

55, 56, 177–179
Coiled-coils
55, 56, 177–179
HEAT repeats
55, 56, 177–179
WD repeats;
55, 177–179
Utp5-interacting

A/tUtp

55, 56, 177–179

103.9

B

WD repeats;
exit from
mitosis
WD repeats

52.3

B

cl-TPR

55, 56, 177, 179

106.3

B

WD repeats

55, 56, 177, 179

91.0

B

WD repeats

55, 56, 177, 179

66.4
104.8

B
B

WD repeats
WD repeats

56, 57, 177, 179
56, 57, 177, 179

140.5
34.4

C
U3
snoRNP

56.8

U3
snoRNP

56.7

U3
snoRNP
U3
snoRNP
U3
snoRNP
Unclassified
Unclassified

64.9
13.4
144.8
21.8

Common
box C/D,
methyltransferase
Common box
C/D, KKE/D
Common box
C/D, KKE/D
WD repeats

55, 56, 177, 179

56, 57, 177, 179
177, 180, 181

177, 181–184

56, 177, 181, 185
55, 56, 177, 181,
186, 187
177, 181

Common box
C/D, U4 snRNA
DEAH box heli- 56, 177, 188
case
S4 RBD; inter55, 56, 177, 189,
acts with
190
Mpp10
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Table 17.3 (continued)
Yeast
protein

ORF name

Human
homologue(s)

Size
(kDa)

Subcomplex

Comments

Ref.

Imp4

YNL075w

IMP4, RPF1,
BRIX

33.5

Unclassified

55, 56, 177, 189,
190

Mpp10

YJR002w

66.8

Unclassified

Rrp5

YMR229c

193

Unclassified

Sof1

YLL011w

56.8

Unclassified

WD repeats

55, 56, 177, 193

Utp2/
Nop14
Utp3/
Sas10

YDL148c

MPHOSPH10
(hMpp10),
LOC123169
PDCD11,
CRNKL1,
CSTF3
DKFZP564O0463,
FLJ25955
C4ORF9

RNA binding
superfamily;
interacts with
Mpp10
Coiled-coils;
interacts with
Imp3, Imp4, U3
S1 RBD,
cl-TPRs

94.3

Coiled-coils

55, 56, 177

YDL153c

SAS10

70.1

Unclassified
Unclassified

55, 177

Utp7/
Kre31

YER082c

C6ORF11,
PRP19

62.3

Unclassified

Utp11

YKL099c

CGI-94

30.3

Utp14

YML093w

UTP14A,
DMP1, RBM28

102.9

Unclassified
Unclassified

Nap family;
silencing;
Mpp10interacting
WD repeats;
adenylate
binding site
Coiled-coils

55, 177

Utp16/
Bud21

YOR078w

Coiled-coils;
ATP/GTP binding site (P-loop)
Coiled-coils;
non-essential
(cs)

Utp19/
Noc4
Utp20/
Yba4
Krr1

YPR144c

24.2

Unclassified

MGC3162

63.6

YBL004w

DRIM

287.6

YCL059c

HRB2

37.2

Emg1/
Nep1
Rps4

YLR186w

C2F

27.9

YJR145c

293.0

Ribosomal
protein

Rps6

YPL090c

RPS4X,
RPS4Y1,
RPS4Y2
RPS6

Unclassified
Unclassified
Unclassified
Unclassified
Unclassified

Rps7

YOR096w

RPS7

215.3

Unclassified
Unclassified

Ribosomal
protein
Ribosomal
protein

270.2

55, 56, 177, 191

55, 56, 177, 192

55, 56, 177

55, 177

55, 56, 177

56, 57, 177, 194
Coiled-coils

56, 57, 177

KH domain

56, 57, 177, 195
56, 57, 177, 196,
197
56, 57, 177

56, 57, 177
56, 57, 177
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Table 17.3 (continued)
Yeast
protein

ORF name Human
homologue(s)

Rps9

YPL081w

RPS9

223.2

Rps14

YCR031c

RPS14

144.5

a)

Size
(kDa)

Subcomplex

Comments

Ref.

Unclassified
Unclassified

Ribosomal
protein
Ribosomal
protein

56, 57, 177
56, 57, 177

This table is not intended to be conclusive; a number of additional proteins
continue to be under investigation and may associate with the SSU processome.

Fig. 17.4 RNA and protein components of
the SSU processome are required for terminal knob formation on nascent pre-rRNAs.
Yeast strains conditionally expressing either
the U3 snoRNA or Utp7 from a galactose
promoter were used to make the chromatin
spreads. Stains were undepleted (a) or depleted for U3 snoRNA (b) or Utp7 (c). For

depletion, the strains were switched from
growth in galactose to growth in glucose.
Chromatin spreads were made before
(0 h) and after (3 h) the switch to glucose
and analyzed by electron microscopy.
Scale: the width of panel (a) is 0.85 lm.
(Reprinted from [55]).

17.3 U3 and the Box C/D Small Nucleolar RNAs (snoRNAs)

to contain many antigenic peptides. Indeed, a recent study of scleroderma patient sera found that in addition to fibrillarin autoantibodies (and in a few cases,
in the absence of fibrillarin autoantibodies), many sera contained antibodies
against the U3-specific proteins Mpp10 or hU3-55K [62]. By correlating the autoantibody profiles with clinical manifestations, the authors were able to determine that, for instance, patients with antibodies against Mpp10 were more
likely to experience esophageal and lung involvement of the disease. Now that
over 40 proteins have been identified that associate with the yeast U3 snoRNA,
their human homologues can be tested for autoantigenicity in patient sera. This
may lead to the ability to predict, and therefore better treat, the underlying autoimmune diseases.
17.3.3
Fibrillarin Autoantibodies Uncover a New Class of snoRNAs

The identification of fibrillarin as an antigenic U3-associated protein was serendipitous because it allowed the identification of other fibrillarin-associated
RNAs. While U3 could be isolated from nucleoli without further enrichment,
other less-abundant RNAs required immunoprecipitation to be visualized on an
RNA gel. Though patient-derived autoimmune sera were sufficient for this purpose, they were limited in quantity. In order to overcome this limitation, an
anti-fibrillarin monoclonal antibody was developed and became widely adopted
in laboratories studying the U3 RNP [63]. When these anti-fibrillarin antibodies
and anti-TMG (trimethyl-guanosine) antibodies were used together to enrich extracts for capped fibrillarin-associated RNAs, two additional snoRNAs were
found: U8 and U13 [64]. Sequence analysis revealed that these two RNAs both
contained the conserved sequence motifs, box C and D, found in U3, and it was
hypothesized that these sites may be essential for fibrillarin-RNA binding [64].
Indeed, deletional and base-substitution analysis revealed that in vitro U3-fibrillarin association requires box C, but not box D [65].
A number of uncapped fibrillarin-associated snoRNAs were next found to be
encoded in the introns of mRNAs [66, 67]. Upon closer investigation, many of
these RNAs were shown to contain box C and D motifs, and some also contained related D’ motifs. Adjacent to the box D or D’ motifs, they also contained
10–21-nt segments of complementarity to regions of rRNA that had previously
been shown to contain a 2'-O-methylated nucleotide [68]. This finding and experimental evidence led to a model in which the association of complementary
sequences in the snoRNA and rRNA would place the appropriate nucleotide in
position to be methylated by fibrillarin, the box C/D-associated methyl transferase [67, 69]. Thus, fibrillarin autoantibodies opened up the possibility that the
box C/D motif is shared by a family of snoRNAs that also share common proteins and a common function in rRNA modification.
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17.4
The La and Ro Autoantigens

Prior to the use of autoantibodies as molecular probes, only the most abundant
RNA molecules could be detected. When patient-derived autoantibodies were
found to immunoprecipitate proteins associated with novel RNAs, new avenues
were opened to the study of RNPs and a new set of non-coding RNAs was identified, including those associated with the Ro and La autoantigens. The La autoantigen is transiently associated with RNA polymerase III transcripts and has
been shown to be essential for proper 3' end maturation of tRNAs in the nucleus. The Ro autoantigens bind a subset of the La-associated RNAs, the Y
RNAs, and the Ro particles are proposed to function in quality control of
snRNAs in the cytoplasm. Autoimmune sera initially related the La and Ro proteins because they both associate with Y RNAs, but it is becoming evident that
they perform distinct functions within the cell.
17.4.1
Ro and La Are Related Autoantigens

After 25 years of using autoantibodies as molecular probes, it is clearer than
ever that a direct relationship does not exist between an autoantigenic target
and the clinical manifestation of the autoimmune disease. As shown in Table
17.1, patients with SLE may carry autoantibodies to any number of macromolecular complexes. This information was only beginning to come to light in the
early 1980s, when an array of patient sera was readily available and the proteins
or RNA species targeted could be easily fractionated on a gel. It was at this time
that the Ro and La autoantigens were discovered.
When SLE patient sera were used to immunoprecipitate radiolabeled RNA
from mouse cell homogenate, discrete sets of bands were observed. Distinct
from the set of small U RNAs precipitated by anti-Sm sera, anti-Ro sera immunoprecipitated two novel small cytoplasmic RNAs, and anti-La sera precipitated
a highly banded pattern of small RNAs (Fig. 17.5) [70]. It was further determined that the autoantigenicity of these particles depended on a protein component, indicating that the La autoantigen is a snRNP and the Ro autoantigen is a
scRNP (small cytoplasmic ribonucleoprotein, pronounced “scyrp”) [70].
It appeared that the La snRNPs and Ro scRNPs were quite different, due to
their distinct intracellular localizations, but fingerprint analysis of the RNAs
suggested that this was not so. In addition to the previously identified 5S rRNA,
the La-associated RNAs included one that had an identical fingerprint to the
Ro-associated hY5 [71]. Additional reconstruction experiments confirmed the association by showing that the Ro particles contain the La autoantigen, and the
two RNPs were united by their association with the Y RNAs [71].

17.4 The La and Ro Autoantigens

Fig. 17.5 RNA species immunoprecipitated
by anti-Sm, anti-Ro, and anti-La antibodies.
Immune precipitates from 32P-labeled mouse
and human cells. Small RNAs included in
antibody precipitates from extracts of 32P-labeled human HeLa (h) and mouse Ehrlich
ascites (m) cells were fractionated on a 10%
polyacrylamide gel as described in the text.
An anti-Sm precipitate is shown in lanes 1
and 2, anti-Ro is shown in lanes 3 and 4,
and anti-La is shown in lanes 5 and 6. Lanes
7 and 8 show total small RNAs from mouse
Ehrlich ascites cells and HeLa cells, respectively. All lanes shown are from the same

gel, although different amounts of precipitates and different exposure times were utilized to maximize visualization of the various small RNA spectra. (Normally, relative
to anti-Sm, we utilized twice as many cells
for a La precipitate and 10 times as many
for a Ro precipitate.) Note that U1 and U2
RNAs appear in low amounts in Ro and La
precipitates; the levels of binding (exaggerated because of the large amounts of cells
used) can be demonstrated to be nonspecific by comparison with non-immune
serum (not shown). (Reprinted from [71]).

17.4.2
The La snRNPs

La was known to associate with a number of small non-coding RNAs, including
the Y RNAs [71], viral RNAs [71], 5S rRNA and its precursors [72], and tRNAs
[72], all established RNA polymerase III transcripts. Indeed, when a-amanitin
was used to inhibit transcription by other RNA polymerases, the levels of La-as-
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sociated RNAs were not affected [71, 72]. This is in fact a necessary correlation,
as it was subsequently shown that the 50-kDa La autoantigen binds an oligouridylate stretch that is found at the 3' end of all RNA polymerase III transcripts
[73, 74]. Though it has been proposed that La functions in the initiation and termination of polymerase III transcription [75–77], it has also been shown that La
acts as a chaperone for pre-tRNAs [78] and likely for other polymerase III transcripts [79].
17.4.3
The Ro scRNPs

In humans, four distinct Y (cytoplasmic) RNAs exist: Y1, Y3, Y4, and Y5 (Y2 is
a degradation product of Y1), whereas only two Y RNAs can be found in mice
[80]. These poorly conserved RNAs are predicted to form a secondary structure
that includes a stem that is required for Ro protein binding [81]. Besides the La
50-kDa protein, two Ro proteins, Ro60 and Ro52, named for their molecular
weights, have been found to constitute the Ro scRNP [81, 82]. The function of
these RNPs is not known, but it is hypothesized that they associate with misfolded snRNAs as a quality-control mechanism [83].

17.5
RNase P and RNase MRP

The use of autoantibodies has made an exceptional impact on the identification
and characterization of the two endoribonucleases RNase P and RNase MRP.
Although both had been previously identified based on their nucleolytic activities, their protein and RNA compositions, as well as their functions, could not
be determined until the application of autoantibodies revealed that nuclear
RNase P and RNase MRP are closely related ribonucleoproteins. Both particles
are responsible for specific cleavages in pre-RNAs: RNase P cleaves the 5' end
of precursor tRNA, and RNase MRP has been shown to cleave pre-rRNA,
though other functions for each have not been ruled out. Remarkably, despite
their differing functions, RNases P and MRP share at least eight identical protein components and differ only in their RNA sequence and one additional protein each (Table 17.4).
17.5.1
RNase P and RNase MRP Are Structurally Related

The specific precursor tRNA cleavage activity of RNase P was partially purified
over 30 years ago from E. coli extract [84], and the activity required one protein
and one RNA component [85]. However, methods of identifying these components were not available at that time. Similarly, when RNase MRP was identified in mammalian cells by its function in cleavage of mitochondrial RNA, it

17.5 RNase P and RNase MRP
Table 17.4 Components of RNase P and RNase MRP.
Human protein

Yeast homologue

RNase P

RNase MRP

RNA
hPop1

RNA
Pop1
Pop3
Pop4
Pop5
Pop6
Pop7/Rpp2
Pop8
Rpp1
Snm1
Rpr2

RPR1
+
+
+
+
+
+
+
+
–
+
+
+
+
+

NME1/RRP2
+
+
+
+
+
+
+
+
+
–
+
n.d.
+
+

Rpp29
hPop5
Rpp20/Pop7 a)
Rpp30
Rpp21
Rpp38
Rpp14
Rpp25
Rpp40
a)

Ref.

96, 98
99
100, 106
103, 198
103
103, 105
103
102, 104
101
103, 108
104
106
107
105

Human Rpp20 is also called Pop7, although its protein sequence shares
no significant homology to yeast Pop7. (Adapted from [93).

was shown to include both protein and RNA components [86, 87], but the identity of these components remained unknown.
Meanwhile, the use of patient-derived autoantibodies allowed the identification of two RNPs with unknown function. The sera of patients with the autoimmune disease scleroderma contain antibodies targeting several intracellular
macromolecules. A subset of these sera contains antibodies that precipitate the
Th and To antigens, named for the patients from whom the sera were derived.
In 1983, Th and To antigens were both found to be associated with RNAs
named for their size: 7-2 and 8-2 [88, 89]. Interestingly, these RNAs could not
be precipitated in the absence of protein, and each serum could precipitate both
RNPs, indicating that the RNPs are likely to share at least one protein component: the Th/To antigen.
Based on the success of using autoantibodies to study the spliceosome, a connection was made between the autoantigenic RNPs and the endonucleolytic
RNPs. When serum containing Th antibodies was used to deplete HeLa cell extracts of the Th antigen, the remainder no longer had RNase P activity, indicating that the Th antigen was associated with RNase P [90]. Furthermore, when
RNase P was purified from cell extracts, the 8-2 RNA (also known as H1) co-purified [90, 91]. In the same manner, 7-2 was shown to be the RNA component
of RNase MRP. That is to say, the anti-Th serum was also able to deplete cell
extracts of RNase MRP activity. Additionally, sequence analysis revealed that the
RNA that purified with RNase MRP is identical to the 7-2 RNA [92].
The newfound relationship between RNase P and RNase MRP spurred numerous hypotheses regarding their components and functions. For instance,
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these RNPs probably have at least one common protein component, since they
are precipitated by the same sera. If they do share a common protein, they are
likely to share a common secondary structural feature to which this common
protein may bind. Indeed, though their primary sequences are poorly conserved,
recent studies suggest a common secondary structure [93]. Finally, perhaps the
most important achievement of this relationship was the identification of the
MRP function in the nucleolus.
17.5.2
A New Function of RNase MRP

Initially, the function of MRP was believed to be the cleavage of mitochondrial
RNA to create primers for mtDNA replication. This was supported by purification of MRP from discrete cellular compartments, which localized MRP to the
mitochondria and nucleus [87]. However, the function of MRP in the nucleus
was unknown. Because anti-Th sera stained the granular region of the nucleolus [94], a function in processing of rRNA was suggested. Employing yeast as a
genetic tool, Schmitt and Clayton tested this hypothesis [95]. They metabolically
depleted the RNA component of MRP, NME1, and examined the resulting effects on rRNA processing. In wild-type yeast, the mature 5.8S rRNA is found in
two forms, 5.8SS (short) and 5.8SL (long), with 5.8SS being the major species.
However, when NME1 is depleted, 5.8SL becomes predominant, indicating a
loss of cleavage at site A3 [95].
The involvement of MRP in this processing step was also shown to occur in
vitro [96]. In this case, RNase P and RNase MRP were purified based on a common associated protein, Pop1, and the two RNPs were biochemically separated
and assayed for the ability to cleave either pre-tRNA or pre-rRNA. As expected,
the RNase P fraction was able to specifically cleave the pre-tRNA but not the
pre-rRNA. In contrast, the RNase MRP fraction could cleave pre-rRNA at site
A3, but it could not cleave pre-tRNA.
It is currently understood that the major function of RNase MRP is in rRNA
processing. However, cleavage of the pre-rRNA at site A3 is not essential in
yeast, nor is cleavage of mitochondrial RNA. This begs the question of why the
RNA component and all the protein components of the RNase MRP are essential in yeast. Perhaps MRP has an additional function that remains to be discovered. Recent studies of mutations in the gene encoding Snm1, the protein
unique to RNase MRP, imply a role for MRP in cell cycle control. Specifically,
mutations in the gene encoding Snm1 lead to a delay in transition from mitosis
to G1 [97].
17.5.3
The Structure and Architecture of RNase P and RNase MRP

In addition to functional studies of the RNPs, numerous structural investigations have been undertaken, specifically the identification of the proteins asso-
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ciated with eukaryotic RNase P and RNase MRP (summarized in Table 17.4). In
yeast, four of these proteins were found via genetic screens: Pop1 [98], Pop3
[99], Pop4 [100], and Snm1 [101]. A fifth protein, Rpp1, was identified by its sequence homology to hRpp30, a human component of RNase P [102]. While
Pop1, Pop3, Pop4, and Rpp1 were found to associate with both RNase P and
RNase MRP by co-immunoprecipitation, antibodies directed against Snm1 only
co-immunoprecipitated RNase MRP, identifying Snm1 as the first protein
unique to RNase MRP [101]. Five additional proteins were identified in a purification of RNase P: Pop5, Pop6, Pop7, and Pop8 were shown to be associated
with both RNPs, and Rpr2 is unique to RNase P [103].
So far 10 proteins have been identified as components of human RNase P
(summarized in Table 17.4), though an association with RNase MRP has not
been confirmed for all of them. HPop1 was identified by its homology to yeast
Pop1, and it was shown to associate with both RNPs by co-immunoprecipitation
of both RNPs and RNase P activity [96]. HPop5 was identified by homology to
yeast Pop5 and was also shown to be associated with both RNPs [93]. A purification of human RNase P yielded six additional proteins, including Rpp30 and
Rpp38, which are recognized by sera from scleroderma patients [104]. The same
purification also yielded Rpp20, Rpp40, Rpp14, and Rpp29/hPop4, which were
not recognized by tested patient sera, but antibodies raised against each can be
used to precipitate RNase P [105, 106]. Rpp25 was also found in a purification
of human RNase P [107], and Rpp21 was found by homology to yeast Rpr2
[108], though their association with RNase MRP has not been determined.
Now that at least nine protein components of each RNP have been identified,
the focus of current research has shifted to the organization of the RNPs and
how that organization leads to function. Both the RNase MRP RNA (NME1/
RRP2) and the RNase P RNA (RPR1) are proposed to form a cage-shaped structure [109, 110] with various sites for protein binding. Protein-RNA interactions
have been investigated using yeast three-hybrid assays and UV cross-linking for
RNase MRP [111] and RNase P [112]. Interactions between protein components
have also been investigated, using yeast two-hybrids and GST pull-down assays
[113–115]. As yet, no crystal structure has been published of either RNP. However, in vitro reconstitution experiments indicate that the 8-2 RNA, Rpp21, and
Rpp29 alone are adequate for efficient cleavage of tRNA substrates [116].
Though these studies have yielded a wealth of information regarding direct interactions within each RNP, much remains to be learned in order to construct a
complete structure of either complex.
17.5.4
Current and Future Uses for Autoantibodies in the Study
of RNase P and RNase MRP

In addition to the invaluable discovery that RNase P and RNase MRP are structurally related, autoantibodies continue to contribute to the study of these RNPs,
and the information we learn about these RNPs is likely to aid in the study of
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Fig. 17.6 Immunoprecipitation of RNase
MRP proteins by anti-Th/To+ patient sera.
35
S-labeled in vitro–translated hPop1 (panel A),
Rpp40 (panel B), Rpp30 (panel C), hPop4
(panel D), Rpp25 (panel E), Rpp21 (panel F),
Rpp20 (panel G), hPop5 (panel H), and
Rpp14 (panel I) were subjected to immunoprecipitation with patient sera Th1–Th12

(lanes 2–13), two control patient sera (lanes
14 and 15), and rabbit antisera that were
raised against each of these proteins (lane 1).
Co-precipitating proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and autoradiography.
(Reprinted from [117]).

autoantigenic diseases such as scleroderma. Following identification of the protein components of human RNase P, it became possible to determine which
protein components were the autoantigenic targets of scleroderma patient sera.
In one study, two different patient sera detected RNase P components Rpp30
and Rpp38 [104]. A larger sample of 12 patient sera expanded the number of
proteins identified as Th/To antigens. As shown in Figure 17.6, of 12 anti-Th/
To sera tested, most recognized hPop1; about half recognized Rpp30, hPop5, or
Rpp14; and only a few recognized Rpp40, hPop4, or Rpp21 [117]. Additional
studies comparing antigenic targets and patient prognosis may be valuable in
the diagnosis of scleroderma and other autoimmune diseases targeting RNase P
and RNase MRP.

17.6 The Exosome

17.6
The Exosome

Our understanding of the human exosome developed from the convergence of
three separate investigations, each in a different organism. Initially, autoantibodies identified a human complex of nucleolar proteins with unknown function.
Once the two major autoantigens were cloned, sequence comparison identified
them as homologues of E. coli exoribonucleases, suggesting a nucleolytic function in ribosomal RNA processing. The precise function of the human exosome
and each of its subunits is currently being elucidated through studies of the
yeast exosome, a complex of 11 3' ? 5' exoribonucleases that is responsible for
3' processing of the 5.8S rRNA.
17.6.1
A Molecular Marker for Polymyositis-Scleroderma Overlap Syndrome

A primary goal for the initial studies using human autoimmune sera was to
identify common antigens that could be used as diagnostic markers for the various autoimmune diseases. For instance, antibodies against DNA were found in
patients with SLE [118], and a ribonucleoprotein (U1) was known to be an antigenic target in mixed connective tissue disease [119, 120]. In routine studies of
sera from patients with polymyositis, an autoantigen was identified that was resistant to RNase and DNase treatment, indicating that it is distinct from those
previously identified autoantigens [121]. Antibodies to this antigen were found
in a high percentage of patients with polymyositis, scleroderma, or polymyositis-scleroderma overlap syndrome, but not in patients with other autoimmune
diseases or in normal individuals, encouraging its use as a marker for these diseases and prompting the antigen to be named PM-Scl [122].
By immunofluorescence, patient sera were shown to stain primarily the granular component of the nucleolus, where the later steps of rRNA processing occur, stimulating speculation about a function for the PM-Scl antigen in ribosome biogenesis [123]. However, this speculation could not be confirmed, because no RNA was found to associate with the PM-Scl antigen. Indeed, immunofluorescence was not affected by treatment with RNase, and no RNA was
pulled down by immunoprecipitation. Instead, 11–16 proteins with apparent
molecular weights of 20–110 kDa were found when patient sera were used to
immunoprecipitate radiolabeled HeLa cell extracts (Fig. 17.7) [124]. The function
of the PM-Scl antigen, therefore, could not be assigned.
As determined by immunoblotting, the most commonly targeted antigens by
autoantibodies in the PM-Scl complex are PM-Scl 100 and PM-Scl 75 [123, 124].
Utilizing anti-PM-Scl patient sera, phage cDNA libraries were screened and the
genes for both proteins were cloned [125–128]. Though PM-Scl 75 was predicted
to have a molecular weight of 39 kDa, it migrates anomalously at 75 kDa [125].
Without gaining a clue as to the function of either protein from their sequences, the focus of the field shifted from determining their function to identifying their autoantigenic epitopes [126].
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Fig. 17.7 Exosome proteins identified by anti-PM/Scl antibodies. Autoradiogram of [35S]methionine-labeled HeLa cell
proteins immunoprecipitated by anti-PM-Scl antibodies
(S125) and resolved in 17.5% SDS-polyacrylamide gel. Lane
1 shows proteins precipitated by normal control serum.
Lane 2 demonstrates in detail the radiolabeled proteins
from HeLa cells that are selectively brought down by antiPM-Scl antibodies and are named P1–P11.
(Reprinted from [123]).

17.6.2
The Exosome Is a Conserved Complex

At the same time, the study of ribosome biogenesis in yeast was flourishing,
thanks to its ease in genetic manipulation. Genetic screens could be used to
identify gene products involved in various steps of rRNA processing. By this
approach Rrp4 was found and was shown to be required for proper processing
of the 5.8S rRNA species [129]. Yeast carrying a temperature-sensitive mutation
in rrp4 accumulate a 3' extended form of 5.8S rRNA at restrictive temperature,
due to the loss of Rrp4 3' ? 5' exonuclease activity [129]. Gradient centrifugation
reveals that Rrp4 is just one in a complex of essential exonucleases, and its human homologue, hRrp4, is also found in a similar complex [130].
The yeast exosome was finally linked to the human PM-Scl complex by sequence analysis in 1997. A database search for homologues of the E. coli ribonucleases identified PM-Scl 75 as a member of the RNase PH family and PM-Scl
100 as a member of the RNase D family, giving the first hint to their function
[131]. Soon thereafter, additional members of the yeast exosome were cloned, including Rrp6, the yeast homologue of PM-Scl 100 [132].
Purification of the yeast exosome uncovered a nuclear complex of 11 proteins,
10 of which (all except Csl4) are predicted by high sequence homology to be
3' ? 5' exoribonucleases (Table 17.5) [133]. Of these 11 proteins, 10 (all except
Rrp6) are essential in yeast [133], and all 11 are required for proper 3' end formation of the 5.8S rRNA [134]. Most of the yeast exosome components have human homologues (including PM-Scl 100 and PM-Scl 75) that are found in a
similar complex in the human nucleus, implying that the PM-Scl complex is
the human exosome and is therefore responsible for 3' end formation of the human 5.8S rRNA.
Additional functions have recently been found for the yeast exosome in RNA
processing, such as 3' end formation of small RNAs, pre-mRNA quality control

17.7 NOR-90/hUBF and RNA Polymerases I, II, and III

in the nucleus, and mRNA degradation in the cytoplasm [135]. Interestingly,
Rrp6 is not associated with the cytoplasmic exosome [133], and the RNA-binding core exosome protein Csl4/Ski4 appears to be required for mRNA degradation but not for rRNA maturation [136]. It has therefore been suggested that
the specificity and activity of the exosome are determined not by its core exonucleolytic components but by additional proteins such as Rrp6 and Csl4/Ski4 that
may determine its localization and substrates [135].
17.6.3
Autoantibody Targets in the Human Exosome

The components of the human exosome have been identified largely by their
homology to the components of the yeast exosome [133, 137]. Now that these
proteins have been identified, they can be evaluated for their autoantigenicity in
patients. Although PM-Scl 100 and PM-Scl 75 are the proteins most commonly
targeted by autoantibodies, all other exosome components tested were also
found to be autoantibody targets (Table 17.5) [137]. This information contributes
to our understanding of disease progression. It has been suggested that in the
course of autoimmune disease, PM-Scl 100 or PM-Scl 75 is initially targeted
and that during cell death, peptides derived from additional exosome components are presented as antigens, and epitope spreading causes these other antigens to be targeted by autoantibodies [137].

17.7
NOR-90/hUBF and RNA Polymerases I, II, and III

In eukaryotes, the nucleolus is the site of ribosome assembly, including transcription of rDNA, processing of the pre-rRNA, and association of many ribosomal proteins with the rRNA. In humans the first step, rDNA transcription, requires the cooperative binding of hUBF and the SL1 complex to the rDNA promoter. Once bound, these proteins activate RNA polymerase I transcription. Together with the chromatin containing the rDNA, these proteins comprise the
nucleolar-organizing region (NOR), which was primarily characterized by its distinct speckled pattern when stained with silver salts. Early immunofluorescence
experiments using autoimmune patient sera revealed a similar staining pattern,
presenting the possibility that the proteins required for rDNA transcription may
be autoantigens.
17.7.1
RNA Polymerases I, II, and III

In the early 1980s, patient-derived autoantibodies were known to decorate a
number of nuclear and nucleolar components, as determined by a variety of nuclear and nucleolar staining patterns [4]. At the same time, biochemists had pu-
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Table 17.5 Components of the exosome.
Human
protein

Yeast
protein

Function

3' ? 5' hydrolytic
exonuclease
PM-Scl 100 Rrp6
RNase D family; 3' ? 5'
hydrolytic exonuclease;
only in nuclear exosome
PM-Scl 75 Rrp45
RNase PH family;
3' ? 5' phosphorolytic
exonuclease
hRrp40
Rrp40
S1 RNA BD; 3' ? 5'
hydrolytic
exoribonuclease
hRrp41
Rrp41/Ski6 RNase PH family;
3' ? 5' phosphorolytic
exonuclease
hRrp42
Rrp42
RNase PH family;
3' ? 5' phosphorolytic
exonuclease
OIP2?
Rrp43
RNase PH family;
3' ? 5' phosphorolytic
exonuclease
hRrp44/
Rrp44/Dis3 RNase R (II) family;
hDis3
3' ? 5' hydrolytic
exonuclease; human
protein not in exosome
hRrp46
Rrp46
RNase PH family;
3' ? 5' phosphorolytic
exonuclease
hMtr3?
Mtr3
RNase PH family;
3' ? 5' phosphorolytic
exonuclease
hCsl4
Csl4/Ski4
S1 RNA BD
hRrp4

Rrp4

AutoRef.
antigenicity
Yes

129, 130, 133, 135, 137

Yes, a lot

131–133, 137, 199

Yes, a lot

131, 133, 135, 137, 199,
200

Yes

133, 135, 137, 201

Yes

130, 133, 135, 137, 201

Yes

130, 133, 135, 137

Not tested

130, 133, 135

Not tested

130, 133, 135, 202

Yes

133, 135, 137, 201

Not tested

133, 135

Yes

133, 136, 137

rified RNA polymerase I activity to homogeneity [138]. The purified complex
contained eight proteins and was known to be nucleolar. Upon finding that
autoimmune patient sera recognize unidentified antigens in the nucleolus, the
hypothesis emerged that one or more subunits of RNA polymerase I could be
an autoantigen. Indeed, when patient sera were used to immunoprecipitate purified or native RNA polymerase I, it was clear that several subunits were bound
by the autoantibodies; furthermore, injection of patient-derived autoantibodies
into Xenopus oocytes inhibited rDNA transcription [139, 140].
Interestingly, although purified RNA polymerase I was shown to retain enzymatic activity with only eight polypeptides, the patient sera immunoprecipitated
13 distinct proteins (Fig. 17.8) [140]. Upon further study, the additional polypep-
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Fig. 17.8 RNA polymerase proteins identified by scleroderma patient sera. (A) Autoradiogram of immunoprecipitated [35S]methionine-labeled HeLa cell proteins resolved in
a 17.5% SDS-polyacrylamide gel. Normal
human serum (lane 1); representative antinucleolar scleroderma sera (S18 and S124)
with speckled staining pattern (lanes 2 and
3, respectively); rabbit anti-RNA polymerase
I antibodies (lane 4); normal rabbit serum
(lane 5). The rabbit anti-RNA polymerase I
and antinucleolar scleroderma antibodies
from two representative patients precipitated
the same 13 polypeptides (P1–P13) of
210,000 to 14,000 mol wt that were distinct
from polypeptides of 70,000, 46,000, and
30,000 mol wt precipitated by normal human

serum. In addition, control rabbit serum also
brought down a protein of 80,000 mol wt.
The 46,000 mol wt protein is actin; the other
polypeptides precipitated by normal sera are
unknown. (B) Autoradiogram of immunoprecipitated [35S]methionine-labeled HeLa proteins resolved in a 5% SDS-polyacrylamide
gel. Antinucleolar scleroderma serum S18
(lane 1); rabbit anti-RNA polymerase I antibodies (lane 2); normal human serum (lane
3). This low-percent gel system was used to
demonstrate that distinct high-molecularweight polypeptides of mol wt 210,000 (P1),
190,000 (P2), 155,000 (P3), 130,000 (P4),
120,000 (P5), and 80,000 (P6) were immunoprecipitated with the rabbit and the human
antinucleolar serum. (Reprinted from [140]).

tides were identified as subunits of RNA polymerases II or III. It was determined that the autoantibodies recognized a component of polymerase I that is
common to all three polymerases and therefore immunoprecipitated the components of all three [141].

17.7.2
The Nucleolar-organizing Region

Among the three nucleolar patterns observed when cells were stained with patient-derived autoantibodies, the speckled pattern was recognized as staining of
the nucleolar-organizing region (NOR). In order to identify the NOR autoanti-
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gen, these sera were used to immunoprecipitate a novel protein of 90 kDa,
which was accordingly named NOR-90 [142]. Using the autoantibodies to screen
a cDNA library, NOR-90 was identified as hUBF, an rDNA transcription factor
[143, 144].
Further studies of hUBF show that it is a TATA box–binding protein that
binds to the upstream control element (UCE) promoter region of the rDNA
[144 a]. In concert with the binding of the SL1 complex, hUBF is phosphorylated
and subsequently activates rDNA transcription [145]. Because rDNA transcription is active in all stages of the cell cycle except mitosis, hUBF is a basal transcription factor that is inactive only during the M phase and is reactivated during G1 progression [146]. Recent investigations into anti-hUBF autoimmunity
suggest that this immune response is antigen driven and that MHC presentation of hUBF generates autoimmunity [147].
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18.1
Introduction

Autoantibodies directed against intracellular antigens are characteristic features
of a number of human diseases such as Sjögren’s syndrome (SjS), systemic lupus erythematosus (SLE), scleroderma, certain malignancies, and paraneoplastic
syndromes [1–5]. Studies in systemic rheumatic diseases have provided strong
evidence that autoantibodies are maintained by antigen-driven responses [1, 6, 7]
and that autoantibodies can be reporters from the immune system revealing the
identity of antigens involved in the disease pathogenesis [2]. Some of these autoantibodies serve as disease-specific markers and are directed against intracellular macromolecular complexes or particles such as nucleosomes, nucleoli, small
nuclear ribonucleoproteins (snRNPs), centromere antigens, and cytoplasmic
RNPs (hY-RNP) [1, 2, 8]. In the last two decades, tremendous progress has been
made in identifying the many intracellular autoantigen systems. Antibodies to
DNA and histones have been extensively studied and their specificity and disease associations are well characterized [9, 10]. The attention of many investigators has focused on the heterogeneous group of antigens known collectively as
non-histone proteins; one of the first to be described was Sm [11]. Antibodies to
the Sm antigen are highly diagnostic of SLE, are present in 15–30% of unselected SLE populations, and are found in a subset of patients with chronic hypocomplementemia and nervous system disease [2]. The identification of Sm antigens as well-defined proteins bound to U-rich small nuclear RNAs (snRNAs)
has been considered a significant advance, and autoantibodies have served as
useful probes to help investigate the important process of pre-mRNA splicing
[12].
The study of human autoantibodies and their use as probes of cell structure
and function have had an important impact on the disciplines of molecular and
cell biology [3]. First, the majority of autoantibodies studied have been shown to
* A list of abbreviations used is located at the end of this chapter.
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bind to highly conserved determinants on ubiquitous cellular proteins [1, 2].
Second, many of the autoantibodies associated with systemic rheumatic diseases
are often directed to functional macromolecules rather than to structural components [1, 2]. These include histones, DNA and HMG of the nucleosome, the
snRNP complex, various centromere and kinetochore components (CENPs),
components of the nucleolus, and other subcellular structures. Third, where
systems are amenable to testing, it has been shown that the autoantibodies are
able to inhibit the cellular functions served by the antigens [1, 2]. Examples include the inhibition of aminoacylation of transfer RNAs by anti-tRNA synthetase antibodies, the relaxation of supercoiled DNA by anti–topoisomerase I antibodies, inhibition of precursor mRNA splicing by anti-Sm/RNP antibodies, and
the transcription of RNA by anti-RNA polymerases. Taken together, these observations suggest that the conserved epitopes recognized by human autoantibodies are often the functional or active sites of these intracellular proteins [1, 2].
For immunologists, one of the interesting objectives is the identification of macromolecules and organelles – such as the nucleolus [13, 14], Golgi complex [15],
and coiled bodies/Cajal bodies [16] – as targets of autoimmune responses and
how this may explain pathogenesis in autoimmune diseases. For cell biologists,
attempts to unravel cellular events can be enhanced by the availability of specific autoantibody probes.

18.2
cDNA Expression Cloning as a Tool to Identify Autoantigens

Two of the first reports on the cloning of antigens using human autoantibodies
were the La (SS-B) antigen by Chambers and Keene [17] and the CENP-B antigen by Earnshaw et al. [18]. Cloning of autoantigens using human autoantibody
probes is a well-established technology in the author’s laboratory, which performed the original cloning and analysis of many autoantigens as summarized
in Table 18.1 and Figure 18.1. These include ribonucleoproteins SS-B/La [19],
60-kDa [20], and 52-kDa SS-A/Ro [21]; lamin B [22]; the 75-kDa protein of the
PM-Scl nucleolar protein complex [13]; the nucleolar autoantigen NOR-90/hUBF
[14]; a specific marker protein of the nuclear coiled body known as p80-coilin
[16]; the 64-kDa putative mRNA splicing factor HCC1 [23]; autoantigens associated with the Golgi complex known as golgin-95, golgin-160 [24], golgin-245
[25], and golgin-97 [26]; and, more recently, the marker protein GW182 for the
cytoplasmic compartment known as GW bodies [27].
The general methodology for cDNA expression cloning in the author’s laboratory is outlined in Figure 18.2. In brief, kgt11 or kZap human cDNA libraries
are plated at 50,000 plaques per 15-cm plate and 10 large plates are used at a
time to screen 500,000 recombinants for low abundant autoantigens. Next, overlay plates with nitrocellulose (NC) circles are presoaked in 10 mM isopropyl
Thio-b-d-galactoside (IPTG) to induce the expression of recombinant proteins.
Each NC circle is overlaid onto a plate when plaques are visible, usually 4 h at
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Table 18.1 Autoantigens identified via cDNA expression cloning during a
15-year period at the W.M. Keck Autoimmune Diseases Center, at the
Scripps Research Institute, and at the collaborating laboratory of
Dr. Marvin J. Fritzler, University of Calgary.
Antigen type

Ref.

Nuclear antigens
Lamin B
p80-coilin
HCC1
SG2NA
HP1 Hsb 25 kDa
hnRNP R
MPP1
DFS70 / p75

22
16
23
113
114
115
116
117

Nucleolar antigens
hUBF/NOR-90
PM-Scl 75
No55

14
13
119

Antigen type

Ref.

Nuclear and cytoplasmic antigens
SS-B/La
SS-A/Ro 60 kDa
SS-A/Ro 52 kDa

112
20
21

Cytoplasmic antigens
Golgin-95/GM130
Golgin-160
Golgin-245
Golgin-97
EEA1
p62
p90
GW182
Kinectin

24
24
25
26
78
36
118
27
120

Fig. 18.1 Immunofluorescence analysis of
autoantigens identified in expression cloning
using HEp-2 cells. (A) 60-kDa SS-A/Ro showing predominantly nuclear speckled staining
in all cells and discrete nucleolar localization
in some cells (arrows). (B) NOR-90/hUBF
localized to the interphase nucleoli and
mitotic NOR (arrow). (C) p80-coilin staining
of Cajal nuclear bodies, previously known as

coiled bodies. (D) GM130 (golgin-95) staining of the Golgi complex often appearing
adjacent to the nucleus (arrow). (E) DFS70
showing nuclear fine speckled staining; note
that condensed chromatins are also staining
(arrow). (F) GW182 staining of GW bodies.
Mitotic cells do not have GW bodies (arrows).
Original magnification ´ 400–600.
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Fig. 18.2 Schematic summary of cDNA library screening for the identification of novel autoantigens recognized by sera from patients with autoimmune disease. See text for description.

Fig. 18.3 Use of a double-filter in primary screening of a cDNA library
significantly reduces unproductive subcloning. Panels (A) and (B) represent
the first and second NC filters probed with an autoimmune serum. Positive
signals labeled 1–3 (arrows) were subsequently subcloned successfully.
Note that there are many false-positive signals (arrowheads) appearing
positive in only one filter.

37 8C after plating, and are left on the plates for another 4 h. A second set of
NC circles presoaked in IPTG is overlaid in place of the first one and incubation
is continued overnight at 37 8C. Sets of two NC circles are then processed using
the standard immunoblotting method by first blocking with 2% milk in phosphate buffered saline (PBS). Selected human autoimmune serum used for
screening is first pre-absorbed with bacterial lysate and then is added at 1 : 100
final dilution and incubated for 1–2 h at room temperature. Horseradish peroxidase (HRPO) conjugated goat anti-human Ig is used as a second antibody
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for another 1–2 h. The NC circles are developed using enhanced chemiluminescence. Positive candidates are identified with signals detected in both NC circles
(Figs. 18.2 and 18.3). These candidates are isolated for further purification.
Detailed methodology is not described here since there are good published protocols for the handling of cDNA libraries and expression cloning [28]. The focus
of the following discussion is the various important aspects as related to use of
human autoantibodies in expression cloning and identification of autoantigens
as well as helpful modifications that are not described elsewhere.

18.2.1
Selection of Screening Sera is Critical to Successful Cloning

It is essential that well-defined sera with specific autoantibodies of interest be
selected for the screening process. Autoantibodies are often selected because of
their importance in validating or supporting clinical diagnosis (e.g., SS-A/Ro,
SS-B/La), in identifying candidate autoantigens in autoimmune disease or cancer, or in characterizing interesting or unique macromolecules in newly defined
or established subcellular organelles/compartments (e.g., Golgi complex, Cajal
bodies, GW bodies). In the selection of a screening serum, care should be taken
to consider coexisting autoantibodies. The presence of other autoantibody reactivity, such as anti-SS-B/La or anti-CENP-B, which are not uncommon in systemic rheumatic diseases, in the chosen screening sera may lead to the unintentional re-cloning of these cDNAs. It is interesting that the expression cloning of
the autoantigens SS-B/La and CENP-B was the first reported in the literature
[17, 18] and has been detected a few times in various unrelated expression cloning experiments (unpublished data). This is probably because the SS-B/La and
CENP-B epitopes recognized by autoantibodies are favorably expressed on the
recombinant proteins using the phage and NC filter system. In fact, our recommendation is to use anti-SS-B/La autoantibodies as positive controls when a
new laboratory is starting expression cloning experiments (see subsequent section) or when a new cDNA library is used.
If one uses a single serum as the screening probe, we recommend screening
of ~500,000 recombinant phages using either standard 15-cm diameter circular
plates at 50,000 plaques per plate as stated above or 24.5 ´ 24.5-cm square plates
(Bioassay Dish, Fisher Scientific, Cat #12565224) at 200,000 plaques per plate.
The use of the large square plates and respective square NC filters (22 ´ 22 cm,
Fisher Scientific, Cat # WP4HY322F5) is preferred over circular plates, as the
surface area for each square filter is approximately equivalent to four 15-cm NC
circles. Technically, it is easier to handle fewer plates and NC filters and still be
able to screen the same number of recombinants. The optimal number of recombinant clones to screen for each probe depends on the abundance of the
candidate autoantigen mRNA in the cell type or tissue examined and on the
quality of the cDNA library; the latter is another critical component to be discussed in the next section.

423

424

18 Autoantibodies and the Cloning and Characterization of Cellular Constituents

Successful cloning is enhanced when multiple high-titer sera of the same reactivity are available. We recommend screening with two to three characterized
autoimmune sera rather than a single serum to cover the initial total of 500,000
recombinant clones. For example, using two selected sera and the 15-cm circular plate system, each serum is used to screen 250,000 clones in five plates.
There are at least two main advantages in selecting more than one serum for
screening. First, sera may have different epitope specificity, and apparently
equally high-titer sera may detect different clones from a given cDNA library.
Our experience is that initial screenings with no positive candidates may later
become successful when a different, and sometimes higher-titer, serum is used
to repeat the screening. Second, the need for the total amount of a valuable serum is substantially reduced at least by a factor of two to three and may free up
reagents for screening of other cDNA libraries.
Selected high-titer autoimmune sera for antibody screening must be analyzed
for background reactivity to bacterial and phage proteins. Sera with high background reactivity should be adsorbed with NC filters that are coated with wildtype phage proteins or an unrelated recombinant clone simulating the actual
library-screening step. Repeated depletion of anti-bacteria and/or anti-phage
antibodies may be necessary depending on the specific sera chosen. The depletion protocol should be monitored to ensure that the depletion is specific for
the anti-bacteria and/or anti-phage particle antibodies, and the titer to the autoantigen of interest should remain unaffected. Adsorbed sera are then ready for
screening of the cDNA library.
18.2.2
Selection of cDNA Libraries is Another Critical Factor of Successful Cloning

There are at least three considerations in the selection of appropriate cDNA libraries. First, the expression level of the autoantigen of interest has to be evaluated to determine the optimal source for the cDNA library. Second, the availability of high-quality cDNA libraries is a practical consideration. Thus, when it was
reported that the human lymphoid cell line MOLT-4 had one of the highest expression levels of PCNA among those analyzed at the time, a high-quality kgt11
cDNA library was generated from MOLT-4 mRNA by our group for the cloning
of PCNA. The library was later used in the cloning of a number of autoantigens
that are expressed in this library, including SS-B/La [19], lamin B [22], PM-Scl75 [13], p80-coilin [16], SS-A/Ro 52-kDa [21] and SS-A/Ro 60-kDa proteins, and
NOR-90/hUBF [14]. During the past 10 years, most of the expression cloning
utilized kZAP, kZAP II, and ZAP Express libraries representing newer generations of cDNA library vectors constructed at Stratagene (La Jolla, CA). The main
important advantage of the kZAP vectors is that the cDNA selected can be
rescued directly into the plasmid vector using the helper phage system. ZAP
Express has the added advantage of immediate expression of cloned cDNA in a
eukaryotic system. The ZAP Express library contains over two million independent clones, and many cDNA inserts are over 3 kb.
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The final consideration is that screening of multiple cDNA libraries may be
necessary for successful expression cloning. There are many examples in our
experience indicating that the lower quality of certain cDNA libraries made it
necessary to screen other libraries for a given cDNA. One interesting example
contrary to this was the screening of SS-A/Ro 52 kDa, first using the MOLT-4
cDNA library, wherein no positive clone was initially identified, although it was
apparent that the MOLT-4 library was superior in quality to other cDNA libraries available in the laboratory at the time. Switching to screening of the
HepG2 cell cDNA library yielded one partial cDNA clone for SS-A/Ro 52 kDa
protein. As it turned out, the MOLT-4 cDNA library was “too high in quality” because all of the SS-A/Ro 52-kDa protein cDNAs were full-length in size, as demonstrated later with DNA hybridization using the partial cDNA obtained from
the HepG2 library [21]. The apparent problem was that the full-length cDNA
had an in-frame upstream stop codon preventing protein translation, and thus
none of the SS-A/Ro 52-kDa cDNAs from the MOLT-4 library expressed protein
and no cDNA clone was detected by the same human serum in the earlier
screening experiment.
18.2.3
Useful Controls in Expression Cloning

Given that expression cloning has multiple steps, as outlined in Figure 18.2,
successful cloning needs to be monitored by incorporating a number of controls. One of the most frustrating experiences is the absence of positive signals
in a large-scale screening experiment. Thus, screening with a prototype anti-SSB/La serum has served as a positive control to ensure that the overall efficiency
in expression cloning is achieved. The typical control experiment is set up by
screening 50,000 recombinants of a cDNA library plated in a single 15-cm diameter plate. We routinely observed one to four SS-B/La positive clones when
using the prototype serum Ca screened at 1 : 500 dilution and a cDNA library
with >1 million recombinants. For inexperienced investigators in expression
cloning, the initial positive SS-B/La clones will be useful as an exercise for the
library screening as well as positive controls for the subcloning steps.
A second control that deserves some discussion is the recommended use of
duplicate NC filters in the initial screening step (Fig. 18.3). Theoretically, it is
possible that only a single NC filter is overlaid per plate and that the signals detected are followed up by subcloning. There are some advantages of using only
one NC filter, including the simplification of only one NC filter per plate resulting in a reduction of processing time in both the overlay of NC and the subsequent immunoblotting step. The major disadvantage of using only one NC filter
per plate in the initial screening step is the significant number of false positives. The amount of work involved later in subcloning many single-positive plaques can be prohibitively large. With the current use of chemiluminescence,
which has a sensitivity many times greater than the radioactivity or colorimetric
dyes used in older protocols, as the preferred detection method, random, non-
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specific signals can be a significant problem in the interpretation of true signals. The use of a second filter becomes necessary since the number of positive
signals in both filters is reduced to a manageable number (Fig. 18.3).
18.2.4
Methods in Verification of Candidates in Expression Cloning

Most initial positive clones require two to three plaque purifications in the subcloning steps [28]. After the first successful subcloning, the purity of the clone
often ranges from 1–10% depending on the initial density of plaques in the
screening plates (~50,000 plaques per 15-cm diameter plate) and on the size of
the agar plug recovered, initially obtained using the large end of a glass Pasteur
pipette. After the second subcloning, the purity increases to 20–50% depending
on the plaque density in the first subcloning plate (~500–1000 plaques per 90mm diameter plate) and by using the small end of a glass Pasteur pipette. The
third subcloning usually generates 100% purity when picked from a well-isolated plaque. It is obvious that significant time and effort can be saved if one focuses on the true positives while eliminating the false positives as soon as possible during subcloning. The first step in the early verification of the authenticity of a candidate cDNA is to examine whether other human sera with the
same autoantibody specificity as the screening serum also recognize the candidate clone. In the example illustrated in Figure 18.4, the experiment was carried

Fig. 18.4 Early verification of a candidate
p90 cDNA clone by reactivity with independent autoimmune sera during the plaquepurification step. Panels (A) and (B) show
the second step of plaque purification for
clone 291 when ~25% of clones gave positive signals (arrowheads, ~150 clones per
plate) by serum GC29 in both nitrocellulose
filters lifted from the same plate. (C) When
the filters were stripped of antibodies, cut
into two halves, and re-probed with GC15

(291-1'' L) or GC28 (291-1' R), both sera
recognized the same plaques as GC29 (arrows). Control halves (291-1'' R and 291-1' L,
not shown) probed with a normal human
serum or the secondary antibody alone gave
no reaction, showing that the stripping
procedure was complete (not shown). Clone
291 was recognized by all three anti-p90
human sera, and thus it represented a
strong candidate for p90 cDNA.
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out during the second subcloning step to confirm that the clone was recognized
by other patient sera with the same autoantibody specificity. Candidate clones
that are recognized by multiple patient sera, but not normal human sera, have
a higher likelihood of being true positives and are selected for further analysis.
However, clones that are positive only for the screening serum may also be important and are processed further at least to the stage of the DNA sequencing
step (see below).
After a selected cDNA clone is plaque-purified to homogeneity, a useful next
step is to affinity-purify antibodies from recombinant plaque proteins for early
verification of the authenticity of the cDNA clone [13, 21]. The affinity-purified
antibodies can be analyzed in immunoblotting and immunofluorescence to determine whether they show reactivity with the putative antigens. Our experience
in the cloning of autoantigens suggests that it is important to rule out artifacts
or unrelated cDNAs at this stage using this affinity-purification criterion.
An equally important step is to start DNA sequencing determination for the
candidate clones as early as possible, because the immunological-based data can
sometimes be misleading. The advantage of using a kZAP or ZAP Express–type
cDNA library from Stratagene becomes important when the recombinant phages
can be quickly subcloned in vivo with helper phage into a pBluescript or pBK-CMV
plasmid that can be used as DNA templates for initial DNA end sequencing. The
determined nucleotide sequences are directly analyzed by the Web-based NCBI
BLAST program (http://www.ncbi.nlm.nih.gov/blast/) to identify the cDNA inserts [29]. The sequence identity will help to group the candidates into subgroups
for further characterization as discussed in subsequent sections.
18.2.5
Further Characterization of cDNA Clones

The next step in the characterization of cDNA clones for a given candidate autoantigen is to determine the size of the cDNA inserts. Using polymerase chain reaction (PCR), it is feasible to determine consistently the size of cDNA inserts
using custom primers corresponding to the kgt11 phage arms flanking the cDNA
insert or the T3 and T7 primers flanking the cDNA insert in the kZAP family of
vectors. Alternatively, the plasmids used for sequencing can be digested with selected restriction enzymes to determine insert size. Recombinant fusion proteins
can be produced directly from subcloned plasmids without further manipulation
of the ZAP vectors. These fusion proteins will be analyzed by immunoblotting to
determine the approximate size of the protein-coding regions. Reactivity of recombinant protein can be examined by several methods. As discussed earlier in Figure
18.4, phage-encoded recombinant proteins can be used to examine reactivity with
other positive sera and negative controls. Recombinant proteins can be produced
in E. coli using expression vectors such as those driven by the promoter for T7
polymerase, and the recombinant protein can be tagged with 6 ´ His tag, GST,
or maltose-binding protein for affinity purification using respective solid-phase affinity columns. Similarly, expression vectors are available for expression in mam-
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malian cells, yeast cells, and insect cells, depending on a variety of factors governing the need for each of these systems. An alternative is to express recombinant
protein using an in vitro transcription and translation system with the incorporation of a radiolabeled amino acid such as [35S]-methionine. The reactivity of the
labeled translation product is examined by immunoprecipitation using a number
of positive sera and negative controls. The latter strategy was used in the characterization of cDNAs described in Table 18.1.
Independent Verification That a cDNA Encodes the Respective Autoantigen
Two-dimensional Gel Analysis
The electrophoretic migration of the full-length recombinant protein can be
compared to the corresponding cellular protein. This methodology was employed to characterize the full-length cDNA clone for the 52-kDa SS-A/Ro protein [21] and lamin B [22]. This method is not applicable to cDNA clones that
do not encode the complete protein or where the cellular protein may undergo
significant post-translational modifications.
Partial Protease Mapping
This method is based on the fact that peptides generated from a partial protease
digestion are highly characteristic of the protein. The specificity increases when
more than one protease is used in the comparison. This method was used in
the comparison of the recombinant and cellular 60-kDa SS-A/Ro proteins [20]. This
method is more powerful when it is combined with a second dimensional gel analysis [20] or with immunoblotting analysis looking at the reactivity of the fragments.
Biochemical Purification and Amino Acid Sequence Determination for Autoantigens
We used this method to confirm SS-B/La cDNAs; the N-terminal amino acid sequence of peptides of purified bovine SS-B/La was obtained and was shown to
be identical with the predicted protein sequence derived from cDNA cloning
[19]. This method is not feasible unless the protein is relatively abundant and
can be purified readily to homogeneity.
Production of Polyclonal Antibodies
Another method to provide independent verification that the candidate cDNA encodes the relevant autoantigen is to generate polyclonal antibodies by immunizing
rabbits or mice with the purified recombinant protein. For example, the recombinant protein corresponding to the putative C-terminal fragment of p80-coilin was
used to generate rabbit polyclonal antiserum R288, which demonstrated that it
recognized the same protein in cell lysates and gave the same staining of nuclear
bodies in IIF [16]. An alternative strategy was to use synthetic peptide antigen corresponding to the C-terminus of p80-coilin for immunization to generate the rabbit polyclonal serum R508, which had similar properties to serum R288 [30]. The
production and use of polyclonal antibodies provided convincing evidence in the
cloning of PM-Scl-75 [13], all of the Golgi autoantigens [24–26], and GW182 [27].
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18.3
Autoantibodies to IGF-II mRNA-binding Protein p62 and Overexpression of p62
in Human Hepatocellular Carcinoma

Autoantibodies have been reported in many human cancers. Hepatocellular carcinoma (HCC) is unique among cancers in that it is possible to identify a cohort of pre-cancer patients who are likely to develop HCC after a period of 10 or
more years. It has been observed that about one-third of patients with HCC
have circulating autoantibodies to certain intracellular antigens [31–33] and that
in some of these patients, transition from chronic liver disease to HCC is associated with the appearance of novel autoantibodies [32, 34]. It has been proposed
that these novel antibodies are immune responses to antigens participating in
the malignant transformation process [35]. In the author’s laboratory, immunoscreening with antibodies in HCC sera has resulted in the identification of
several interesting intracellular proteins, but this section will focus on findings
primarily associated with the autoantigen p62.
18.3.1
Cloning of IGF-II mRNA-binding Autoantigen p62 in HCC

While analyzing a group of HCC sera originating from China, it was observed
that ~20% recognized a cytoplasmic protein of 62 kDa (p62) in immunoblotting
analysis. This p62 protein was expressed in high abundance in the liver cancer
cell line HepG2 and the bladder carcinoma line T24 but was low or absent in
MOLT-4 cells. Serum from a patient with high antibody titer to p62 was used to
immunoscreen HepG2 and T24 cDNA expression libraries, and a full-length
clone was isolated [36]. When the nucleotide sequence for p62 was first identified, it was shown to be a novel unreported gene. Of great interest was the finding that the deduced amino acid sequence of p62 was highly homologous to a
small protein family of mRNA-binding proteins [36].
Figure 18.5 illustrates the features of p62 and two related proteins, ZBP1 [37]
and Koc [38], showing their distinct RNA-binding domains. Members of this
protein family have RNA recognition motifs (RRM) in the N-terminal region
and four hnRNP K homology (KH) domains in the mid- to C-terminal region of
the proteins. In our original publication on p62, only a single N-terminal RRM
and four KH domains were reported [36], but it is now clear that there are two
RRMs in the N-terminal regions based on results from updated sequence analysis programs including BLASTP [29]. Nielsen and coworkers [39] have reported
the identification of three related human gene products that are binding proteins for the 5’ untranslated region (UTR) of insulin-like growth factor II
(IGF-II) leader 3 mRNA. The IGF-II mRNA-binding proteins IMP-1, IMP-2, and
IMP-3 were identified during studies to isolate proteins binding to IGF-II
mRNA in a rhabdosarcoma cell line. The expression of IMPs is developmentally
regulated and expressed in the fetus but is undetectable in normal adult tissues.
IMP-1, -2, and -3 are clearly derived from separate functional genes on human
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Fig. 18.5 Similarity between p62 and related
RRM-KH proteins ZBP1 and Koc. These proteins contained two RNA recognition motifs
(RRM) at the N-terminal domain and four
hnRNP K homology (KH) domains extending
from the mid-region to the C-terminus.
These proteins are respective members of

the three IGF-II mRNA-binding proteins
IMP-1, IMP-2, IMP-3, which are distinct
genes on human chromosome 17, 3, and 7,
respectively. The sequence similarity (% sim)
and identity (% id) between these proteins
range from 60–70% and 80–85%, respectively.

chromosome 17, 3, and 7, respectively. IMP-2 is identical to p62 except for a 43amino-acid insert between the KH2 and KH3 domains derived by differential
mRNA splicing from the common precursor gene transcript. IMP-3 is identical
to the protein Koc (KH domain–containing protein overexpressed in cancer),
which was originally identified by differential display analysis of pancreatic cancer versus normal tissues [38]; Koc is not expressed in most normal tissues.
IMP-1 is the human homologue of chicken ZBP1 [37] and the murine CRD-BP
[40, 41]. ZBP1 (zip code–binding protein) was originally defined as one of the
proteins bound to the conserved 54-nucleotide RNA zip-code element in the
3’ UTR of beta-actin mRNA, which is required for its localization to the leading
edge of fibroblasts [37]. The implication is that ZBP1 is important for cell
migration, which plays a significant role in carcinogenesis, although the role
for ZBP1 in cancer remains unclear. CRD-BP was identified as the coding
region instability determinant binding protein that binds and protects c-myc
mRNA from endonucleolytic cleavage and therefore extends the in vivo half-life
of c-myc, which has an important consequence in cell proliferation and cancer
[40, 41]. Thus, a feature in common to all members of this family is that they
are all mRNA-binding proteins and they bind to the 5’ UTR (IMPs), the coding
region (CRD-BP), or the 3’ UTR (ZBP1) of different mRNAs. It should be noted
that these IMPs are likely to bind to additional mRNA species.
All three IMPs have some relationship to cancer. The probable links of IMP1/CRD-BP and IMP-3/Koc to cancer are addressed briefly above. IMP-2/p62 was
shown to be an autoantigen, and antibodies were present in 21% of patients
with HCC but not in the precursor conditions chronic hepatitis and liver cirrhosis [36]. Immunohistochemical studies have shown ectopic expression of p62
and Koc in cancer nodules of human HCC tissues [42, 43]. IGF-II has been
shown to be overexpressed in many cancers, and one of the earliest demonstrations was its overexpression in human HCC [44, 45]. There are transgenic mod-
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els of IGF-II overexpression that have resulted in carcinogenesis in the transgenic animals [46–48]. In hepatitis B virus transgenic mice, chronic hepatocellular injury led to HCC in some animals, and in examining for abnormalities in
structure and expression of a large number of oncogenes and tumor-suppressor
genes – including ras, myc, fos, abl, src, Rb, and p53 – only IGF-II overexpression was found [49].
18.3.2
Humoral Response to p62 During Transition from Chronic Liver Disease to HCC

A feature of HCC is the well-documented observation that HBV- or HCV-related
chronic hepatitis and liver cirrhosis are frequent precursor conditions that predispose its development [50–53]. In many countries where HBV and HCV infections are widely prevalent, patients with resultant chronic liver disease are followed regularly in outpatient clinics for treatment and for early detection of liver malignancy. In some of these patients, serial serum samples over a period of
several years have been collected, and in previously reported studies it was
shown that novel antibodies appeared during conversion to malignancy that
were not present in the pre-malignant chronic liver disease phase [32]. In HCC,
where novel autoantibody responses are detected during conversion to malignancy, characterization of the autoantigens associated with the novel immune
responses might provide insights into intracellular proteins participating in
pathways leading to malignant transformation. The analysis of a group of serial
serum samples from 17 Japanese patients with HCC showed the de novo appearance of antibodies to p62 during transition from chronic liver disease to
HCC (Fig. 18.6) [34]. This prospective study indicates that transition to malignancy can be associated with autoantibody responses to certain cellular proteins
that might have roles in the transformation process [34].
18.3.3
Autoantibodies to p62 and Koc Are Widely Present in HCC and Other Cancers

As mentioned above, antibodies to p62 were found in 21% of patients with
HCC but not in the precursor conditions chronic hepatitis and liver cirrhosis
[36]. Of interest was that Koc has been shown to be transcriptionally overexpressed in pancreatic and other cancers [38]. The domain structure and sequence similarity of the two proteins and their association with cancer
prompted a study to determine the humoral immune responses to p62 and Koc
in different malignancies and to analyze the similarities and differences of antigenic determinants on p62 and Koc recognized by these autoantibodies. Our
study determined the extent and frequency of autoantibodies to p62 and Koc in
diverse malignancies, the epitopes on the antigens, and the presence or absence
of cross-reactive antibodies [54]. Recombinant polypeptides were expressed from
full-length and partial cDNA constructs and used as antigens in Western blotting, ELISA, and immunoprecipitation. After identifying the epitopes, cross-ab-
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Fig. 18.6 New appearance of autoantibodies
to p62 and CENP-F coincides with the detection of HCC in a liver cirrhosis patient associated with positive HCV serology. Four serial
serum samples collected from the patient
before the diagnosis of HCC had low ANA
titers (³ 1 : 320). When the diagnosis of HCC
was made at time point IK5, the ANA titer
had increased to 1 : 2560 and persisted at

high titers (1 : 5120) for six months until
the last blood sample was drawn. The new
ANA detected was anti-CENP-F antibody,
confirmed by an immunoprecipitation assay
using the in vitro-translated fragment of
CENP-F [34]. The lower panel shows the p62
autoantibody concentration semi-quantitated
with ELISA against purified recombinant
protein.

sorption with recombinant polypeptides was used to determine specificity. Sera
from 777 patients with 10 different types of malignancy were analyzed. In sum,
autoantibodies to p62 were found in 11.6% and to Koc in 12.2% and cumulatively to one or the other antigen in 20.5% of patient sera, with significant difference from the control populations consisting of normal subjects and autoimmune disease patients (P < 0.01). The immunodominant epitopes were at the Ntermini of both antigens, and absorption studies showed that the majority of autoantibodies were not cross-reactive [54]. Autoantibodies to p62 and Koc were
present in approximately similar frequencies in a variety of malignancies, and
the immune responses appeared to be independent of each other.
Many investigators have shown that autoantibody responses are predominantly antigen-driven in systemic rheumatic diseases [2]. The reason that intracellular antigens result in the elicitation of autoimmune responses has not been
completely elucidated, but one reason might be genetic mutations resulting in
production of abnormal proteins or dysregulation of gene expression, such as
ectopic expression of oncofetal proteins. It is possible that some of these fea-
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tures may be responsible for the production of autoantibodies to p62 and Koc.
The frequency and wide distribution of anti-p62 and anti-Koc antibodies are in
line with the frequency and distribution of anti-p53 in different tumors [55]. If
this phenomenon is related to aberrant expression of these mRNA-binding proteins, a pathway contributing to tumorigenesis could be by way of dysregulation
of IGF-II expression. Further studies such as production of p62 and Koc transgenic mice should provide insights into how these proteins might be involved
in malignancy.
18.3.4
Aberrant Expression of p62 in HCC

Using immunohistochemistry to examine a group of archival paraffin-embedded HCC tissue blocks, we confirmed that approximately one-third of the patients showed high expression of p62 protein in HCC nodules, whereas adjacent
non-malignant parenchymal liver cells had no detectable staining [42, 43]. In addition, normal adult liver tissue did not have detectable p62. We also showed
that p62 expression was demonstrated in human fetal liver at the mRNA and
protein levels but was undetectable or barely detectable in adult liver. These data
are consistent with characteristics of IMP expression reported in fetal and adult
tissues [39]. p62 expression was also detected in scattered cells in cirrhotic nodules in contrast to uniform expression in all cells in HCC nodules. These studies show that p62 is developmentally regulated, is expressed in fetal but not in
adult liver, and is aberrantly expressed in HCC and could be playing a role in
abnormal cell proliferation in HCC and cirrhosis by modulating expression of
growth factors such as IGF-II.
The importance of this finding with its relationship to cancer is the fact that
IGF-II has been shown to be overexpressed in human cancer [44, 56–58] and
that mice transgenic for IGF-II have been shown to develop malignancy and organomegaly of different tissues [46, 47]. Cariani et al. showed that there was increased expression of IGF-II mRNA in human primary liver cancers [44]. Rogler
et al. produced IGF-II transgenic mice and showed that some of these mice had
altered body composition and increased frequency of a number of different malignancies [47]. Christofori et al. induced tumors in SV40 large T antigen transgenic mice and showed that the mice which developed tumors were those
which concomitantly showed expression of IGF-II in the tumors [59]. They postulated that IGF-II was a second signal that enhanced the carcinogenic potential
of SV40 large T antigen. Bates et al. also showed the induction of mammary
cancer in IGF-II transgenic mice [46]. It should be noted that aberrant expression of IGF-II might not be the only gene that is abnormally regulated by the
IMP proteins. Disordered regulation of mRNAs might lead to different phenotypic expressions, depending upon the type of mRNA that is bound by these proteins.
Our studies and those of others [60] have provided evidence that autoantibodies to some cancer-related antigens such as p62/IMP-2, koc/IMP-3, IMP-1, p53,
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and c-myc might be used as markers in cancer. The reservation is that antibodies to individual cancer-specific antigens do not reach levels of sensitivity that
could become routinely useful in diagnosis. It is conceivable that autoantibody
profiles involving different arrays of “cancer antigens” might be developed in
the future and that the procedure could be useful for cancer diagnosis [61, 62].

18.4
Unique Features of Golgi Complex Autoantigens

The Golgi complex is a conserved cytoplasmic organelle localized in the perinuclear region of eukaryotic cells and is characterized by membrane stacks spatially and functionally organized as distinct cis-, medial-, and trans-Golgi networks. The Golgi complex has prominent functions in the processing, transporting, and sorting of newly synthesized proteins derived from the rough endoplasmic reticulum. Anti–Golgi complex antibodies (AGAs) were first identified in
the serum of a SjS patient with lymphoma [63]. This was followed by other reports describing AGAs in various systemic autoimmune diseases including SjS
[64] and SLE [65]. AGAs were also reported in 10% of patients with HIV infection [66] and 35.7% of HIV carriers [67]; however, in the more recent report of
Massabki et al. [68], AGAs were not found in 100 HIV-infected patients. Bizzaro
and coworkers reported that the presence of high-titer AGAs might constitute
an early sign of systemic autoimmune diseases even in the absence of clinical
manifestations [69]. Although there is as yet no clear correlation of AGAs to
specific disease or clinical manifestations, recent advances in clinical and research studies of these cytoplasmic autoantigens may provide better understanding in the future.
18.4.1
Cloning of Golgi Autoantigens (Golgins)

Immunoblotting and immunoprecipitation analyses show that proteins recognized by human AGA are heterogeneous [70]. Within the past 10 years, our laboratories and others have cloned and identified a family of novel Golgi autoantigens. These have been achieved primarily by cDNA expression cloning using
human autoantibody probes. These Golgi autoantigens are referred to as giantin/macrogolgin/GCP372, golgin-245/p230, GMAP-210, golgin-160/GCP170,
golgin-95/GM130, and golgin-97 [24–26, 66, 71]. These proteins have relatively
high molecular weights that range from 100 kDa to 370 kDa. Golgins were originally described as autoantigens identified in the Golgi complex recognized by
autoantibodies from patients with systemic autoimmune diseases [24]. They
share common structural features that include long coiled-coil alpha helical rodlike domains throughout the entire protein except for the amino and carboxyl
termini [72]. Recent evidence suggests that golgins are necessary for tethering
events in membrane fusion during vesicular transport and as structural sup-
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ports for Golgi cisternae [73]. More recently, several other Golgi proteins7such
as golgin-84, an 84-kDa transmembrane Golgi protein [74]7have been categorized as golgins because of the presence of coiled-coil domains, despite the fact
they have not been identified as autoantigens [72].
The other common feature shared by Golgi autoantigens is that biochemical
evidence and immunoelectron microscopy data show that they are peripheral or
transmembrane proteins localized to the cytoplasmic face of the Golgi complex.
It has been reported that several golgins, such as golgin-245 and golgin-97, are
attached to Golgi membranes through a GRIP domain in the carboxyl termini
[75]. In contrast to other Golgi autoantigens, giantin has a single short transmembrane domain in the carboxyl termini, while the bulk of the protein extends into the cytoplasm [66]. These common features of Golgi autoantigens
lead us to propose that these Golgi autoantigens may have common biochemical characteristics and functions that make them preferred autoimmune targets
among the ~100 Golgi complex proteins described to date [76].
18.4.2
Prevalence of Human AGA

Although human AGAs have been reported to recognize a number of Golgi proteins, the individual Golgi autoantigen that is the most common target was not
identified until recently, when we reported the prevalence of human AGAs to
five of the most common Golgi autoantigens [77]. A total of 80 AGA human
sera were used to investigate the prevalence of these autoantibodies using immunoprecipitation and ELISA with purified recombinant antigens. The prevalence of reactivity of the 80 human AGA sera is summarized in Table 18.2. The
most common Golgi complex autoantigen target was giantin (50%) and the second most common target was golgin-245 (24%). The lowest frequency reactivity
was to golgin-97 (3.8%). There were 25 AGA sera (31.3%) that did not react
with any of the five Golgi autoantigens used in this study, indicating that there
are other, unidentified Golgi autoantigens. Interestingly, the frequency of sera
reactive with the five Golgi autoantigens was numerically correlated with the
molecular masses of the native Golgi autoantigens (Table 18.2). In addition, we

Table 18.2 Frequency of autoantibodies to specific Golgi autoantigens in
80 human anti-Golgi autoimmune sera.
Golgi autoantigen
Giantin
Golgin-245
Golgin-160
Golgin-95/GM130
Golgin-97
Uncharacterized Golgi antigens

Molecular weight (kDa)
370
245
160
130
97

Positive sera (%)
50.0
23.8
13.6
7.5
3.8
31.3
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showed that none of the sera had AGAs to more than three of these five Golgi
autoantigens. There were six, 15, and 34 sera with antibodies to three, two, and
one of the five Golgi autoantigens, respectively. Interestingly, the sera containing the autoantibodies to more than one Golgi autoantigen reacted with either
giantin or golgin-245. In other words, serum autoantibodies that bound golgin160, GM130, and golgin-97 did not overlap with each other, although the number of sera with these three autoantibodies was small [77]. These results also
suggest that the human autoimmune response to Golgi autoantigens appears to
be highly specific because many AGA sera react with only one (42.5%) or two
(18.8%) of the five autoantigens. Since giantin was the most common Golgi
autoantigen, epitope mapping was performed using six overlapping partiallength giantin constructs, confirming that epitopes of giantin are located
throughout the length of the protein, with the major epitope localized to the
carboxyl-terminal domains [77].
18.4.3
Mechanism of AGA Production and Relation to Other Large Coiled-coil Protein
Autoantigens

The Golgi autoantigens identified to date are related in that they have similar
overall secondary structures, as evidenced by their extensive coiled-coil rod domains in the central region of the protein. As stated in the previous section, it
is interesting that a significant difference in the frequency of autoantibodies to
the Golgi autoantigens examined was observed. For example, the frequency of
antibody to giantin was 13-fold greater than that to golgin-97. To consider the
mechanism of AGA production, it is important to address why giantin has a
higher frequency of reactivity than any other Golgi protein. Differences between
giantin and other golgins include the fact that giantin is the largest Golgi protein and contains a greater number of coiled-coil subunits compared to the
other golgins; in addition, only giantin possesses a transmembrane domain,
which may ensure its tighter association with the Golgi complex membranes
even when it is released during cell lysis.
It is important to note that autoimmune responses to Golgi autoantigens appear to be highly specific and not merely directed to cross-reactive epitopes of
the coiled-coil domains, which is the most obvious common feature of Golgi
autoantigens [77]. It is interesting that large coiled-coil-rich proteins (³ 100 kDa)
have been reported as autoantigens in other cytoplasmic compartments
(Fig. 18.7). For example, in the endosomal compartment, the two known autoantigens are early endosomal protein EEA1 (180 kDa) [78] and CLIP-170
(170 kDa) [79]. There is also a series of centrosomal autoantigens identified as
coiled-coil-rich proteins including pericentrin, a 220-kDa protein [80]; ninein, a
protein with alternatively spliced products of 245 kDa and 249 kDa [81]; Cep250
(250 kDa); and Cep110 (110 kDa) [82]. Centromere autoantigens have been described, but the two interesting ones related to this discussion are CENP-E
[83] and CENP-F [84], both of which are high-molecular-weight proteins
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Fig. 18.7 Cytoplasmic compartments with
coiled-coil-rich autoantigens. Golgi autoantigens such as giantin, illustrated here with a
transmembrane domain (TM), are typically
rich in coiled-coil domains. A number of
human autoantigens that are rich in coiledcoils have overall similarity to the Golgi
autoantigens described to date. These anti-

gens are primarily localized to cytoplasmic
and mitotic organelles. It is interesting to
note that many other cytoplasmic compartments known to be targets in autoimmune
diseases, such as ribosomes, mitochondria,
lysosomes, and GW bodies, do not contain
coiled-coil-rich, high-molecular-weight
autoantigens.

(312–400 kDa) and have the same type of overall structure as discussed above.
NuMA is another large coiled-coil protein located at the mitotic spindle pole
and is the most common target autoantigen in sera with mitotic spindle apparatus staining [85]. Non-muscle myosin (~200 kDa) is a cytoskeletal autoantigen
[86] qualified in the same group of high-molecular-weight and coiled-coil-rich
autoantigens. It is noteworthy that coexisting autoantibodies to these other
coiled-coil-rich organelles were not observed in our analysis of AGA sera [77].
These endosomal, centrosomal, mitotic apparatus, and intracellular autoantigens are, like the golgins, proteins with high molecular weights and an overall
high content of coiled-coil domains. The combination of these two physical features in autoantigens may contribute to the induction and production of autoimmune antibodies in certain disease states. One exception to the rule are the
lower-molecular-weight nuclear envelope–associated lamins, which are also autoantigens that are rich in coiled-coiled domains [87].
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18.4.4
Modification of Golgi Autoantigens During Cell Death

It has been observed that many autoantigens are parts of multi-protein–nucleic
acid complexes [1], although it remains unclear why and how the immune system is able to recognize or target these intracellular autoantigens. It has been
proposed that some intracellular autoantigens such as SS-A/Ro and SS-B/La are
translocated to apoptotic blebs during apoptosis and that these apoptotic blebs
may trigger autoantibody production [88]. Interestingly, Golgi autoantigens were
not localized to apoptotic blebs, as shown in our previous study [89]. Immunofluorescence analysis in our studies showed that the Golgi complex was altered
and developed distinctive characteristics during apoptosis and necrosis [89]. Our
data suggest that, unlike SS-A/Ro and certain other autoantigens, the expression
of autoantigens on surface blebs of apoptotic cells is clearly not a universal requirement for autoantibody production. One possible explanation is that they
may be recognized as surface structures on cytoplasmic organelles that are released to the immune system in aberrant disease states associated with unregulated apoptosis, or necrosis, resulting from injury or infection. An emerging
view is that modified forms of autoantigens generated during cell death might
stimulate autoantibody responses if they are presented to the immune system
in a proinflammatory context [90]. Casciola-Rosen and coworkers have also proposed that modification of autoantigens during cell death, particularly proteolytic cleavage, may be crucial for the generation of autoantibodies in autoimmune
diseases [90]. Indeed, Casiano and coworkers have shown that a variety of intracellular autoantigens are cleaved into fragments during apoptosis and necrosis
[91]. Recently, our laboratory and others have shown that some Golgi autoantigens gave distinct cleavage fragments during apoptosis and necrosis [89, 92]. It
has been speculated that these modified forms of autoantigens may have enhanced immunogenicity because of exposed cryptic epitopes that are not generated during antigen processing [93, 94]. These epitopes may be recognized as
surface structures on cytoplasmic organelles such as the Golgi complex released
to, or processed by, the immune system in aberrant disease states. This may explain why giantin has the highest frequency, because during cell death it may
be more stably associated with the remaining Golgi surface membrane than
other golgins by virtue of its transmembrane domain. Autoantibody responses
may be amplified and sustained upon repeated stimulation if the exposure of
intracellular antigens to the immune system is associated with defective clearance of apoptotic cells, prolonged primary or secondary necrosis, T-cell cytotoxicity associated with chronic infection, or even antigen mutation or overexpression. It would be important not only to assess the immunogenic potential of
subcellular particles and proteolytic fragments released during cell death but
also to continue investigating possible defects leading to aberrant apoptosis or
phagocyte function and/or aberrant antigen expression in systemic autoimmune
diseases.

18.5 Cloning of GW182 Autoantigen and Identification of GW Bodies

18.5
Cloning of GW182 Autoantigen and Identification of GW Bodies

In 2002, we reported the cloning of a cDNA for the novel cytoplasmic protein
GW182 localized primarily in discrete bodies in the cytoplasm of tissue-cultured
cells by using a patient serum to immunoscreen a HeLa cell cDNA library [27].
GW182 contains multiple glycine/tryptophan (GW) repeats and a classical RRM
near the C-terminus. Analysis of the full-length cDNA for this novel autoantigen showed that the open reading frame encodes a protein with 1709 amino
acids with a calculated molecular mass of 182 kDa. Throughout the protein
there are 60 (3.5%) tryptophan residues, 39 of which are adjacent to glycine residues; exceptions are the RRM and a region relatively free of GW. Many of the
tryptophans are in regions that appear to be repetitive and are comprised primarily of glycine/tryptophan (GW) or tryptophan/glycine (WG) repeat amino
acid sequences, and less often of a variation when tryptophan was followed by
an amino acid other than glycine. Although the significance of these repeats is
not known, based on this unusual motif and its predicted molecular mass, we
have elected to name the protein GW182 and the associated cytoplasmic structures GW bodies (GWBs).
18.5.1
GW Bodies Are Distinct Cytoplasmic Foci

Figure 18.1 F shows the immunostaining of the prototype serum on HEp-2 cell
substrate. The brightly stained GWBs appear to vary during the cell cycle7few
or no staining in early G1 cells and more numerous and intense staining in late
S or G2 cells [95]. GWBs are conserved across species and are detectable at least
in chicken fibroblasts, mouse 3T3 cells, and Xenopus tissue culture cells. Based
on our experience, GWBs are potentially novel structures not previously described. To confirm that these structures are not components of previously described cytoplasmic organelles, we have used the available markers of cytoplasmic organelles including the Golgi complex, endosome, peroxisome, lysosome,
proteasome, etc., to show that GWBs are unrelated structures [27]. Using immuno-EM on ultra-thin cryosections of HeLa cells, antibodies to GW182 labeled
electron-dense cytoplasmic bodies that range in size from 100 nm to 300 nm
and are not bound by a bilayer lipid membrane [27]. Distinct from any known
organelle, GWBs appear as cytoplasmic clusters of electron-dense fibrils or
strands of 8–10 nm in diameter (Fig. 18.8). Most of the gold particles were observed on clusters of electron-dense fibrils that appear to form a matrix.
Recombinant protein derived from this GW182 cDNA was used to immunize
a rabbit, and the resultant rabbit antiserum recognized the same cytoplasmic
foci as the human prototype serum, as demonstrated in a double immunofluorescence staining experiment. A second independent proof that the cloned cDNA
encodes a protein of GWBs is provided from the green fluorescent protein
(GFP)-fusion construct showing that the GFP-fusion protein localized to the
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Fig. 18.8 Immunogold electron microscopy
localization of GWBs in the cytoplasm of
HeLa cells during interphase. Frozen sections of fixed and gelatin-embedded HeLa
cells were incubated with the index human
anti-GW182 serum diluted 1:400 and then

post-immunolabeled with Protein A-gold
(10 nm). The gold labels are clustered on
electron-dense fibrils or strands 8–10 nm in
diameter (arrows). These fibrils appear to
form the matrix where the gold labels decorate. Original magnification ´ 105,000.

same cytoplasmic compartment. Furthermore, we showed in a real-time, livecell experiment that the GFP-labeled domains are not static entities but show
vectoral movement; fusion of GFP-labeled GWBs was also documented using
time-lapse microscopy [95].
18.5.2
GWBs Are Foci for mRNA Storage and Degradation

The detection of a well-defined RNA-binding domain in the carboxyl-terminal
domain of GW182 led us to investigate the type of cellular RNA that may be associated with GW182. Using an immunoprecipitation assay and extracts from
[32P]-phosphate-labeled HeLa cells, we could not show any association between
GW182 and small RNAs such as those associated with Sm, SS-A/Ro, and SS-B/
La ribonucleoproteins. Through a collaboration with Scott A. Tenenbaum and
Jack D. Keene at Duke University, GW182 was shown to be associated with a
subset of mRNA [27]. In brief, immunoprecipitation of cell extracts was carried
out using specific anti-GW182 antibodies, and the putative mRNA bound to
GW182 was extracted and reverse-transcribed to cDNA that was then labeled as
probes for cDNA array analysis. This led to the hypothesis that GW182 is involved in pathways of metabolism of mRNA subsets and thus regulates their
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gene expression. The mRNAs associated with GW182 represent a clustered set
of transcripts that are presumed to reside within GWBs [27].
GWB-like, discrete cytoplasmic foci that contained hLSm complex proteins
1–7 as well as the hDcp1 protein have been described by other groups [96, 97].
Both the hLSm1-7 complex [98–100] and hDcp [97, 101, 102] are involved in
mRNA decapping and other processes of mRNA degradation. In mammalian
cells, decapping has been suggested to be an important step in the process of
mRNA decay [103, 104]. Recently, we demonstrated that the hLSm4 protein, a
component of the hLSm1-7 complex, and the hDcp1 protein both colocalize
with GW182 in GWBs, supporting the hypothesis that GWBs are involved in
mRNA degradation [105].
The immuno-EM data (Fig. 18.8) showing that GW182 localized to 8–10-nm
strands suggest that GW182 may be an important component of GWBs. In vitro
gene knockdown of GW182 using specific siRNA led to the disappearance of
GWBs, demonstrating that GW182 is a critical component of GWBs [95]. The
incremental expression of the GW182 protein in cells induced to proliferate and
the cyclic formation and breakdown of GWBs during mitosis are intriguing in
view of the notion that GWBs are specialized centers involved in maintaining
stability and/or controlling degradation of mRNA. More recent work from our
laboratory has demonstrated that GWBs are also foci associated with and required for siRNA function (submitted).
18.5.3
GW182 and Sjögren’s Syndrome

Anti-GW182 autoantibodies are relatively rare among human sera from patients
with systemic rheumatic diseases examined to date. However, the data showed
that 9/18 anti-GW182 positive patients (50%) with available clinical data were
diagnosed with SjS [106]. Interestingly ~50% of the patients with anti-GW182
also have antibodies to 52 kDa SS-A/Ro. Our preliminary data showed that increased expression of GW182 is seen in selected foci of salivary gland ducts
from SjS patients. Furthermore, it appears that the same foci have elevated expression of SS-B/La, as demonstrated by staining of adjacent section (unpublished data). Our working hypothesis is that local or focal changes in tissue
gene expression that lead to overexpression of a subset of macromolecules are
the continuous stimuli for the autoimmune responses seen in SjS diseases. The
increased expression of self-proteins such as SS-B/La and GW182, which may
be complexed with foreign agents or oncofetal macromolecules, may enhance
the autoimmune responses. We propose that studying the events in tissue overexpression of self-antigens may provide a useful means to understand the immunopathogenesis of SjS.
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18.6
Future Perspectives

The complete sequencing of the human genome has had a significant impact
on the identification of autoantigens. Together with the high sensitivity of mass
spectrometry-MALDI, complete gene data lead to enhancement in the ability to
identify proteins. Undoubtedly, expression cloning of antigens will remain important by providing a means to identify unknowns, given that MS-MALDI also
has its limitations. In the identification of autoantigens, there are other challenges in using cDNA expression cloning. For example, expression cloning
using the phage-E.coli system will not detect autoepitopes that require certain
post-translational modifications that are present in the mammalian system.
Phosphorylation of the C-terminal domain of the high-molecular-weight subunit
of RNA Pol II has been shown to be required for reactivity to human autoantibodies [107, 108]. Some Sm epitopes are known to require dimethyl Arg residues in SmD proteins [109]. The recent finding that autoantibody to citrullinated peptides (anti-CCP) is an important marker for RA [110] as well as early
RA [111] has opened a renewed interest in the role of post-translational modification in autoimmune diseases. Nevertheless, cDNA expression cloning may remain important, as demonstrated by the three recent examples presented here,
and has led to further exploration of the role of these autoantigens in disease
pathogenesis.

Abbreviations

AGA
ANA
CB
CENP-F
DAPI
ELISA
GFP
GWB
HCC
HRPO
IEM
IGF-II
IIF
IMP
KH
Koc
MCTD
NC
NOR

anti-Golgi complex antibody
antinuclear antibody
Cajal bodies or coiled bodies
centromere protein F
4',6-diamidino-2-phenylindole
enzyme-linked immunosorbent assay
green fluorescent protein
GW182-containing cytoplasmic body
hepatocellular carcinoma
horseradish peroxidase
immunoelectron microscopy
insulin-like growth factor II
indirect immunofluorescence
IGF-II mRNA-binding protein
hnRNP K homology domain
KH domain protein overexpressed in cancer
mixed connective tissue disorders
nitrocellulose
nucleolar organizer region
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PBS
PCNA
RRM
SLE:
SjS
UTR

phosphate buffered saline
proliferating cell nuclear antigen
RNA recognition motif
systemic lupus erythematosus
Sjögren’s syndrome
untranslated region
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Tolerance and Immunity to the Ro/La RNP Complex *
Catherine L. Keech, Tom P. Gordon, and James McCluskey

19.1
Introduction

The presence of high-titer, affinity-matured autoantibodies directed against ubiquitous nuclear components is a common and useful tool in the diagnosis of systemic autoimmune diseases. The correlation of the autoantibody specificity with
disease patterns and the clustering of the autoimmune response to specific
groups of antigens provide a valuable diagnostic clue to the nature of particular
systemic autoimmune diseases [1]. These autoantibodies do not appear to be
due to nonspecific B-cell activation; rather, the presence of isotype-switched, persistent, high-titer, multi-determinant antibodies argues for the activation of antigen-specific B cells by the autoantigen itself. In this chapter we review our work
on the nature of tolerance and immunity to a single autoantigen La(SS-B) in experimental systems. Over the past 14 years we have examined the immune responses to the nuclear antigen La in both patients and mouse models in order
to better understand the targeting of such nuclear autoantigens in systemic
autoimmunity. Here we explore the main findings and their implications for
understanding the generation of autoantibodies in systemic autoimmunity.

19.2
The Nature of the Autoimmune Response to La

The systemic autoimmune diseases are defined by a combination of clinical and
laboratory-based criteria [2]. One of the most useful criteria in assisting diagnosis has been the analysis of antinuclear autoantibodies (ANAs). Analysis of the
pattern of ANA staining and identification of the protein or nucleic acid targets
of these autoantibodies in many cases provide a highly specific diagnosis of disease, which has argued for the importance of B cells in pathogenesis of these
* A list of abbreviations used is located at the end of this chapter.
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syndromes. For example, the antigens Ro(SS-A) and La(SS-B) were identified in
1961 as the target of the autoantibody response in primary Sjögren’s syndrome
(pSS) [3]. Patients were found to develop high-titer IgG responses to La and Ro
with a characteristic speckled pattern of ANA activity by indirect immunofluorescence. Unlike many autoantibodies, although the presence of the autoantibody correlates strongly with disease, a direct role for antibodies of these specificities in disease is less clear. In addition, a lower-titer, clustered immune response to Ro and La is also found in about 30% of patients with systemic lupus
erythematosus (SLE). Primary Sjögren’s syndrome is further characterized by
lymphocytic infiltration and exocrine failure of salivary and lachrymal glands
and is usually associated with polyclonal hypergammaglobulinemia and production of rheumatoid factor. Patients with pSS can also present with a diversity of
lymphocyte abnormalities including lymphocytic infiltrates of the lung and kidneys, purpura, and an increase incidence of B-cell lymphomas.

19.3
The Ro/La Ribonucleoprotein Complex

The strong clustering of the autoantibody response to the Ro and La proteins
reflects an autoimmune response to the multi-molecular particle, known as the
Ro/La ribonucleoprotein (RNP) complex (Fig. 19.1 A). The Ro/La RNP is composed of a 60-kDa Ro protein (Ro60) associated with the stem region of the
small cytoplasmic (Y) RNAs and a 48-kDa La protein bound to the poly U tail
of the hY RNA. The physical evidence for the association of a 52-kDa Ro protein
(Ro52) with Ro/La RNP remains more controversial, and this is believed to be
associated via protein-protein interaction with the Ro60 polypeptide [4]. The
function of this particle remains unknown, as do the functions of the Ro60 and
Ro52 proteins. The association of La with poly U tails of RNA is believed to be
a result of the role La protein plays in the initiation [5, 6] and termination [7, 8]
of RNA polymerase III transcription, as all these transcripts have polyuridylated
tails. Thus, only a small proportion of La is associated with the Ro/La RNP,
with a significant pool of La associated with other RNA polymerase III transcripts. However, the activity of La as an RNA polymerase III transcription factor has recently been questioned [9]. La has now been shown to have wider
functions in the cell protecting nascent RNAs from 3' exonuclease activity (reviewed in Ref. [10]). This La-mediated stabilization of RNAs facilitates RNA-protein complex formation, as well as the maturation of pre-tRNA and nuclear retention of some RNAs and shuttling between distinct niches within the nucleus
and the cytoplasm [10, 11]).

19.4 Autoimmune Findings in Humans

(A)

(B)

[

[

[

[

[

´

Fig. 19.1 (A) Model of the Ro/La ribonucleoprotein complex. La interacts via its RNA
recognition motif (RRM) with the poly-U tail
of the small cytoplasmic (Y) RNAs. Ro60
associates with the stem of the Y RNAs
(adapted from [4]). (B) The major structural
features and immunodominant epitopes of
the La autoantigen. Discontinuous epitopes
are located within the NH2-terminal fragment (La A; checked regions) and the RRM

(La C1, checked regions) that contains consensus sequences for RNP1 and RNP2 RNAbinding protein. The proportion of La-positive
sera reactive with each fragment is shown. La
precipitin–positive sera react with the three
major epitopes shown (La A, La C1, and the
carboxy-terminal region La L2/3), while La
precipitin–negative sera do not react with the
carboxy-terminal fragment (La L2/3).

19.4
Autoimmune Findings in Humans

The advent of recombinant protein technology in the late 1980s led to extensive
study on the nature and specificity of the autoantibody response to many autoantigen targets (including response to La) in the belief that this would illuminate the underlying mechanism driving this autoantibody response in patients.
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Three theories were examined: firstly that the autoantibodies arise from polyclonal B-cell activation, secondly that autoantibodies arise as a result of an antigen
mimic, and thirdly that the autoantigen itself was the driver of the autoantibody
response. As outlined below, the specificity of the anti-La response favors the
latter hypothesis, namely, that the Ro/La ribonucleoprotein complex drives the
autoimmune response. Thus, detailed B-cell epitope mapping of La has been
carried out by several groups (reviewed in [12]) and is illustrated in Figure
19.1 B. Autoantibody epitopes are located at the amino terminus (La A; aa 1–
107) and within the central region of La that contains the RNA recognition motif (RRM)(La C1; aa 112–242) and in the carboxy-terminal region (La L2/3; aa
346–408), and up to seven distinct epitopes have been demonstrated across
these regions [13] as well as a number of linear determinants [14]. The dominant determinant within the amino terminus (La A) is detectable at the earliest
stages in disease and is a complex conformational or discontinuous epitope
dependent upon both aa 12–28 and aa 82–99 for expression [15]. A further conformational determinant within the functional RNA recognition motif has been
defined, and this epitope is specific for the human La protein [16]. This latter
determinant spanned the RNA recognition elements of La; however, antibodies
did not inhibit the RNA-binding capacity of La or the subsequent physical association with the Ro60 protein [17]. Thus, the two dominant determinants of the
La polypeptide appear to be complex conformational epitopes, suggesting that
the native human autoantigen itself is the driver of the diverse autoantibody response in patients. Although potential epitope mimics have been identified in
infectious agents, the conformational and species-specific nature of the major
determinants of La argues against their origin through cross-reactive B-cell mimicry of linear determinants.
The third major B-cell determinant in La is of particular interest as it provides
some insight into the control of autoantibody diversification in patients. The
presence of autoantibodies to the carboxy terminus of the La protein (La L2/3)
appears late in the immune response, and in a subset of patients, this specificity does not develop at all. Interestingly, the lack of reactivity to this determinant,
as detected by ELISA, correlates with an overall weaker anti-La and anti-Ro60
antibody titer and with the inability to form precipitating antibody-antigen lattices. This precipitin-negative anti-La activity is observed in approximately 20%
of pSS patients [18]. The clinical features of these patients, including the duration of established disease, were essentially identical in those patients with antiLa precipitins. However, analysis of the HLA class II phenotype identified a
strong association of HLA-DR3-DQ2 (DR3-DQA1*0501-DQB1*02) haplotype
with the more diversified anti-La precipitin–positive group and HLA-DR2-DQ1
(DR2-DQA1*0102-DQB1*0602) with the restricted, anti-La precipitin–negative
subset [19] (Table 19.1). The DR3-DQA1*0501-DQB1*02 haplotype has been implicated in diversified precipitating anti-La/Ro autoimmunity in other patient cohorts ([20] and references therein). These findings suggest that the HLA class II
haplotypes control T-helper responses that in turn influence the magnitude of
antibody determinant spreading [21]. We have proposed the following model to

19.4 Autoimmune Findings in Humans
Table 19.1 The degree of autoantibody diversity is controlled
by HLA class II haplotype.

Diverse Ab
response
Limited Ab
response

HLA genetics
in Australian
cohort

Autoantibodies detected by ELISA

Precipitins

LaA

LaC

LaL2/3 Ro60

Ro52

Anti-La Anti-Ro

DR3-DQ2

[

[
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[

[

[

DR2-DQ1

[

[

´

[

[

´

[

explain our findings (Fig. 19.2). B cells with auto-specificity for Ro or La polypeptides normally circulate and are not deleted or anergic because of the high
threshold required for self-tolerance in the B compartment. Following uptake
and processing of the Ro/La RNP by the Ro-specific B-cell receptor, anti-Ro antibody responses in autoimmune patients are driven by cognate interactions
between Ro-specific B cells and helper T cells. Both HLA DR3-DQ2 and DR2DQ1 haplotypes are able to efficiently present peptides derived from Ro (Fig.
19.2 A, B; upper panels). However, HLA DR3-DQ2 is more efficient at presenting peptides from the La protein than is DR2-DQ1 (Fig. 19.2 A, B; lower panels).
Thus, we hypothesize that while DR3-DQ2 efficiently presents peptide determinants from La to La-specific T cells, the HLA DR2-DQ1 haplotype is inefficient
at directly driving an anti-La response. As a result, anti-La B cells do not receive
the same magnitude of specific helper signals where the HLA-presenting haplotype is DR2-DQ1- compared with DR3-DQ2-presenting elements. As a result,
only a lower-titer and limited anti-La response is generated following presentation of Ro-derived peptides by the La-specific B cells. The limited help signal received from Ro-specific CD4+ helper T cells (Th) interacting with La-specific B
cells may be the result of dissociation of La from the Ro/La RNP such that uptake of free La does not result in any presentation of Ro epitopes to T cells.
These studies in humans have enabled us to make some generalizations regarding the development of autoantibodies to the Ro/La complex. Firstly,
although there may be intrinsic B-cell defects in these patients, the presence of
high-titer autoantibodies does not appear to arise from nonspecific B-cell activation; rather, the antibody response is antigen-specifically directed predominantly
to conformational determinants of the Ro/La RNP complex. Secondly, these autoantibodies appear to diversify over time, although by the time of diagnosis,
the pattern of reactivity is generally fixed. In addition, fine mapping has revealed the role of HLA class II genes in controlling the degree of diversification
of the autoantibody response. However, our data do not explain what activates
Th cells that drive B-cell differentiation and autoantibody production. Perhaps
intrinsic B-cell defects in pSS render B cells capable of priming T-cell responses, a task usually ascribed to dendritic cells.
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(A)

(B)

Fig. 19.2 (legend see page 453)

19.5 Autoimmunity to La in Experimental Models

19.5
Autoimmunity to La in Experimental Models

The examination of the autoantibody response in mouse models allows a detailed analysis of the development of antinuclear antibodies in the context of a
non-autoimmune-prone mammalian immune system. Thus, in the absence of
any predisposition or perturbation of the immune system we are able to analyze
(1) the degree of natural tolerance to these antigens, (2) the immunogenicity of
nuclear proteins, and (3) the nature of any antibody diversification.
In mice, the diversification of the immune response was readily demonstrated
following immunization of mice with either self- or heterologous recombinant
La protein, sub-fragments of La, and peptides derived from the La molecule (reviewed in [21]). As illustrated in Figure 19.3 A, immunization of normal, nonautoimmune mouse strains of mice with sub-fragments of the La molecule led
to a strong antibody response to that fragment, followed by the development of
antibodies to a number of distinct determinants on the La polypeptide [22]. This
intramolecular spreading is attributed to the generation of CD4+ T cells and B
cells to the immunizing fragment. T-cell help specific for the La polypeptide
fragment is able to provide helper signals to B cells reactive to other portions of
the La molecule. This occurs because non-tolerized La-specific B cells remain in
the normal B-cell repertoire of healthy individuals. These specific B cells naturally capture endogenous La/Ro RNP complexes and present T-cell determinants from these proteins. Experimentally, it is not difficult to generate an antiLa autoantibody response in normal animals. Given that endogenous La is avail3
Fig. 19.2 Model showing HLA-restricted control of anti Ro/La autoantibody diversification. (A) DR3-DQ2 dependent anti-Ro and
anti-La cognate intramolecular help. Anti-Ro
(upper panel) and anti-La (lower panel) B
cells selectively bind Ro or La, respectively,
through their membrane Ig, which then undergoes receptor-mediated endocytosis leading to antigen processing and presentation.
Peptide determinants derived from both La
and Ro are efficiently presented by HLA DR3
or DQ2 molecules. High-affinity precipitating
anti-Ro or anti-La autoantibody responses
are driven by T cells providing efficient cognate helper signals to a broad range of Laspecific or Ro-specific B cells recognizing
multiple determinants of La or Ro. Ro-specific B cells can also present La peptides and
vice versa, indicating a capacity of autoreactive B cells to receive intermolecular help
signals as well as cognate helper signals as
illustrated in more detail in Figure 19.4.

This may explain why anti-La autoantibodies
rarely occur in the absence of anti-Ro antibodies. (B) DR2-DQ1-dependent cognate intramolecular anti-Ro and intermolecular antiLa help. Anti-Ro autoimmunity is initiated
by helper T cells recognizing Ro peptides
presented by HLA DR2 or DQ1 molecules
(upper panel). However, HLA DR2-DQ1 molecules fail to present peptides derived from
La, and T-help signals for anti-La B cells are
provided only through the presentation of
Ro determinants as a result of capture of Ro
protein associated with La in the Ro/La RNP
complex (lower panel). Intermolecular help
is limiting because only a proportion of La is
associated with the Ro/La RNP and there is
a free pool of La that restricts the number of
anti-La B cells able to take up Ro and La together. This results in the production of lowtiter, pauciclonal anti-La antibodies lacking
the ability to form latticed precipitates.
(Adapted from [19]).
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(A)

(B)

Fig. 19.3 Autoimmunity determinant spreading of the autoantibody response in mice immunized with recombinant La autoantigen.
(A) Intramolecular spreading of the autoimmune response. C3H/HeJ and BALB/c mice
were immunized with 100 lg recombinant
6´ His-hLa A (aa 1–107) in Freund’s complete adjuvant and were boosted twice at
10-day intervals with 50 lg antigen in incomplete Freund’s adjuvant. Pooled sera from
groups of six mice (diluted 1:250) were
assayed for reactivity to GST-mLa (La) and
GST-mLa sub-fragments (La A [aa 1–107],
La C [aa 112–242], La F [aa 243–345], and La
L2/3 [aa 346–415]) or GST alone by ELISA.

The reactivity of normal mouse sera
(NMS) is also shown. (Adapted from [22].)
(B) Kinetics of intermolecular spreading.
Groups of C3H/HeJ or BALB/c mice were
immunized with 100 lg of recombinant 6 ´
His-hLa in complete Freund’s adjuvant and
boosted twice at 14-day intervals with 50 lg
of antigen in incomplete Freund’s adjuvant,
as indicated by vertical arrows. Sera was
collected at seven-day intervals from the
initial immunization, pooled, and tested for
reactivity with 6´ His-mRo52 (Ro52 n),
6 ´ His-hRo60 (Ro60 `), 6´ His-mLa
(La ^), or glutathione-S-transferase
(GST >). (Adapted from [23]).

able to autoreactive B cells for capture, processing, and presentation to T cells,
then once La-specific T cells are activated, self-reactive B cells are potentially
stimulated by the Th cells.
In a similar fashion, the diversification of the immune response from one
component of the Ro/La RNP to other members of the particle readily occurs.
Thus, immunization with the full-length recombinant La protein initially elic-
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Table 19.2 Intermolecular determinant spreading generates autoantibodies to physically associated molecules in mice following
immunization.
Immunogen

Antibody to
immunogen

Autoantibodies generated by determinant spreading
La

La
Ro60
Ro52
Grp78

[
[
[
[

[
[

Ro60

Ro52

[

[
[

[
[

Grp78

[
[

Calreticulin

[
[
[

ited antibodies to the La antigen followed by autoantibodies to the associated
Ro60 [22] and Ro52 [23] proteins. In reciprocal experiments, immunization with
Ro proteins resulted in recruitment of antibodies to Ro and La proteins as well
as to chaperone proteins, including calreticulin and Grp78 [24, 25], that are believed to associate with the Ro proteins (Table 19.2). The mechanism of intermolecular diversification of the B-cell and T-cell responses is modeled in Figure
19.4. Here we hypothesize that La-specific T cells are able to provide T-helper
signals to both anti-La B cells through cognate help as well as providing T-helper signals to Ro-specific B cells that have captured, processed, and presented La
peptides because of the linked nature of the components within the Ro/La RNP
complex (Fig. 19.4 A). In addition, the diversification of the T-cell responses to
linked proteins may be orchestrated despite limited B-cell specificities (Fig
19.4 B). B cells with anti-La specificity capture and present processed peptide
antigens in association with MHC class II molecules from physically associated
components of the Ro/La RNP complex and associated chaperone proteins. This
allows the activation of a diversified population of T cells, resulting in recruitment of additional antigen targets through the provision of cognate help.
Intriguingly, following immunization with recombinant Ro or La proteins,
the antibody responses of different mouse strains are not identical, suggesting
an influence of the genetic background in selecting and presenting La determinants. This is illustrated in Figure 19.3 B, where the magnitude, kinetics, and
pattern of autoantibodies generated through determinant spreading differ in
two inbred mouse strains (C3H/HeJ and BALB/c) following immunization with
La [23]. This observation mirrors the findings in patients as discussed above,
where the degree of autoantibody intra- and intermolecular spreading is limited
by the HLA class II genes of the individual.
Thus, in experimental mouse models, the initiation of a restricted immune
response rapidly results in the spontaneous intra- and intermolecular spreading
of autoimmunity, driven by the self-antigen and/or antigenic particle. The autoimmune response in normal non-autoimmune-prone mice in this experimental
model implies that a poor level of immune tolerance to the Ro/La complex is
the normal state of affairs. The data also confirm the importance of polymorphic host genes in controlling the autoantibody diversification.
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Internalisation, processing and
presentation of Ro determinants

Internalisation,
processing and
presentation of
Ro determinants

MHC Class II
+ Ro Peptide

Fig. 19.4 Model showing the mechanisms of
B- and T-cell epitope spreading.
(A) Spreading of the B-cell response may be
orchestrated by a single T-cell determinant.
T cells specific for a single Ro epitope may
provide help to B cells with multiple specificities on the same polypeptide (intramolecular) or on other physically associated compo-

nents of the Ro/La RNP complex such as
La, Ro52, calreticulin, or heat shock proteins.
B cells specific for Ro determinants internalize, process, and present the Ro determinant in association with MHC class II to a
Ro-specific T cell. Ro-specific T cells provide
cognate help to Ro-specific B cells, resulting
in maturation and production of anti-Ro

19.6 Tolerance to Nuclear Antigens

19.6
Tolerance to Nuclear Antigens

Little is known about immune tolerance to nuclear antigens. The nature of the
ribonucleoprotein particles, their restricted localization and sequestration within
the cell, their relatively low abundance but ubiquitous expression, their redistribution during apoptosis, and their association with viral RNA transcripts may
all influence the generation of tolerance and autoimmunity. As such, insights
gained from data on mechanisms of tolerance observed for nominal neo-autoantigens such as ovalbumin and hen egg lysosome, or autoantigens such as cytochrome c and DNA, may have limited applicability to understanding the situation for the Ro/La RNP antigens. Therefore, we chose to study immune tolerance to La itself by exploiting the difference between the human and mouse La
molecules in a transgenic experimental mouse model. La is a highly conserved
molecule, such that human and mouse La share 77% amino acid sequence
identity [26]. Not surprisingly, human autoantibodies to La antigen generally
cross-react with the mouse autoantigen. We have used two approaches to examine tolerance of both B and T cells to La autoantigen. Firstly, a comparison of
antibody response to human La versus mouse La in mice immunized with each
of these antigens allows a true comparison of “autoantibody” response versus a
xenogeneic antibody response. In these experiments we observed an increased
immunogenicity of human La over mouse La, implying a degree of foreignness
of the homologous human La antigen, while revealing some constraints (tolerance) on the immune response to the mouse La autoantigen [22]. There are
limits to how far this conclusion may be drawn; thus, to explore this idea
further we generated mice that expressed the full-length, functional human La
protein under the control of the human La promoter [27, 28]. By comparing the
relative immune response to human La in the presence (hLa-Tg) or absence
(non-Tg) of endogenously expressed human La protein, we were able to evaluate
the impact of self-tolerance to this nuclear autoantigen on subsequent immune
responses.

3
antibodies. Similarly, B cells specific for
other determinants on linked proteins in the
Ro/La RNP complex (e.g., La) selectively
bind and internalize the Ro/La RNP via Laspecific membrane Ig. The T-cell determinant from the Ro polypeptide is processed
and presented by MHC class II to the activated Ro-specific Th, which provides help for
B-cell maturation and production of anti-La
antibodies.

(B) Spreading of the T-cell response may be
orchestrated by a single B-cell determinant.
B cells with specificity for a single epitope of
the Ro/La RNP (e.g., Ro) selectively and efficiently bind and internalize the Ro/La RNP
through their membrane Ig. Epitopes from
Ro, La, and other physically associated polypeptides, such as Ro52, calreticulin, or heat
shock proteins (X), are processed and presented in association with MHC class II to
recruit a diverse array of autoreactive T cells.
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19.7
Lack of Tolerance in the B-cell Compartment

In many systems B-cell tolerance is measured by the inability to generate autoantibodies following immunization with antigen. Indeed, immune self-tolerance
to self-antigens such as cytochrome c [29] and histones [30] is well established,
and in our hands immunization of mice with purified histones failed to generate detectable autoantibodies [22]. However, following immunization with recombinant La, antibodies to La are readily elicited, and the antibody response
diversifies through determinant spreading as discussed above. These data demonstrate the limited B-cell tolerance to the members of the Ro/La particle.
When mice were immunized with equivalent amounts of recombinant human La or mouse La, they generated anti-La antibodies that were cross-reactive
in both species. In several inbred mouse strains, we have observed a more vigorous antibody response to the heterologous hLa molecule with more rapid epitope diversification than observed when immunizing with mLa, presumably
due to the presence of foreign B- and/or T-cell determinants in hLa [22]. In addition, in mice that are transgenic for the human La protein, the antibody response to human La is now diminished and is equivalent to that observed for
mouse La in both non-transgenic and human La transgenic mice (Fig. 19.5)
[28]. These findings indicate that anti-La B cells are not efficiently tolerized by
endogenously expressed La; however, there is a degree of self-tolerance to endogenous La even though this is incomplete. The mechanism for partial immune tolerance to La may reside in the T-cell compartment, B-cell compartment, or both.
B-cell tolerance is known to be mediated by a number of mechanisms that result in a continuum of tolerogenic outcomes. The efficiency and nature of B-cell
tolerance are dependent upon variable signaling thresholds that are dependent
upon the affinity of the B-cell antigen receptor, antigen abundance, and the ability of antigen to induce B-cell receptor cross-linking [31]. Clonal deletion of selfreactive B cells in the bone marrow results from strong B-cell signals during
bone marrow development, whereas weaker signals induce anergy or developmental arrest. Autoimmune B cells that escape tolerogenic mechanisms still require T-helper signals for their full development; therefore, the T-helper compartment may be the final checkpoint in B-cell self-tolerance. Natural tolerance
to several lupus-associated antigens has been examined using immunoglobulintransgenic mice. Anti-ssDNA and anti-dsDNA were found to be tolerized by a
combination of mechanisms, including receptor editing, B-cell deletion, developmental arrest, and anergy [32–34]. In contrast, anti-Sm B cells are tolerized by
developmental arrest followed by their deletion or shunting into the B-1 compartment, although some Sm-specific B cells may remain autoantigen ignorant
[35–37].
To further examine tolerance to La in the B-cell compartment, anti-hLa B-cell
transgenic mice were generated expressing the IgM heavy chain from a monoclonal antibody (A3; [38]) specific for a xenogeneic epitope within the human La
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Fig. 19.5 Partial tolerance to endogenous La
antigen. Groups of mice (n = 6) were immunized with 50 lg of recombinant 6´ His-hLa
or 6´ His-mLa in complete Freund’s adjuvant and boosted twice at 14-day intervals
with 25 lg of antigen in incomplete Freund’s
adjuvant. Sera from individual mice were
assayed for reactivity with recombinant
hLa-GST or mLa-GST. The average endpoint

titer and standard deviation of the antibody
response are shown. The autoantibody
response to La autoantigen, either mLa or
hLa in hLa-Tg mice, is significantly diminished (P<0.01, Mann-Whitney U-test) when
compared to the antibody response to xenogeneic hLa, which shares 77% amino acid
homology with mLa. (Adapted from [28]).

protein. The development of anti-hLa B cells could then be measured in both
the presence and absence of cognate human La antigen by crossing the antihLa immunoglobulin transgenics to mice transgenically bearing the human La
antigen [39]. This experiment found no evidence for induction of specific B-cell
tolerance when the anti-hLa B cells developed in the presence of human La
antigen; the findings of this work are summarized in Table 19.3. Thus, between
5% and 15% of transgenic B cells developing in the absence of hLa were specific for hLa, and these cells were neither deleted nor developmentally arrested in
the presence of endogenous hLa expression. Instead, these autoreactive B cells
matured normally and differentiated into antibody-forming cells, capable of secreting high-titer autoantibody in response to in vitro stimulation. Additionally,
the lifespan of autoreactive hLa-specific B cells was not reduced, as is the case
in anergic B cells. Instead, the anti-hLa B cells were phenotypically and functionally indistinguishable from naïve non-autoreactive hLa-specific B cells developing in the absence of hLa. Together these data suggest a lack of intrinsic
tolerance for anti-La B cells involving any known mechanisms. In light of the
diminished autoantibody response observed following immunization of hLa
transgenic mice, we concluded that tolerance to the La autoantigen in the B-cell
compartment appears to be mediated through regulation of T-cell help.
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Table 19.3 Anti-hLa B cells show no evidence of tolerance
when they develop in the presence of hLa antigen.
Anti-hLa Tg Anti-hLa ´ hLa-Tg Conclusions
1.7 ´ 107
5–15

1.5 ´ 107
5–15

Not delected

[
´
[

[
´
[

Not developmentally arrested
Not activated

Basal anti-La titer in vivo
Signaling through BCR
In vitro antibody secretion following
activation
Expression of activation markers
following stimulation with LPS
Turnover in vivo (percentage BrdU
incorporation in 8 days)

[
[
[

[
[
[

Not anergic

[

[

14.5 ± 1.9

14.8 ± 1.6

Percentage anti-hLa B-1 cells in
peritoneum

30–50

30–50

Number of B cells (spleen)
Percentage splenic anti-hLa B cells
Phenotype
Mature in periphery (CD23+, CD24–)
Increase in pre-B cells
Expression of activation markers
in vivo (CD69+, CD80+, CD86–, MHC
class IIhigh)

No differentiation
to B-1 B cells

19.8
Tolerance in the T-cell Compartment

The above data suggest that control of autoantibody production rests with the
Th cells and that the regulation of autoreactivity in these cells will be critical to
regulating autoimmune disease. It has not been possible to map the T-cell determinants to autoantigens such as La in patients due to the low precursor frequencies in the peripheral blood of normal individuals and to the apparent clonal exhaustion in affected individuals by the time of diagnosis. However, by
exploiting the sequence differences between human and mouse La following
immunization with recombinant human La, subsequent CD4+ T-cell epitope
mapping identified a hierarchy of peptide responses in the Th compartment of
mice immunized with hLa antigen [40].
This approach identified two immunodominant xenogeneic determinants
(hLa288–302 and hLa61–84) that both differ from the mouse homologue by a single
amino acid in their core epitope ([40]; A.D. Farris, personal communication)
(Fig. 19.6 A). In addition, several weaker and more variable T-cell responses were
detected to a number of autologous and xenogeneic determinants. The I-Ak-restricted T-cell determinant of human La (hLa288–302) dominated the immune response to hLa in that following immunization strong T-cell responses were gen-
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´

Fig. 19.6 Only the immunodominant determinants of endogenous mouse La induce
Th cell tolerance.
(A) Tolerance to endogenous mLa determinants was deduced by comparing Th immunity to the xenogeneic human La (hLa)
antigen versus the autoantigen mouse La
(mLa). Mapping of Th epitopes in hLa was
carried out in A/J (H-2a) mice following immunization with recombinant hLa. Two xenogeneic peptides dominated the Th response
(Dxeno-1 and Dxeno-2). Subdominant Th
responses to several autologous (Auto) or

´

xenogeneic (Xeno) determinants were observed (S1–S7). These were characterized by
weaker and variable proliferative responses.
(B) T-cell tolerance to the homologous immunodominant determinants of mLa. Immunization of A/J mice with the homologous
mouse peptides corresponding to the immunodominant regions of hLa (Dauto-1 and
Dauto-2) fails to stimulate T-cell activation
and proliferation in A/J mice following immunization. Weak and variable Th responses
are once again observed in the subdominant
self-determinants.
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erated. However, the homologous mouse La287–301 determinant was tolerogenic
in that immunization with the mLa287–301 peptide failed to induce either T-cell
responses or autoantibody production (Fig. 19.6 B). This contrasted with the
presence of responses in mice immunized with subdominant determinants
from the mLa autoantigen. Although Th responses to subdominant determinants were observed less frequently and with lower potency, immunization with
just a single autologous subdominant peptide resulted in the production of diverse autoantibodies to several regions on the La protein as well as intermolecular spreading to the associated Ro52 protein. Thus, these findings indicate that
CD4+ T-cell tolerance to La determinants is limited to dominant determinants
and that reactivity to subdominant epitopes may be sufficient to trigger B-cell
autoimmunity driven by T-helper responses.
To support the direct comparison of the immune responses to human and
mouse La homologues, efficient MHC class II binding and presentation of the
mLa287–301 peptide were demonstrated by inhibition binding studies and specific
antagonism of the hLa288–302 responses by mouse T cells. However, immunodominance of a particular determinant in one species cannot be assumed for homologous determinants across species [41]. Therefore, we examined tolerance to
the immunodominant hLa determinants (hLa288–302 and hLa61–84) in mice transgenically expressing the human La protein where the previously dominant xenoepitopes were now rendered self-determinants comparable to the mLa287–301
and mLa61–84 epitopes (illustrated in Fig. 19.7). In this experiment T cells in normal mice were raised to intact human La or to the immunodominant hLa288–302
or hLa61–84 peptides. Transfer of these immune T cells into mice expressing
transgenic human La resulted in the production of anti-hLa autoantibodies, presumably by activating self-reactive anti-La B cells [28]. Anti-La autoantibodies
did not develop following transfer of hLa-specific T cells into non-transgenic recipients, reflecting the lack of antigen presentation of any human La-specific determinants in these mice. However, transfer of T cells generated by identical immunization of hLa-Tg mice with hLa did not elicit an autoantibody response in
host mice, reflecting CD4+ T-cell tolerance to the immunodominant La epitopes
in the donor hLa-Tg mice [28].
In addition, tolerance in the CD4+ T-cell compartment to these immunodominant determinants was demonstrated by comparing the ability to generate peptide-specific T cells in hLa-Tg or non-Tg mice. Following immunization of hLaTg or non-Tg mice with dominant hLa peptide, the ability of the resulting T
cells to proliferate or secrete cytokines in vitro was measured. T cells purified
from hLa-Tg mice primed with hLa288–302 did not proliferate in response to
hLa288–302, while T cells from non-Tg mice were activated to proliferate under
the same circumstances. Moreover, T cells from hLa-Tg mice primed with
hLa288–302 or hLa61–84 failed to secrete IL-10, IL-2, or IFN-c upon restimulation
with peptide in vitro when compared to non-Tg littermates (A. D. Farris, personal communication).
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Fig. 19.7 Immunization of normal, nontransgenic A/J (Non-Tg) mice with subdominant autologous La peptide results in weak
and variable activation of the CD4+ T cell.
These autoreactive T cells are capable of providing T help to autoreactive anti-La and
anti-Ro B cells and induce autoantibody production and determinant spreading. Immunization of Non-Tg A/J mice with the dominant H-2a-restricted determinants of human
La generates a strong T-helper response
to hLa peptide. Transfer of these activated
T cells into human La transgenic mice

(hLa-Tg) provides cognate help to autoreactive hLa-specific B cells and elicits anti-La
autoantibodies without any further intervention. The transfer of these cells to Non-Tg
mice cannot induce antibodies due to the
absence of endogenous human La antigen.
Immunization of mice with the dominant
auto-determinants (either hLa peptides into
hLa-Tg mice or mLa peptides into Non-Tg,
A/J mice) fails to elicit autoreactive T cells.
Transfer of T cells from mice primed with
autologous, dominant determinants fails to
elicit autoantibodies to human or mLa.

These results confirmed both the immunodominance of these determinants
and the functional immune tolerance mediated through the CD4+ T-cell compartment. Thus, it is the T-B axis that controls the vulnerability to autoimmunity in this model of La autoimmunity. From a detailed study of the immune response to the La autoantigen in mice, we have demonstrated that in
the absence of any detectable B-cell tolerance, a diversified antibody profile can
be generated following the priming of T cells to a single T-helper determinant,
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provided that this is the right determinant. Therefore, although the anti-La antibody observed in human autoimmunity is driven by self-antigen, the initiator of
this autoantibody response remains unknown and could potentially result from
a single Th epitope mimic to a poorly tolerized determinant on the Ro or La
molecule.
In this body of work we have demonstrated conclusively that the Ro/La RNP
is not invisibly sequestered from the immune system. Instead, the Ro/La RNP
is readily recognized by specific lymphocytes and can trigger autoreactive B cells
when given sufficiently strong T-cell help. Mapping of the T-cell determinants
on human La has revealed tolerance to a dominant determinant of La in H-2a
mice. On the other hand, whereas T cells specific for the dominant T-cell determinants are likely to be tolerized, suboptimal T-cell determinants are poorly tolerogenic, perhaps because antigen presentation is below the threshold of recognition for self-reactive T cells. This reveals a window of vulnerability in the control of autoimmunity to La. Once Th cells are generated, potentially through
antigen mimicry of subdominant determinants, cognate autoantibody production may be triggered, with determinant spreading to involve associated proteins
that may become self-sustaining.

19.9
Induction of Disease

So what predisposes patients to develop anti-Ro and anti-La autoantibodies? The
linkage of anti-Ro/La immunity with particular MHC class II haplotypes argues
strongly for a restricted T-cell epitope involvement. Clearly, the animal studies
demonstrating intermolecular spreading suggest that in normal non-autoimmune-prone individuals an antibody response to La will eventually develop following induction of immunity to associated Ro proteins and given the correct
MHC class II restriction elements. However, in the experimental mouse models
described, we found no evidence of pathology. Defects in apoptosis, clearance of
apoptotic debris, B-cell signaling pathways, impaired complement regulation, or
generation of neo-epitopes through post-translational modifications could still
play a role in the initiation and maintenance of anti-Ro autoimmunity, but these
are not essential for developing autoantibody in our model system. Notably, SLE
and pSS, as well as animal models of systemic autoimmunity (MRL and lpr
mice), are known to be associated with defects in apoptosis and the clearance of
apoptotic material. This suggests that ANAs might be triggered or sustained in
these disorders due to abundant antigen turnover, potentially in an altered form
due to the redistribution of cellular components in apoptosis [42]. Apoptosis occurs constantly in vivo, and proteins such as La and Ro are constantly redistributed, degraded, and modified by molecules such as caspases [43], granzymes
[44], and phosphatases [45]. Accordingly, altered regulation of defects in these
processes could expose the immune system to autoimmunity through the
mechanisms operating in our experimental models.

19.9 Induction of Disease

Sjögren’s syndrome is associated not only with the presence of anti-La but
also with other indicators of aberrant B-cell function, including polyclonal hypergammaglobulinemia, production of rheumatoid factor, lymphocytic infiltrates
of the lung and kidneys, occasional purpura, and an increase incidence of B-cell
lymphomas. Recently, excess production of B cell–activating factor (BAFF) has
been associated with pSS and SLE. BAFF belongs to the TNF family and is a Bcell survival factor essential for B-cell maturation that contributes to autoimmunity when overexpressed in mice [46]. In addition to developing features of SLE,
mice transgenic for BAFF develop a secondary pathology reminiscent of pSS,
manifested by severe sialadenitis, decreased saliva production, and destruction
of submaxillary salivary glands, although anti-Ro/La antibodies are not secreted
in these mice [47]. To translate these findings to humans with pSS, levels of
BAFF were measured in sera from a cohort of patients with pSS and were
found to be significantly higher than in healthy controls. Furthermore, the levels of BAFF were higher in pSS than in SLE and rheumatoid arthritis, consistent with the observation that B-cell hyperactivity is generally more marked in
pSS than in other systemic rheumatic diseases. The higher levels of BAFF in
patients with pSS may also explain why pSS is associated with the development
of B-cell malignancies. While the levels of serum BAFF in this initial study did
not correlate with the presence of anti-Ro or anti-La precipitins, a second study
has reported that BAFF levels correlate with anti-Ro antibody titers [48]. Further
studies are required to determine whether BAFF levels correlate with specific
autoantibody production in pSS, most notably anti-La antibody secretion, and
whether BAFF is a determinant of anti-Ro/La intermolecular epitope spreading
in these patients. Overall, the impressive elevation of BAFF levels in pSS identifies this common autoimmune disease as a prime candidate for trials with
BAFF antagonist or neutralizing therapies.
Thus, in our concept of anti-La/Ro autoimmunity functional immune tolerance is balanced upon the fulcrum of limited tolerance to La in both the B- and
T-cell compartments. This is characterized by constitutive antigen presentation
but without induction of autoimmunity (Fig. 19.8). In the absence of an initiating insult, this balance is maintained and the natural state of immune tolerance
prevails. Following activation of the anti-Ro/La response, potentially by an environmental trigger such as a viral infection, this balance is upset and in genetically susceptible individuals the balance tilts towards autoimmunity. The genes
known to confer susceptibility may act to lower the threshold of responsiveness
to these antigens, increase the antigenic load, and amplify and diversify the autoantibody response. This results in persistent autoantibody production and disease. In autoimmune-resistant individuals, the same environmental triggers
may fail to generate sufficiently strong autoimmune responses, and any autoimmunity and autoantibody production are transient, as the propensity for hyperactivity is absent, the endogenous antigen load is limited through efficient clearance of apoptotic debris, and the autoimmune response is not amplified or sustained. As the environmental insult clears, the natural balance of immune tolerance is reestablished and autoimmunity wanes.

465

466

19 Tolerance and Immunity to the Ro/La RNP Complex

Fig. 19.8 Tolerance to the Ro/La nuclear
autoantigens is finely balanced in autoimmune-susceptible individuals. Tolerance relies upon limited B-cell tolerance characterized by antigen indifference by any self-reactive B cells. T-cell tolerance is restricted to
immunodominant epitopes, leaving a repertoire of T cells specific for subdominant
determinants. Circulating non-tolerized, selfreactive B cells are constitutively presenting
these determinants to T cells. In the event
of an initiating stimulus, such as an environ-

mental trigger like a virus infection, initiation
of autoimmunity occurs in both susceptible
and resistant individuals. In the presence
of genetic susceptibility to autoimmunity –
such as efficient antigen presentation, B-cell
hyperactivity, defects in apoptosis, or impaired immune complex clearance – susceptible individuals develop a sustained and
diversified autoimmune response associated
with disease. In the absence of these factors,
the autoimmune response is self-limiting
and functional tolerance is reestablished.

19.10
Anti-La Autoantibodies Are Pathogenic in the Neonatal Lupus Syndrome

The neonatal lupus syndrome is a model of passively acquired autoimmunity in
which damage to the neonatal heart, skin, and liver is presumed to arise from
the transplacental passage of maternal anti-Ro/La antibodies. Recent evidence
suggests that tissue injury in congenital heart block, the most severe manifestation of this syndrome, is mediated by maternal autoantibodies directed against
redistributed Ro and La antigens on apoptotic cells in the developing fetus [49].
Transplacental anti-La autoantibodies appear to be the dominant opsonizing
species and have been shown to form IgG–apoptotic cell complexes in vivo in

19.11 Concluding Remarks

the vicinity of the fetal cardiac conduction system in a murine passive transfer
model [50]. Immune complexes were also detected in the fetal skin and liver,
mirroring the organ involvement in the neonatal lupus syndrome. There was
no binding of anti-La antibodies to the corresponding maternal organs, consistent with the low levels of physiological apoptosis in adult tissue. Anti-Ro52, on
the other hand, may directly effect cardiac conduction pathways independently
of apoptosis [51].
Further studies are required to determine the topology of the redistributed
surface La molecules during apoptosis and the fine specificity of the bound maternal human anti-La antibodies. The mechanism by which the IgG–apoptotic
cell complexes initiate and perpetuate tissue damage in the fetal heart, skin,
and liver is beginning to be unraveled and appears to be critically dependent on
phagocytosis of the immune complexes by macrophages. This leads to secretion
of cytokines that modulate fibroblasts into scar-promoting myofibroblasts [52]. It
is possible that uptake of opsonized apoptotic bodies by antigen-presenting cells
may lead to activation of autoreactive T cells, contributing to the inflammatory
cascade that leads to scarring and permanent heart block. This maternal-fetal
autoimmune disease illustrates how anti-La antibodies can produce tissue inflammation under conditions of increased apoptotic cell turnover and solves the
historically intransigent riddle of how autoantibodies against intracellular antigens might cause damage to tissues.

19.11
Concluding Remarks

Our work, and that of many others, has highlighted some of the general principles surrounding the development of autoantibody responses to linked nuclear
autoantigens in systemic autoimmunity. The basis of determinant spreading
and the linked nature of autoimmune responses to clustered antigens are intrinsic aspects of T-B collaboration in normal immune responses. However, the
deepest mysteries surrounding the development of ANAs remain unsolved.
Why are different groups of nuclear antigens targeted by autoantibodies in different clinical syndromes of systemic autoimmune diseases? Do intrinsic B-cell
defects lead to hyperactive polygenic amplifiers of innocent autoimmune responses that precipitate immunopathology? What is the relevant role of T cells,
B cells, and macrophages in autoimmune pathology? What initiates systemic
autoimmunity and the development of ANAs? These and many other questions
require more clinical research supported by better animal models of these diseases.
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Abbreviations

ANA
BAFF
h
hLa-Tg
La
m
non-Tg
pSS
RNP
Ro60
Ro52
RRM
SLE
Th
Y

antinuclear antibody
B cell–activating factor
human
human La transgenic mice
48-kDa La/SS-B protein
mouse
non-transgenic mice
primary Sjögren’s syndrome
ribonucleoprotein complex
60-kDa Ro protein
52-kDa Ro protein
RNA recognition motif
systemic lupus erythematosus
CD4+ helper T cells
small cytoplasmic RNA
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20
Autoantibody Recognition of Functional Sites
Carlo Selmi, Sabine Oertelt, Pietro Invernizzi, Mauro Podda,
and M. Eric Gershwin

20.1
Introduction

A large number of autoantibodies react against functional structures of the cell,
particularly nuclear components. Although in most cases the autoepitopes have
been mapped, the inhibitory power of autoantibodies in vivo remains incompletely defined. Among the identified autoantigens, functional sites are found within chromatin, nucleoli, and ribonucleoproteins (RNPs), as well as in mitochondrial proteins and cellular receptors.
DNA molecules and the bound histones are among the most common nuclear autoantigens, being recognized in up to 65% of sera from patients with systemic lupus erythematosus (SLE). These antinuclear autoantibodies (ANAs) react with the sugar-phosphate backbone of the double-stranded molecule as well
as with single bases of the single-stranded DNA, while anti-histone antibodies
directed against H2A and H2B more specifically characterize drug-induced
lupus. Other autoantibodies are directed against nuclear proteins expressed or
activated during specific phases of the cell cycle. For example, anti-centromere
antibodies (ACAs) target CENP-A, -B, and -C centromeric proteins during the
metaphase. Similarly, anti-Scl70 antibodies are directed against topoisomerase I
(Scl-70), a nuclear non-histone protein that uncoils condensed chromatin during
mitosis (Tamby et al. 2003). Moreover, the nucleus presents other autoepitopes,
such as extractable nuclear antigens (ENAs) associated with RNA molecules.
Small nuclear RNAs (snRNAs) catalyze RNA splicing; in this process, while U1
and U2 particles bind to the extremities of an intron, the “spliceosome” (U4,
U5, and U6 particles) leads to intron removal. Interestingly, the spliceosome is
highly conserved in vertebrates and insects and represents one of the recognized antigens by SLE-specific anti-Smith (anti-Sm) autoantibodies (Zieve and
Khusial 2003). The peculiarity of this serum autoantibody pattern is the combination of recognized snRNPs: the U1 particle is targeted by autoantibodies in
mixed connective tissue, while anti-Sm antibodies react less specifically with all
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snRNP particles. We also note that the major epitope is located within the C-terminus of the B protein and shares homology with an Epstein-Barr virus antigen. Finally, eukaryotic RNA polymerase III, responsible for tRNA, 5S RNA,
and snRNA synthesis, is the autoantigen recognized by SS-B (or La) antibodies
found in Sjögren’s syndrome and SLE.
Other autoantibodies show reactivity to membrane receptors and active molecules. Thyroid peroxidase (TPO) and thyrotropin receptor (TSHR) are recognized by autoantibodies in autoimmune thyroid disease and are localized on the
cell membrane. Known TPO epitopes present large overlapping regions, while
the epitopes of TSHR are as yet undefined. Although the identified sites remain
obscure in the latter case, the effects of autoantibody binding to TSHR are better known, resulting in either hyper- or hypothyroidism due to a TSH-like mimic action and a consequent enhancing or inhibitory effect. Curiously, both molecules require expression in mammalian cells to be recognized as autoantigens
(Rapoport and McLachlan 2001).
Lupus anticoagulant, or antiphospholipid antibodies, is an example of extracellular protein interference resulting in a systemic clinical syndrome. In this
case, autoantibodies recognize phospholipid-binding plasma proteins, such as
prothrombin, annexin V, and beta-2-glycoprotein, and elicit a procoagulant effect
along with additional endothelial cell activation. As the target molecule is
shared by a large number of clotting factors, the disease clinical expression involves a multifactorial process (Mackworth-Young 2004).
While the previously discussed autoantigens are clearly characterized in their
cellular or extracellular localization, the main issue of autoreactivity against intracellular antigens is linked to their potential aberrant expression. The question
of whether autoepitopes are expressed on the cell surface triggering the autoimmune response or are extruded by cells undergoing apoptosis remains unsolved.
Anti-mitochondrial autoantibodies (AMAs), the serum hallmark of primary biliary cirrhosis (PBC), are directed against specific intramitochondrial enzymes
and present an as yet undefined etiological role. We will discuss in this chapter
the available evidence and the current hypotheses regarding the induction,
perpetuation, effects, and pathogenetic role of AMAs in PBC as a paradigm of
autoantibodies directed against functional sites.

20.2
Anti-mitochondrial Antibodies in Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) summarizes several unknown aspects of autoimmunity, being both a model and a paradox for autoimmune conditions (Gershwin and Mackay 1991). The former is indicated by the characteristics of PBC
that are common to other conditions, such as the female predominance (Selmi
et al. 2004 a), the genetic predisposition (Selmi et al. 2004 b, 2004 c), and the
presence of specific autoantibodies in the vast majority of cases. However, in
the case of PBC, such autoantibodies also constitute the basis for the disease
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being a paradox, as their direct pathogenetic role is still poorly defined (Gershwin et al. 2000). Immunological attention to PBC was raised 10 years after its
clinical definition (Ahrens et al. 1950) when patient sera were found to react by
complement fixation with tissue extracts (Mackay 1958), later identified as mitochondria by indirect immunofluorescence (Walker et al. 1965). It was only in
1987 that molecular cloning showed that PBC-specific AMA recognized a family
of components of 48–74 kDa that had previously been shown by immunoblotting (Frazer et al. 1985). The serum reactivity was further demonstrated as directed against the subunits of the 2-oxoacid dehydrogenase complex (2-OADC)
(Gershwin et al. 1987).
20.2.1
Biochemistry of the 2-Oxoacid Dehydrogenase Complex

As mentioned above, the application of molecular biological techniques led to
great progress in PBC, allowing molecular cloning of the cDNAs that encode
the major mitochondrial autoantigens, i.e., the 2-oxoacid dehydrogenase complexes (2-OADCs). The 2-OADCs are multi-enzyme complexes that are essential
in energy metabolism (Reed and Hackert 1990). This enzyme family comprises
the pyruvate dehydrogenase complex (PDC), the 2-oxo-glutarate dehydrogenase
complex (OGDC), and the branched chain 2-oxoacid dehydrogenase complex
(BCOADC). Each of the three complexes consists of three subunits, i.e., E1, E2,
and E3. All subunits are proteins separately encoded in the nucleus and imported through the cytoplasm into mitochondria for assembly into high-molecular-weight multimers located on the inner membrane. Each 2-OADC occupies a
central position in intermediary metabolism, and the activity of each complex
within mitochondria is under strict control by dietary factors and hormones. Table 20.1 summarizes the molecular weights and functions of the 2-OADC subunits. PDC links glycolysis to the citric acid cycle (Krebs cycle); OGDC works
within the citric acid cycle; and BCOADC catalyzes an irreversible step in the
catabolism of several essential amino acids, including the branched-chain amino
acids valine, leucine, and isoleucine. The overall structure of each of the 2OADCs is similar in that each consists of multiple copies of three functionally
equivalent subunit enzymes. For each multi-enzyme complex, the E2 component forms a symmetrical core around which the E1 and E3 components are arranged (Patel and Roche 1990). The E2 components consist of several functional
domains: the inner catalytic domain containing the active site, one or more lipoyl domains containing the lysine residue to which the essential cofactor lipoic
acid is attached, and an E3-binding domain.
As explained in more detail below, PDC-E2 and E3BP are the major autoantigens for serum AMAs. Thus, it is crucial to illustrate their structure more fully.
It has been demonstrated that both PDC-E2 and E3BP fold into distinct domains linked by flexible regions rich in alanine and proline residues; interestingly, such flexibility is important for the enzyme catalytic function. Moreover,
both polypeptides have a central core region, responsible for binding to other
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Table 20.1 Molecular weights and functions of the 2-oxo-acid dehydrogenase complexes.
Enzymes

MW (kDa)

Function

Pyruvate dehydrogenase complexes
E1a decarboxylase

41

E1b decarboxylase

36

E2 acetyltransferase

74

E3 lipoamide dehydrogenase

55

E3-binding protein (protein X)

56

Decarboxylates pyruvate with thiamine pyrophosphate (TTP) as a
cofactor
Decarboxylates pyruvate with TTP
as a cofactor
Transfers acetyl group from E1 to
coenzyme A (CoA)
Regenerates disulphide of E2 by
oxidation of lipoic acid
Anchors E2 to the E2 core of pyruvate dehydrogenase complex

2-oxoglutarate dehydrogenase complexes
E1 oxoglutarate dehydrogenase

113

E2 succinyl transferase

48

E3 lipoamide dehydrogenase

55

Decarboxylates a-ketoglutarate with
TTP as a cofactor
Transfers succinyl group from E2 to
CoA
Regenerates disulphide of E2 by
oxidation of lipoic acid

Branched-chain 2-oxo-acid dehydrogenase complexes
E1a decarboxylase
E1b decarboxylase

46
38

E2 acyltransferase
E3 lipoamide dehydrogenase

52
55

Decarboxylates a-keto acids
Is derived from leucine, isoleucine,
and valine with TTP as a cofactor
Transfers acyl group from E1 to CoA
Regenerates disulphide of E2 by
oxidation of lipoic acid

polypeptides. The E2 core, moreover, contains the residues essential for its catalytic activity and is linked to a binding domain, which accounts for the binding
to E1 (and possibly E3). On the other hand, the corresponding E3BP region
binds E3 only. Further, both polypeptides include at their amino terminals compact domains containing the covalently attached lipoic acid cofactor (Reed and
Hackert 1990). PDC-E2 has two and E3BP a single lipoylated domain (Neagle et
al. 1989). These domains are exposed on the surface of the E2 core, thus likely
contributing to the antigenicity of the molecules (see Section 20.3). In all three
cases, the domain is composed by a single lipoic acid residue covalently attached to a lysine residue in a constant DKA sequence motif. The three-dimensional structure of the inner lipoyl domain of human PDC-E2 has recently been
determined and is illustrated in Figure 20.1 (Howard et al. 1998).
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Fig. 20.1 Three-dimensional structure of the PDC-E2 inner lipoylated
domain based on published NMR structure (Howard et al. 1998)

20.2.2
Epitopes in Biliary Epithelia

Biliary epithelial cells (BECs) constitute a heterogeneous cell population (Katayanagi et al. 1999), with those that line large extrahepatic bile ducts being distinct
from those that line small intrahepatic bile ducts. The identification of specific
characteristics of BECs (by the differential expression of cell adhesion molecules, response to cytokines, growth factors, and the like) may explain the strict
organ specificity of the immune-mediated injury in PBC. In particular, intrahepatic BECs may express target molecules not expressed in the large bile ducts.
Mechanisms involved in the disruption of the biliary epithelium in PBC, especially the association between AMAs and bile duct damage, remain poorly understood, although several hypotheses have been proposed. These include, but
are not limited to, a T-cell-mediated cytotoxicity and/or an intracellular interaction between the IgA class of AMAs and mitochondrial autoantigens in BECs
during the intracellular transport, resulting in cytotoxicity. Several studies suggest that BECs are antigenically distinct since they express molecules that are
associated with immune recognition of target cells, such as adhesion molecules,
antigens of the major histocompatibility complex (MHC), and costimulatory
molecules. However, these molecules are not specific for PBC, having been de-
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scribed in other inflammatory liver diseases, and are therefore considered secondary events. Interestingly, PDC-E2 and E3BP, the two major autoantigens associated with PBC, are upregulated in PBC when BECs are examined immunohistochemically (Joplin et al. 1991, 1994; Van de Water et al. 1991). Furthermore, this upregulation is present at early stages in the natural history of the
disease (Tsuneyama et al. 1995) and can also be found in BECs from allografts
of patients with recurrent PBC following orthotopic liver transplantation (Van
de Water et al. 1996). The latter observation strongly suggests a role for these
antigens in the pathogenesis and/or progression (and recurrence) of PBC. Immunohistochemically, PDC-E2 also appears to be localized to the apical region
of the BECs in the PBC liver. We can hypothesize that the increased focal expression of PDC-E2 by intrahepatic BECs in PBC might be secondary to enhanced synthesis, impaired degradation, and abnormal targeting of the PDC-E2
to the plasma membrane of BECs. It is not clear at present, however, whether
the molecule that is detected at this special location is the whole PDC-E2 molecule, a part of PDC-E2, or possibly a non-2-OADC molecule that is cross-reactive
with PDC-E2. The finding that PDC-E2 messenger RNA is undetectable in PBC
BECs argues against simple enhanced synthesis with overspill to the cytoplasm
and/or the surface (Harada et al. 1997 b); however, it does not rule out the possibility of a trafficking defect, in which PDC-E2 is aberrantly transported to the
cytoplasmic membrane. This alteration might occur as a result of a point mutation in the mitochondrial presequence, in a manner analogous to the mistargeting of alanine in primary hyperoxaluria (Danpure 1998). Our study with specific
monoclonal antibodies and human combinatorial antibodies indicated that a
molecule cross-reactive with PDC-E2, but not PDC-E2 itself, is expressed at high
levels at the lumenal region of bile ducts in PBC patients (Cha et al. 1994; Van
de Water et al. 1993). Further, the analysis of AMA binding to the membrane
fraction of purified BECs has suggested that AMAs in patients with PBC may
react with PDC-E3BP rather than PDC-E2 (Joplin et al. 1997); similar to what
was inferred from other expression studies, it is not clear at present which
mechanism may lead to this alteration. Apoptosis is a widely studied player in
this scenario. BECs undergo apoptosis in PBC as indicated by in situ nick-end
labeling methods for the detection of DNA fragmentation (Harada et al. 1997 a;
Koga et al. 1997). More recently, experimental evidence has further defined
apoptosis in PBC and has demonstrated that such a process has unique features
in PBC bile duct cells (Odin et al. 2001), and that PDC-E2 is released without
caspase cleavage from apoptotic cells (Matsumura et al. 2002). The latter observations might in turn be responsible for the liberation from BECs undergoing
apoptosis of intact PDC-E2 that could account for the appearance of AMA-IgG
immunocomplexes. We also note that related studies have shown not only increased expression of perforin and granzymes in PBC, but, in addition, Fas
(CD95) has also been shown to be upregulated on the BEC membrane. It is
thus possible that both of these pathways might be involved (Harada et al.
1997 a; Kuroki et al. 1996). Similarly, BECs from PBC patients overexpress IL-6
and TNF-alpha compared to other hepatobiliary diseases (Yasoshima et al.
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1998). The finding that TNF receptor and IL-6 receptor are also detected on
damaged bile ducts clearly suggests an autocrine effect (Yasoshima et al. 1998).
Accordingly, the increased expression of IL-6 and TNF-alpha could affect the
proliferation, maturation, and regulation of B-cell and T-cell lineage infiltrates
around bile ducts (Jelinek and Lipsky 1987). IL-6 promotes terminal differentiation of B cells, leading to immunoglobulin secretion. TNF-alpha, on the other
hand, has been shown to induce the expression of adhesion molecules, HLADR, and a variety of other antigens on the bile ducts. It may also increase the
cytotoxic activities of T cells. We may then surmise that IL-6 is responsible for
BEC proliferation via an autocrine pathway (Matsumoto et al. 1994), while TNFalpha may be directly involved in BEC damage. The autocrine role of TNF-alpha
on cell damage, including apoptosis, has already been shown in renal epithelial
cells and hepatitis B– and C virus–infected hepatocytes (Gonzalez-Amaro et al.
1994). TNF-alpha is also known to interfere with the barrier function of the bile
ducts, which may lead to leakage of toxic substances into the bile, resulting in a
local inflammatory process and cholangitis (Mano et al. 1996). The same process could also account for an increased circulation of chemicals, thus contributing to the xenobiotic story in PBC (see Section 20.9).
Extensive studies have mapped the autoimmune response to epitopes recognized by immune effectors. Among 2-OADCs, the antigenic determinants in
PDC-E2 have been best characterized. For fine epitope mapping of the human
PDC-E2, truncated constructs of PDC-E2 were generated, and assays of multiple
overlapping recombinant proteins from human PDC-E2 cDNA indicated there
were at least three AMA autoepitopes (Surh et al. 1990). Specifically, AMAs
were demonstrated to bind the cross-reactive outer and inner lipoyl domains
and a site surrounding the region that binds the E1 and E3 subunits, with the
dominant epitope localized to the inner lipoyl region. The outer lipoyl region
presents weaker reactivity, and only a minority of PBC sera reacted with the E1/
E3-binding region. Analysis of recombinant fusion proteins expressed from a
cDNA encoding the inner lipoyl domain revealed a minimal requirement of 76
amino acids (residues 146–221) for detectable autoantibody binding and of 94
amino acids (residues 128–221) for strong binding. This requirement for such a
large peptide region for immunoreactivity is of interest and indicates that the
autoepitope for the B-cell response is conformational (Rowley et al. 1991). PDCE1a differs from PDC-E2 in that it lacks any covalently bound lipoic acid. The
autoepitope of PDC-E1a is located at the region that contains the enzyme functional sites, the phosphorylation, and the TTP-binding sites (Iwayama et al.
1991). The antigenic determinants of BCOADC-E2 and OGDC-E2 have also
been characterized using expressed fragments of BCOADC-E2 and OGDC-E2.
Autoantibody reactivity to BCOADC-E2 mapped within residues 1–115 with
strong binding and residues 1–84 (lipoyl domain) with weaker binding. Only
the full-length recombinant protein (residues 1–421) is sufficient to remove all
detectable anti-BCOADC-E2 reactivity (Leung et al. 1995). This suggested that
the BCOADC-E2 epitopes are highly conformational. Similarly, a minimum of
81 amino acids (residues 67–147) corresponding to the lipoyl domain of OGDC-
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Fig. 20.2 Structure of 2-OADC proteins and the overlapping T-cell and
B-cell epitopes in PBC.

E2 is necessary for anti-OGDC-E2 reactivity (Moteki et al. 1996 b; Palmer et al.
1999). Recently, the epitope of the E3-binding protein recognized by AMAs was
also determined as the lipoic acid–binding domain. There was little IgM response to the E3BP lipoyl domain, suggesting that this immune response is
a secondary phenomenon, probably because of antigen-determinant spreading
(Dubel et al. 1999). Interestingly, the immunodominant epitopes of PDC-E2,
OGDC-E2, and BCOADC-E2 are all conformational lipoate-binding sites, and
antibodies against them do not cross-react. Although it is beyond the scope of
the present chapter, we also note that the epitopes recognized by autoreactive T
cells in PBC have been identified and that they overlap partially with the amino
acid sequences reacting with AMAs. Figure 20.2 illustrates the AMA and T-cell
epitopes thus far demonstrated in PBC (Ishibashi et al. 2003).
Following AMA epitope-mapping studies, a triple-expression hybrid clone consisting of three different lipoyl domains, PDC-E2 (residues 91–128), OGDC-E2
(67–147), and BCOADC-E2 (1–118), was constructed and tested in immunoblotting and ELISA. Of 186 sera from patients with PBC, 152 (81.7%) reacted with
recombinant PDC-E2, whereas 171 sera (91.9%) showed positive reactivity when
probed by immunoblotting against the recombinant triple-hybrid protein (Moteki et al. 1996 a). Table 20.2 illustrates the specific AMA pattern observed in PBC
sera. Accordingly, ELISA or immunoblotting using this recombinant protein
seems to be a powerful and specific method that will replace classical immunofluorescence for the detection of AMAs. Recent studies based on such recombi-

20.3 Enzyme Inhibition
Table 20.2 Mitochondrial autoantigens recognized by PBC sera.
Antigen

Prevalence (%)

PDC-E2
PDC-E3-binding protein
OGDC-E2
BCOADC-E2
PDC-E1alpha
PDC-E1beta

90–95
90–95
39–88
53–55
41–66
1–7

nant antigens have provided similar results (Miyakawa et al. 2001) and allowed
us to estimate that less than 5% of PBC sera lack AMAs when tested with the
most sensitive technique available. Accordingly, the detection of AMAs is one of
the criteria currently necessary for the diagnosis of PBC in the clinical management of intrahepatic cholestasis, along with an increased alkaline phosphatase
plasma level and a compatible liver histology (Talwalkar and Lindor 2003).
The role of lipoic acid in AMA reactivity warrants particular attention, as previously indicated. In all AMA major autoantigens, in fact, epitopes contain the motif DKA, with lipoic acid covalently bound to the lysine (K) residue. It is not clear
what the role of lipoic acid is in epitope recognition by AMAs; in fact, apparently
conflicting results indicated that AMAs bind to both the lipoylated and unlipoylated forms of PDC-E2 (Quinn et al. 1993), while they can also bind to lipoic acid
attached to a non-2-OADC peptide (Bruggraber et al. 2003). The role of lipoic acid
in the breakdown of tolerance in PBC is further stressed by the xenobiotic theory;
according to this theory, in fact, lipoic acid would be the most likely target to modification by chemicals to induce neo-antigens (see Section 20.4).

20.3
Enzyme Inhibition

As explained elsewhere in this chapter, AMAs from patients with PBC react
against several 2-OADC enzymes and subunits. Within such molecules, moreover, different amino acid sequences can constitute the major epitope, thus
making the humoral autoimmune response observed with routine methods
(i.e., indirect immunofluorescence, immunoblotting) widely variable and, possibly, poorly specific with regard to the pathogenesis of the disease. Based on this
theory, several studies have investigated the inhibitory effects of AMAs on PDCE2 to provide a better definition of the recognized epitopes and to define the resulting effect from the antibody binding. Moreover, such assays were proven to
be less subjective compared to routine methods in the interpretation of results
(Jensen et al. 2000). As also indicated from the epitope mapping, AMAs share
the capability of inhibiting the enzymatic activity of 2-OADCs, with most evidence gathered for PDC-E2. Quite expectedly, AMA titers also correlate with the
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enzyme inhibition capacity of these autoantibodies; interestingly, however, the
common fluctuations in AMA titers observed in PBC could be best determined
when using enzyme assay kits rather than immunoblotting using bovine heart
mitochondria (Hazama et al. 2000). Other researchers compared the diagnostic
sensitivity of the former assay with indirect immunofluorescence and estimated
it to be 82%, thus lower than indirect immunofluorescence but accompanied by
a specificity higher than 99% (Jois et al. 2000). Similar results were obtained in
a study on 71 PBC sera that also indicated that the stage of disease did not influence the enzyme inhibition assay (Teoh et al. 1994 b). We also note that the
comparison of the AMA inhibition capacity on mammalian PDC-E2 and PDCE2 from E. coli and Saccharomyces cerevisiae demonstrated that the enzyme inhibition was significantly lower in bacteria and yeasts than in mammalian molecules (Teoh et al. 1994 a). These data could be interpreted as militating against a
role for the two specific microorganisms in the induction of PBC through molecular mimicry (see Section 20.5).

20.4
Xenobiotics and AMA

The hypothesis that PBC might be caused by exposure to chemicals was first
based on the geoepidemiology data on the prevalence of the disease, which in
some cases indicated a role for water supplies or other environmental vectors
(Selmi et al. 2004 a). Xenobiotics are foreign compounds that may either alter or
complex to defined self-proteins, inducing a change in the molecular structure
of the native protein sufficient to induce an immune response. Such immune
responses may then result in the recognition of not only the modified or altered
protein but also the unmodified native protein (Rose 2000). The chronic presence of the self-protein serves to perpetuate the immune response initiated by
the xenobiotic-induced adduct, thus leading to autoimmunity. Interestingly,
most chemicals are transported to the liver through the portal system where
they are also metabolized, thereby increasing the potential for liver-specific alteration of proteins. In fact, a liver-specific autoimmune disease was observed in
some patients exposed to chlorofluorohydrocarbon anesthetics, while immunization with halothane, whose trifluoroacetyl (TFA) metabolite covalently links to
lysine on cytochrome p450 2E1, induces the formation of antibodies that crossreact with not only the haptenated (TFA) immunogen but also lipoylated PDCE2 (Sasaki et al. 2000). This finding has several potential implications in the
pathogenesis of PBC; in fact, one of the major working hypotheses is currently
that potential modifications of self-proteins by agents such as xenobiotics may
alter such self-proteins enough to cause a breakdown of tolerance. In this scenario, the immune response would be perpetuated by the chronic low level of
turnover for the self-protein, which is the case for PDC-E2, being essential for
the function of mitochondria to change between an oxidized and reduced state.
Perhaps the preference for enzymes, containing substituents like lipoic acid,

20.5 Microorganisms and AMAs

can be explained because the functional site of the enzymes is more accessible
and therefore more susceptible to modification by exogenous agents (e.g., xenobiotics), thus providing neoantigens that can be recognized by the immune system (Steinman 1999). To address this hypothesis, we therefore took advantage
of ab initio quantum chemistry and synthesized the inner lipoyl domain of
PDC-E2, replacing the lipoic acid moiety with a large number of synthetic structures designed to mimic a xenobiotically modified lipoyl hapten (Long et al.
2001). We then quantitated the reactivity of sera from PBC patients to these
structures. Interestingly, AMAs reacted against three of the 18 organic modified
autoepitopes with significantly higher affinity than to the native lipoylated domain. By structural analysis, the features that correlated with autoantibody binding included synthetic domain peptides with a halide or methyl halide in the
meta or para position containing no strong hydrogen bond–accepting groups on
the phenyl ring of the lysine substituents, and synthetic domain peptides with a
relatively low rotation barrier about the linkage bond. More recently, it was reported that immunization of rabbits with a halogenated compound, i.e., 6-bromohexanoate, led to AMA appearance in the absence of a PDC-E2-like peptide
backbone (Leung et al. 2003) and that such serum reactivity was reversible
when the stimulus was suspended (Amano et al. 2004). However, no signs of
liver disease were achieved with these animal models. It is intriguing that many
common products, including pharmaceuticals and household detergents, have
the potential to produce closely related halogenated derivatives as intermediate
or end-stage metabolites. Moreover, a large number of common pharmaceuticals, including diuretic agents, also share halogenated structures. In fact, halogens are common substituents in pharmaceuticals that modulate binding, activity, and metabolism. The resulting thesis states that people genetically predisposed to PBC have inherited such predisposition based on either the cytochrome p450 pathway or another metabolic process responsible for degrading
halogenated compounds. We note, however, that an association study of genetic
polymorphisms influencing xenobiotic transport or metabolism (including
CYP2E1 and 2D6) in a large series of patients with PBC and controls did not
suggest a role for such variants in susceptibility to PBC (Kimura et al. 2005). Estrogens have also been shown to modulate the expression of many liver metabolic pathways, and this may explain the female predominance of PBC. Finally,
the presence of primarily small bile duct destruction may be reflective of the local mucosal immune response, which is more prominent on epithelial surfaces
(Reynoso-Paz et al. 2000).

20.5
Microorganisms and AMAs

The ability of infectious agents, particularly bacteria, to induce autoimmune responses in experimental settings has been documented, and molecular mimicry
is the most widely studied mechanism to account for these phenomena (Van de
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Water et al. 2001). This paradigm suggests that microorganisms present peptides sharing different degrees of similarity with self-proteins, thus leading to a
promiscuous antibody- and cell-mediated immune response capable of reacting
with both microbial and self-epitopes. T-cell activation produces cross-reacting T
cells, leading to self-tissue destruction and thus perpetuating the autoimmune
response, possibly through the corruption of the T-cell receptor and cross-priming (Selmi and Gershwin 2004). Of the bacterial strains potentially involved in
PBC through molecular mimicry, most evidence has been reported for Escherichia coli, as suggested by reports of an increased incidence of urinary tract infections in patients with PBC (Parikh-Patel et al. 2001). Other microorganisms
have been identified as potential mimics. Chlamydia pneumoniae persists in
many human tissues and has a putative role in coronary disease and thus could
be related to epithelial cell reactivity (Abdulkarim 2004); association with Helicobacter pylori is controversial, being identified by some, due to a higher incidence
of gastritis type A among PBC patients, but not confirmed by others (Dohmen
2001; Floreani 1997). Finally, none of the mentioned microorganisms could be
proven to have a definite association with disease development.
Our group has recently investigated the role in PBC of the newly defined bacterial strain Novosphingobium aromaticivorans (Selmi et al. 2003). This unique
bacterium appears to be the best candidate to induce molecular mimicry in
PBC for several reasons. First, the amino acid sequences of two different proteins from N. aromaticivorans present the highest degree of homology with the
main PDC-E2 autoepitope (amino acids 208–237) recognized by AMAs and T
cells. This degree of similarity, albeit not unique to N. aromaticivorans, is significantly higher compared to candidate proteins from other strains previously studied in PBC, such as E. coli or Chlamydia pneumoniae. Second, the bacterium is
ubiquitous, has not been found to be pathogenic to humans, and shares the
ability to activate 17-beta estradiol (Fujii et al. 2002). Further, we note that a role
for halogenated xenobiotics has been proposed by our group in the induction of
PBC (see Section 20.4), and the capability of N. aromaticivorans to metabolize a
growing number of chemical compounds (Fredrickson et al. 1995) suggests that
this bacterium, as well as other strains with similar characteristics, might be
the missing link between xenobiotics and bacteria in PBC. In our first study, we
analyzed a large number of sera from patients with PBC and controls using recombinant mitochondrial antigens and bacterial proteins from N. aromaticivorans homogenates. Reactivity against two lipoylated proteins with molecular
weights of 47 kDa and 50 kDa was observed in 100% of anti-PDC-E2–positive
sera and also in a fraction of AMA-negative sera. In contrast with what was reported for other bacterial species, the pattern was observed in patients with both
early and advanced disease, and, in one case, it suggested the diagnosis of PBC
in a previously considered healthy sister of a known patient. The reactivity was
specific for PBC sera, as no samples from first-degree relatives of patients (with
the exception of the previously mentioned specific case) or controls with other
autoimmune diseases were found positive against such proteins. Moreover, we
estimated that the reactivity against N. aromaticivorans was 100- to 1000-fold
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higher than against E. coli, being still detectable at 10–6 dilution in 23% of antiPDC-E2–positive sera. To further address our hypothesis, we also searched for
molecular evidence of the bacterium in fecal samples from patients with PBC
and non-PBC controls living in the same household. Results showed that approximately 25% of specimens, regardless of the diagnosis, had detectable 16S
rRNA target sequences, thus demonstrating for the first time the presence of N.
aromaticivorans in humans.
For purposes of completeness, we also note that a novel human beta-retrovirus has been suggested in the etiology of PBC (Xu et al. 2003); however, we
were unable to confirm such data in an independent approach (Selmi et al.
2004 d).

20.6
AMAs in the Pathogenesis of PBC

As stated above, several clinical and experimental findings strongly imply an
autoimmune pathogenesis for PBC (Selmi et al. 2004 a). Common features of
other autoimmune conditions seem to apply only in part to PBC. First, autoantibodies should be present in patients with the disease. PBC is characterized by
the presence of detectable AMAs in approximately 90–95% of affected individuals, although we note that patients lacking AMAs can present with a disease
picture and progression similar to that found in AMA-positive subjects (Invernizzi et al. 1997), thus seemingly arguing against a pathogenic role for these autoantibodies. Autoreactive T cells, both CD4 and CD8, have been identified in
AMA-negative PBC, and such lymphocytes and AMAs recognize overlapping
epitopes within the mitochondrial antigens (Ishibashi et al. 2003) (Fig. 20.2).
Second, autoantibodies should interact with the target antigen, the passive
transfer of autoantibodies should reproduce the clinical features, and experimental immunization with the antigen should produce a model disease. No direct proof has yet been provided for a direct pathogenic role of AMAs in the bile
duct injury observed in PBC. Similarly, no convincing animal model has been
described, although AMAs can be generated in experimental animals following
immunization with several antigens. Third, in autoimmune diseases the reduction of autoantibody levels should ameliorate the disease; this criterion is also
poorly fulfilled in PBC where there is no correlation between the pattern or titer
of AMAs and the progression of the disease (Bogdanos et al. 2003).
Finally, it is well established that most autoimmune diseases are responsive
to immunosuppressive therapy. In PBC, all immunosuppressive agents have
proven to be relatively ineffective (Talwalkar and Lindor 2003). In conclusion,
therefore, the pathogenic role of AMAs still remains to be elucidated, similar to
many other aspects in PBC pathogenesis. In fact, we cannot rule out, at present, that the specific humoral autoimmunity might not play a central role in
the organ-specific injury of PBC.
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20.7
Other Autoantibodies in PBC

The absence of detectable serum AMAs in 5–10% of patients with PBC has
prompted the search for other noninvasive markers. Two distinct ANA patterns
at immunofluorescence have been proven to be specific for PBC, i.e., multiple
nuclear dots and rim-like patterns (Worman and Courvalin 2003). The autoantibodies producing the former pattern are directed against Sp100 and promyelocytic leukemia proteins and are detected in about 30% of PBC cases (Szostecki
et al. 1997). Rim-like ANAs, on the other hand, react against proteins of the nuclear pore complexes, supramolecular structures that include gp210 (a 210-kDa
transmembrane glycoprotein involved in the attachment of nuclear pore complex constituents within the nuclear membrane), p62 (a nuclear pore glycoprotein), and the inner nuclear membrane protein lamin B receptor. Serum antigp210 ANAs are detected in about 25% (10–40%) of AMA-positive and up to
50% of AMA-negative patients (in both cases with high specificity) (Invernizzi
et al. 2001). Autoantibodies reacting with p62 or lamin B receptor are found in
about 13% and 1% of patients with PBC, respectively. Interestingly, the presence of anti-gp210 and anti-p62 ANAs in the same serum is rare.
Other less-specific autoantibodies can be detected in PBC sera, directed
against centromere proteins, histone, spliceosome components, and singlestranded DNA (Chou et al. 1995). In some cases, these autoantibodies reflect
other autoimmune conditions that often coexist with PBC.

20.8
Concluding Remarks and Future Directions

Our knowledge of the “destructive” arm in the pathogenesis of PBC is still
largely incomplete. Specific autoantibodies have been widely studied and defined, despite the incomplete understanding of their pathogenic role. Interestingly, epitopes recognized by the cellular and humoral immune system in the
autoimmunity leading to PBC present significant overlapping, and this suggests
that both compartments contribute to the pathogenesis of the disease. We have
described herein the known and unknown aspects of the rise in AMAs and
their role in the pathogenesis of PBC as a paradigm of autoantibodies against
functional sites possibly leading to clinical disease. We note that similar findings are being reported in other autoimmune diseases in which autoantibodies
are directed against critical enzymes. In all of these conditions, only a wider effort capable of studying both humoral and cellular autoreactivity, as well as better immunological definition in light of the proposed etiologic factors, can provide further insight into the pathogenetic mechanisms of these autoimmune
diseases, thus allowing novel and more focused therapeutic approaches for autoimmunity.
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Novel Mechanisms of Autoantibody Induction
and Pathogenesis in Experimental Autoimmunity *
Yulius Y. Setiady and Kenneth S.K. Tung

21.1
Introduction

The importance of serum autoantibodies (autoAbs) as markers for disease diagnosis is undisputed. Less defined has been the autoAb as a mechanism of disease. Autoimmune disease induction by antibody (Ab) transfer has established
the capacity of autoAbs to induce tissue pathology. Clinically, there is association
between maternal autoAbs and development of autoimmune disease in the progeny (congenital heart block), and human autoAbs transferred from patient to
neonatal mice induced similar immunopathology (pemphigus). In autoimmune
diseases that target circulating blood cells, cell receptors, and some solid organ
antigens (Ags) (pemphigus vulgaris, systemic lupus erythematosus [SLE], and
glomerulonephritis), strong evidence supports autoAbs an important effectors.
However, autoAbs are considered to have only a secondary role in autoimmune
diseases such as multiple sclerosis, premature ovarian failure, autoimmune
prostatitis, thyroiditis, and rheumatoid arthritis.
In experimental autoimmune disease investigation, a common question has
been the relative supremacy between Ab and T-cell immunity. However, this
approach is strongly influenced by the manner in which the disease is induced,
as exemplified by the recently described models of rheumatoid arthritis, one of
which strongly implicates a pure autoAb effect [1] and the other of which
strongly supports a pure pathogenic T-cell effect [2]. These “polarized” models
are important in illustrating the pathogenetic potential of T cells and autoAbs in
isolation; however, they do not address the more complex situation in human
diseases. The outcome of research differentiating cellular immunity and autoAbs is also determined by the bias and the expertise of the investigator, and
conclusions may change over time as new research approaches evolve.
We have investigated autoAbs based on several models of autoimmune ovarian disease (AOD). In these studies, we have consistently observed a close inter* A list of abbreviations used is located at the end of this chapter.
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action and interdependency between autoAbs and T-cell immunity. Indeed, their
symbiotic relationship is evident in the inductive phase as well as the effector
phase of disease. In addition, studies on these unique models have identified
an unexpected mechanism of how autoAbs are induced and regulated, and how
the Ab causes immunopathology and disease. In this chapter, we will present
our findings, whereas only a limited review of the pertinent literature will be
provided.

21.2
The Autoimmune Ovarian Disease (AOD) Models
21.2.1
The ZP3 Model

ZP3 is a glycoprotein of the zona pellucida (ZP) matrix that surrounds growing
and mature ovarian oocytes. It is accessible by circulating Abs and functions as
the primary sperm receptor in fertilization [3]. The autoAg is the murine ZP3
peptide (330–342) (NSSSSQFQIHGPR; pZP3) (Table 21.1), which induces severe AOD when injected with complete Freund’s adjuvant (CFA) [4]. Disease induction is major histocompatibility complex (MHC)-restricted: thus, inbred and
H-2 congenic mice of the k, a, u, and s haplotypes are responders, whereas
those of the b, d, and q haplotypes are non-responders [5]. However, (C57BL/
6 ´ A/J) F1 (B6AF1) mice are most susceptible, and therefore they have been
used in most of our studies.
B6AF1 mice immunized with pZP3 in CFA develop a pZP3-specific T-cell response and produce mixed Th1- and Th2-type cytokines. They also develop autoAbs to the ZP, detectable in serum and bound to the ovarian ZP. The truncated
ZP3 (330–340) peptide has two nested T-cell epitopes, and they overlap with an
8-mer native ZP3 B-cell epitope (335–342) (QFQIHGPR) [5, 6] (Table 21.1). The
phenylalanine in position 336 is a critical residue of the T-cell epitopes, but it is
not required for the integrity of the native B epitope (335–342) [5]. The pZP3specific CD4+ T cells are pivotal and sufficient to cause AOD because disease
can be adoptively transferred by regional lymph node CD4+ (but not CD8+) T
cells of pZP3-immunized mice. AOD is also transferred by pZP3-specific CD4+
T-cell lines and T-cell clones [4, 7]. Both T-cell clones that produce Th1- and
Th2-dominant cytokines transfer severe granulomatous inflammation in the
ovaries of normal recipients; however, eosinophilic infiltration is detected only
in the granuloma induced by the Th2 clones (Alard and Tung, unpublished). In
contrast to T-cell transfer, passively transferred ZP3 Ab forms immune complex
with the ovarian ZP, but this has no associated C3 deposition and does not
cause ovarian pathology.
The finding in ZP3-induced AOD is similar to many other organ-specific
autoimmune disease (experimental autoimmune encephalomyelitis [EAE], diabetes in non-obese diabetic (NOD) mice, etc.), with the exception that in AOD,
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the Ab is a well-defined component of the ZP3 autoimmune response and the
ovarian ZP is a well-defined target that permits precise visualization of autoAb
binding in vivo.
21.2.2
The Day-3 Thymectomy AOD Model

Day-3 thymectomy (d3tx) in different inbred mice results in frequent and severe
spontaneous autoimmune disease. Although the incidence of disease is the
highest in the ovary, it also targets the stomach, thyroid, lachrymal gland, prostate, and testis. The diseased mice produce respective organ-specific autoAbs
and pathogenic T-cell response [8–12]. The autoAbs from d3tx mice have been
used successfully to identify the dominant cognate autoAgs in autoimmune gastritis (H+K+ATPase) [13, 14], AOD (Mater) [15], and autoimmune prostatitis
(Ohno, Setiady, and Tung, unpublished). The CD4+ effector T cells from the
d3tx mice can transfer the donor disease; however, the role of the autoAb has
not been fully investigated. An imbalance of effector and regulatory T cells created by d3tx is likely responsible for the induction of autoimmune disease and
autoAbs. The CD4+ T cells that express CD25 (IL2Ra) have been shown to be
critical in maintaining self-tolerance; also, the infusion of CD4+CD25+ spleen T
cells or CD4+CD8-CD25+ thymocytes from normal syngeneic adults completely
inhibits d3tx disease [16–18]. In addition, thymus-derived CD4+CD25+ T cells
are detected in the spleen after day 3 of life, and they would be depleted or reduced by d3tx [19]. The lack of CD25+ regulatory T-cell function in 3-day-old
mice is also supported by the finding that CD4+ T cells from 3-day-old, but not
adult, euthymic BALB/c donors induced autoimmune diseases in syngeneic nu/
nu recipients [20]. However, mechanisms other than CD4+CD25+ T-cell depletion are also operative in d3tx disease because CD25+ T-cell depletion per se
does not induce autoimmune disease in normal mice and because d3tx mice exhibit severe lymphopenia that is critical for disease induction [21].

21.2.3
The Neonatal AOD Model

Although adult females with autoAb response to the ZP3 B-cell epitope (335–
342) are free of AOD, the progeny of the autoAb-positive dams developed severe
AOD [22]. This model of AOD documented for the first time the differential
pathogenicity of autoAb in adult versus neonatal mice. It also recalls the clinical
observation of congenital heart block in infants of mothers with circulating
autoAbs to Ro and La but free of cardiac problems themselves. Unlike other
forms of neonatal autoimmune disease induced by maternal autoAbs, which are
transient, neonatal AOD (nAOD), just like the congenital heart block, is severe
and progressive, with inflammation and loss of functional tissues, oocytes in
AOD and the conduction system in heart block disease. As we will describe

497

498

21 Autoantibody Induction and Pathogenesis in Experimental Autoimmunity

later, autoAbs to ZP3 do not cause nAOD directly; instead, they form immune
complex with ovarian ZP3 and induce do novo activation of pathogenic T cells in
the neonatal mice.
In summary, the three models of AOD illustrate three different mechanisms
of autoimmune disease pathogenesis. In the pZP3 model, activation of Ag-presenting cells (APC) by adjuvant facilitates the induction of pathogenic autoimmune response to the pZP3 in individuals with an intact immune system and
illustrates how infection may participate in autoimmune disease pathogenesis.
AOD and autoAb response occur in the d3tx mice because of perturbation of
the normal immune system, and the autoimmune response is stimulated by endogenous Ags. This model strongly supports the existence of potentially pathogenic T cells in normal individuals, which are normally kept in check by the
regulatory T cells. The nAOD model describes a unique autoimmune disease
that affects neonatal mice but spares adult mice, and it provides an excellent opportunity for investigation of the properties of neonatal immune response in
vivo. The AOD models have permitted investigation of autoimmune response to
well-defined T- and B-cell epitopes and the study of T cells and autoAb response
in isolation or combined. Moreover, because ovarian Ags are gender specific,
studies of male and female responses also permit comparison between the response to the same peptide perceived as foreign or as self. Moreover, endogenous Ag can be depleted by ovariectomy, and ovarian graft can provide the target organ for “autoimmune” disease in animals deficient in ovaries. These useful properties of the AOD models have allowed us to study the induction and
maintenance of tolerance to organ-specific, non-sequestered autoAgs and to discover unexpected mechanisms of autoAb response.

21.3
Mechanism of Induction and Antigen Specificity of Autoantibodies
21.3.1
T-cell Peptide of a Self-protein Elicits Autoantibodies to Distant Sites
of the Protein Antigen

This phenomenon of amplified autoAb response was first described in AOD
study. In 1993, when we immunized female mice with pZP3 (330–340), the
self-peptide that lacked the native B-cell epitope sequence (335–342), the animals produced an Ab response against native ZP3 (Fig. 21.1). We called the
phenomenon an “amplified” Ab response, also known as the diversified Ab response. The amplified ZP-binding Ab did not react with the immunizing peptide, but it was removed by absorption with ZP that contains intact ZP3. Moreover, the amplified Ab was found to react with B-cell epitopes distant from the
ZP3 (335–342) epitope, including pZP3 (171–180), pZP3 (301–310), and pZP3
(411–430) epitopes [23]. This study described for the first time that T to B epitope spreading can occur in an autoimmune response, namely, the induction of
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Fig. 21.1 T to B epitope spreading: spontaneous Ab response to native ZP3 in female
mice immunized with a T-cell peptide of
ZP3. (A) IgG bound to the ovarian ZP detected by direct immunofluorescence in mice
immunized with pZP3 (330–340) that con-

tained known T-cell but not B-cell epitopes.
Zona-bound IgG was not detected in mice
immunized with pZP3 (331–339) that was
devoid of demonstrable T and B epitopes.
The arrow in (B) points to the unstained ZP
(´ 200).

Ab to a distant native B-cell epitope of a protein that follows immunization with
a pure T-cell epitope of that protein.
Epitope spreading has been found in many other autoimmune diseases (for a
review of this topic, see Immunological Review, Vol. 164). In a model of glomerulonephritis, injection of rats with a single pathogenic T-cell epitope of the noncollagen domain 1 of the collagen type IV a3 chain (29–39) induced Abs against
basement membrane proteins [24]. We have recently observed that epitope
spreading occurs against autoAgs of the eye and the testis (Agersborg, Gonzales, and Tung, unpublished), providing evidence that challenges the dogma of
complete Ag sequestration in these organs. Experimental models of SLE also revealed epitope spreading in autoimmune response to the Ro60 [25, 26], the La
Ags [27], and a peptide that mimics DNA [28]. The occurrence of epitope
spreading in patients with autoimmune disease has been documented in patients with SLE against the SmB/B' Ag [29]. However, the studies based on human autoAbs were based largely on serological analysis, and it is important to
consider Ag cross-reaction between different B-cell epitopes as an alternate
mechanism of “epitope spreading” [26].
An important message derived from studies on amplified autoAb responses is
that the Ag specificity of a natural autoAb (in patients or experimental animals)
need not mirror the immunogen that elicits the autoimmune disease. This argument is also supported by studies on the Ab responses in mice injected with
T-cell epitopes of the murine acetylcholine receptor (ACR) peptide [30] and mice
injected with murine cytochrome c [31].
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21.3.2
Mechanism of the Amplified Autoantibody Response

The mechanism of the amplified autoAb response detectable by indirect immunofluorescence on ovary section has been investigated most extensively in AOD
induced by pZP3 immunization. Amplified autoAb induction is surprisingly
rapid. It was detected on day 7 following immunization with the ZP3 T-cell epitope (330–340), only three days after a detectable T-cell response to the immunogen. In contrast, autoAb response to the peptidic B-cell epitope in ZP3 (330–
340) was not evident until two weeks later. The rapid induction of the amplified
autoAb response by endogenous Ag strongly argues against the existence of intrinsic B-cell tolerance to the peripheral tissue Ags that do not have access to
developing B cells. Instead, control of the autoAb response to the peripheral tissue Ag occurs via silencing of the autoreactive helper T-cell response.
The endogenous ovarian Ag is responsible for induction of the amplified
autoAb. Immunization of mice without ovaries (ovariectomized female) by
pZP3 (330–340) did not elicit amplified autoAb, although the mice produced Ab
to the nonnative, peptidic B-cell epitope present in the immunizing peptide. To
strengthen the requirement of endogenous Ag in amplified autoAb induction,
we recently observed that male mice also did not produce amplified Ab to
pZP3; however, they would do so after they were implanted with ovarian grafts
from normal mice but not from zp3 knockout mice (Pramoonjago, Sharp, and
Tung, unpublished). Interestingly, the amplified Ab induced by the ZP3 T-cell
epitope reacted with the ZP in ovaries from normal mice as well as with the
ovaries of zp3 knockout mice. This finding provides evidence for the occurrence
of intermolecular epitope spreading (from ZP3 T-cell epitope to ZP2 and/or
ZP1 B-cell epitopes) in the AOD system.
Induction of the amplified autoAb response is not a consequence of ovarian
injury for the following reasons. First, AOD and the autoAb response appeared
simultaneously on day 7 after immunization. Second, immunization with low
doses of pZP3 (330–340) induced a ZP Ab response in mice without oophoritis.
Additional support comes from experiments on mice with timed ovariectomy
(Ag depletion) around the time of ZP3 T-cell epitope immunization. When mice
were ovariectomized at two weeks or one day before immunization, they did
not produce ZP Abs. However, when the ovariectomy was delayed to day 2, day
4, or day 6 (when oophoritis was absent), the immunized mice still produced
amplified ZP Abs. As control, all ovariectomized mice produced a comparable
level of Abs to the peptide epitope of ZP3 (330–340). Therefore, amplified Ab
induction is a highly sensitive component of an autoimmune response. Unlike
the phenomenon of T to T epitope spreading, described in experimental autoimmune encephalomyelitis (EAE) [32], ovarian injury is not required for the induction of the amplified Ab response.
The induction of amplified autoAb likely occurs in the regional lymph node
since B220+ B cells and plasma cells were undetectable in ovaries of immunized
mice. Recent studies [33, 34] have shown that, in steady state, dendritic cells
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(DCs) continually internalize Ag derived from apoptotic cells in peripheral tissues and carry this Ag to the lymph node, where the Ag is presented to the T
cell to induce peripheral tolerance. In the case of a cycling ovary, a cohort of
40–50 primordial oocytes enters the growth phase every 4–5 days, and 80–90%
of the developing oocytes enter an apoptotic pathway and their follicles undergo
atresia [35]. The ZP Ag was detectable in atretic follicles and inside MHC II–
positive phagocytes, providing a continuous supply of the ZP Ag. In the lymph
node, the ZP-loaded DCs may present the Ag to the T cells and may also
“share” the Ag with the ZP-specific B cells. Normally, B-cell activation and Ab
production do not occur because appropriate T-cell help is lacking. However,
pZP3 immunization overrides the tolerance mechanism and activates pZP3-specific T cells that can recognize the endogenous ZP3 peptide presented by B cells
in their MHC II and stimulate ZP3 Ab production through cognate help. Indeed, inhibition of the costimulatory molecules CD40 ligand and B7 by monoclonal Ab to CD40 ligand and/or CTLA4-Ig fusion protein completely blocked
the amplified ZP3 Ab response [36] and inhibited the autoAb effect on disease
retargeting (see Section 21.4.2).
21.3.3
Amplified Autoantibody Response Also Occurs in Response to a Foreign
T-cell Epitope That Mimics a Self T-cell Epitope

Ag mimicry has long been proposed as a potential mechanism by which infectious agents induce autoimmune disease, and there have been tantalizing associations between infectious agents and autoimmunity, e.g., beta-hemolytic streptococci with rheumatic fever, coxsackie B3 viruses with myocarditis, diverse
viruses with multiple sclerosis, herpes simplex virus with myasthenia gravis,
and Compylobacter jejuni with Guillain-Barré syndrome. Until recently, most
studies on molecular mimicry have examined cross-reaction between B-cell epitopes of foreign and self-Ags. In the AOD study, we investigated the cross-reaction of T-cell epitopes between ZP3 and non-ovarian self- or foreign proteins.
Indeed, such cross-reactivity can be found frequently; moreover, the response to
every cross-reactive T-cell epitope also led to the production of an amplified
autoAb response to ZP3.
Studies of pZP3 (330–338) peptide with a single alanine substitution have defined two nested T-cell epitopes with slightly different motifs, each containing
four critical residues. This result was confirmed by the study of polyalanine
peptides that contained the four critical residues in the correct registers. The
substituted polyalanine peptide stimulated the proliferation of pZP3-specific oophoritogenic T-cell clones and induced severe AOD and ZP autoAb response in
vivo.
A search in the protein library sequence for non-ovarian peptides that shared
homology with the two pZP3 critical residue motifs yielded many peptide sequences. A murine acetylcholine receptor (ACR) peptide (ACRd; 120–128) that
fit with one pZP3 residue motif was found to stimulate oophoritogenic T-cell
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clones specific for pZP3 (330–342) and to induce AOD and amplified ZP Ab
[37]. Of 16 non-ovarian peptides that had complete or partial homology with the
pZP3 critical residue motifs, seven (44%) induced AOD and ZP autoAb [6].
Therefore, at the level of T-cell peptides, molecular mimicry is not a rare event.
Although sharing of a critical residue motif between the pZP3 and non-ovarian
peptides was originally proposed as the criterion for cross-reactive peptide selection, no correlation was found between the extent of cross-reaction and the degree of sequence homology. Indeed, the non-ovarian peptides that did not induce AOD and ZP Ab were just as homologous to the pZP3 as the cross-reactive peptides. Therefore, sharing of a critical residue motif among peptides is
not sufficient for prediction of cross-reaction between T-cell epitopes.
The finding that foreign T-cell peptides can induce an amplified autoAb response through molecular mimicry at the level of the T-cell epitope provides an
alternative explanation for autoAb induction through mimicry at the B-cell epitope.
21.3.4
Autoantibody Production in AOD of Day-3 Thymectomized Mice is Suppressed
by the CD4+CD25+ T Cells from Normal Mice

D3tx in B6AF1 females elicited spontaneous dacryoadenitis and AOD. The ovarian inflammation (oophoritis) was detectable in occasional mice at two weeks
and reached *70% by three weeks. At this time, < 10% of the ovaries were
atrophic. In parallel, the spleen cells from 3-week-old but not 2-week-old d3tx
donors transferred oophoritis to neonatal recipients. The severity of AOD then
escalated between week 3 and week 4. The ovarian autoAb appeared later than
the pathogenic T cells, usually at week 4. The serum autoAb in the d3tx mice
reacted with intracellular Ags of growing and mature oocytes detected by immunofluorescence on ovarian section (Fig. 21.2 A). By immunoblotting with oocyte
Ag, the autoAbs were found to react with three distinct oocyte Ags with molecular masses of 110 kDa, 90 kDa, and 75 kDa (Fig. 21.2 B). Longitudinal study on
the oocyte Ab indicated that the earliest autoAbs in the sera of d3tx mice were
directed to native determinant of the 110-kDa oocyte Ag. This is followed in 1–3
weeks by the emergence of Abs to the 90-kDa and 75-kDa oocyte Ag, suggesting
that epitope spreading occurs. Similar to the pZP3 model, the generation of oocyte autoAb is dependent on endogenous ovarian Ag stimulation. Thus, the oocyte Ab was not detected in d3tx male mice or in female mice that had ovariectomy at birth. Although the oocyte Ag was detectable in normal mice since one
day of age by immunofluorescence and RT-PCR, the generation of oocyte Ab in
d3tx mice required antigenic stimulus for 2–3 weeks after d3tx [38].
When the d3tx mice were given CD4+CD25+ T cells on day 5 of life, AOD was
completely inhibited. Simultaneously, the autoAb production was blocked. Thus,
the T cell–dependent autoAb response, driven by endogenous Ag, can be inhibited
by CD4+CD25+ regulatory T cells. A similar observation was made in the inhibition of autoAb response to the gastric proton pump in d3tx BALB/c mice [39].
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Fig. 21.2 Adult B6AF1 oocyte Ags recognized by serum Ab of d3tx mice,
detected by (A) indirect immunofluorescence on B6AF1 frozen ovarian
section and (B) immunoblotting. (B) The sera from four d3tx B6AF1
female mice react with three oocyte Ags with molecular masses of 110 kDa,
90 kDa, and 75 kDa. (Reproduced from [38], with permission from the
Journal of Immunology).

21.4
Pathogenic Mechanisms of Autoantibodies in Autoimmune Disease
21.4.1
Studying Autoantibody Response Without Concomitant Autoreactive
T-cell Response Based on Chimeric Peptide

The induction of an amplified autoAb response following immunization with a
pure T-cell epitope indicates that it can be difficult to dissociate the effect of
pathogenic T cells from those of autoAbs. Therefore, most studies of autoAb action have relied on passive Ab transfer. In order to evaluate the role of vigorous
active Ab response in autoimmune disease, we designed a chimeric peptide
(named CP2) that consisted of a native ZP3 B-cell epitope (335–342) and a
bovine ribonuclease (RNase) T-cell epitope (94–104) (Table 21.1). In addition,
by substituting the Phe336 with alanine, we eliminated the residue critical for
T-cell epitope of pZP3. Female mice hyperimmunized with CP2 developed T-cell
response to CP2 but not to pZP3, and they produced high levels of circulating
IgG ZP Abs that bound to ovarian ZP. In addition, because the pZP3 (330–334)
residues (NSSSS) are known to be the anchor residues for the O-linked glycoconjugate that functions as the primary sperm receptor in ZP3 [40], the chimeric peptide also functions as a contraceptive vaccine that does not induce
concomitant pathogenic T-cell response and AOD.
Adult B6AF1 mice immunized with CP2 did not develop ZP3-specific T-cell
response, and despite the presence of ovarian ZP immune complex, their ovaries were free of AOD. Therefore, ZP Ab alone is not sufficient to elicit AOD in
the adult mouse. However, additional studies based on autoAbs elicited by CP2
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Table 21.1 The functional domains of the ZP3 (330–342) peptide.
Peptide

Amino acid sequence

Immunologic functions

ZP3
ZP3
ZP3
ZP3
ZP3
ZP3

NSSSSQFQIHGPR
NSSSSQFQIHG
NSSSSQFQI
SSSQFQIHG
QFQIHGPR
NSSSS

Self T + self native B epitopes
Self T + peptidic B epitopes
Minimum self T epitope 1
Minimum self T epitope 2
Self native B epitope
Anchor residues for O-linked carbohydrate that functions as sperm
receptor
Foreign T epitope + modified self
native B epitope

CP2

(330–342)
(330–340)
(330–338)
(332–340)
(335–342)
(330–334)

Bovine RNase
(94–104)-QAQIHGPR

have allowed us to identify two novel mechanism by which autoAbs influence
autoimmune disease pathogenesis: (1) AutoAbs can modify effector T-cell homing within the target organ of adult mice, and (2) AutoAbs can induce severe
AOD in neonatal mice but spares adult mice.
21.4.2
ZP Antibodies Cause Organ Failure by Retargeting T Cell-induced Inflammation
to the Functional Target

Although proinflammatory T cells can induce tissue inflammation, inflammation alone does not always result in functional loss of the target organ. For example, perivascular cuffing of mononuclear cells is found in non-paralytic EAE
[41], and peri-insulitis is the hallmark of pre-diabetic NOD mice [42].
In ovary, the ZP3 Ag is found in two distinct anatomical locations. It is expressed in the ZP matrix that surrounds viable oocytes in the growing and mature ovarian follicles, which support gamete interactions and are the functional
reproductive units in the ovaries. In addition, ZP3 protein is found within the
degenerating oocytes of the atretic follicles. During oocyte development in the
ovaries, the majority of ZP3-positive oocytes undergo apoptosis and they become
the content of atretic follicles that are present in the ovarian interstitium. Some
of the ZP3 in the atretic follicles is detectable in MHC class II–positive, F4/80+
cells. Following adoptive transfer, ZP3-specific T cells were found to home exclusively to the atretic follicles but not to the viable ovarian follicles (Fig. 21.3 B, C).
This was followed by recruitment and activation of leukocytes, expression of adhesion molecules, and the formation of numerous large granulomas that exist
exclusively in the ovarian interstitium. The granulomatous interstitial oophoritis
of the T-cell recipients can be severe and may occupy up to 80% of the interstitial space. Despite the intense interstitial ovarian inflammation, the animals remained fertile and retained normal ovarian function with respect to follicular
growth, follicular maturation, ovulation, production of normal oocytes, and support of normal pregnancy [7].
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However, when T-cell recipients mounted a ZP3 Ab response induced by CP2
immunization, the ovarian ZP3 immune complex was found to dramatically alter the distribution of the T cell–induced inflammation from the interstitial
space into the normal ovarian follicles (Fig. 21.3 E, G). The retargeting of T cell–
mediated inflammation was also induced by passively transferred ZP3 Ab
(Fig. 21.3 F). The leukocytes migrated through the granulosa cell layer, adhered
to the ZP, and penetrated the ZP matrix to reach and destroy the oocytes
(Fig. 21.3 E, F). Thus, while recipients of T cells or autoAbs alone retained normal ovarian function, recipients of both T cells and autoAbs exhibited loss of oocytes and ovarian function. The new mechanism of autoAb action, “T-cell retargeting”, does not depend on the specificity of the ZP Abs. Thus, Abs against different ZP3 epitopes or ZP2 epitopes can retarget T cells. Moreover, both Th1
and Th2 T cells against pZP3 can be retargeted by ZP3 autoAbs [43]. And as indicated earlier, blockade of costimulators including CD28/B7 and CD40L/CD40
also inhibits retargeting of T-cell injury by autoAbs to ZP3 [36].
The retargeting phenomenon has led to the concept that autoAbs can influence the clinical outcome of a T cell–mediated autoimmune disease by focusing
tissue destruction to the functional unit of the diseased organ. It is possible that
T-cell retargeting can explain the synergistic effect of autoAbs in other models
of autoimmunity. Transfer of serum Abs to myelin oligodendrocyte glycoprotein
(MOG) have been shown to reconstitute EAE in B cell–deficient mice that are
resistant to EAE induction by MOG immunization [44]. Abs to myelin basic protein have also been found to enhance murine EAE severity, and it was postulated that autoAbs enhanced Ag processing and presentation [45–47]. Alternatively, T cell–associated inflammation may injure endothelial cells, reduce the
blood-brain barrier, and facilitate the entrance of demyelinating Abs to the central nervous system [45, 48]. In collagen-induced arthritis, although Abs alone
transfer synovitis to normal mice, severe and erosive arthritis occurs only when
both T cells and Abs are present [49]. A similar situation has been reported in
mice with tubulointerstitial nephritis induced by immune response to a renal
tubular basement membrane Ag [50, 51]. In Figure 21.4, we have summarized
the interactions among endogeneous antigen, T cell response and autoantibody
response in autoimmune disease pathogenesis.
21.4.3
Autoantibodies That Are Non-pathogenic in Adults Can be Pathogenic
in Neonatal Mice (nAOD)

As mentioned above, autoAbs to ZP3 (335–342) elicited by CP2 immunization
formed ovarian immune complex but did not cause AOD in adult mice. Strikingly, B6AF1 female progenies of CP2-immunized dams developed severe AOD
by week 2 (Fig. 21.5). This new disease, called neonatal AOD (nAOD), can also
be induced by injection of serum or purified serum IgG from adult female or
male mice immunized with CP2 in CFA, or by the transfer of a mouse monoclonal Ab to ZP3 (335–342). Therefore, autoAb is the cause of nAOD, and dis-
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Fig. 21.3 Retargeting of pZP3-specific T cellmediated ovarian inflammation by ZP3 autoAbs in adult mice.
(A) Histology of a normal B6AF1 mouse
ovary that contains growing and mature follicles (f) and atretic follicles (asterisks).
(B) Ovarian histology of a mouse injected

with pZP3-specific T cells, with numerous
monocytic granulomas (arrows) located in
atretic follicles of the interstitium, sparing
the growing and mature follicles (f).
(C, D) Immunoperoxidase staining that colocalizes T cells (CD3) (C) and MHC II+ cells
(D) in two atretic follicles (arrows) on adja-
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Fig. 21.4 Diagrammatic description of cellular events that may be responsible for the induction of pathogenic autoreactive T cells, autoAb responses,
and immunopathology through T-cell epitope mimicry in adult mice.

ease induction is independent of maternal lymphocytes or other pregnancy-associated factors.
Maternal Abs can be transmitted to the progenies during gestation and also
through milk at postpartum. To determine the transmission route of the pathogenic ZP3 Ab, pups from CP2-immunized dams were delivered by caesarean
section and fostered by CFA-immunized dams. These pups did not contain any
circulating ZP3 Abs, the ovaries were free of immune complex, and they did
not develop nAOD. In contrast, B6AF1 pups born from unimmunized dams
3
cent sections of an ovary from a pZP3-specific T-cell recipient. The normal follicle (f) is
unaffected. The inset in (D) shows negative
immunofluorescence staining for mouse
IgG in the ovarian ZP of the T-cell recipient.
(E) Ovarian histology of a mouse injected
with CP2 in CFA and later receiving pZP3specific T cells, with inflammation that
affects a growing follicle (arrowhead) and
spares two other growing follicles (f).
(F) Ovarian histology of a mouse that received both mouse polyclonal Abs to ZP3
and a pZP3-specific T-cell line. Inflammation
affected three growing follicles (arrowheads)

but spared two other follicles (f).
(G, H) Immunoperoxidase staining that colocalizes T cells (CD3) (G) and MHC II+ cells
(H) in mature ovarian follicles from a mouse
that received both murine Abs to pZP3 and
pZP3-specific T cells. Leukocytes (arrows)
have replaced the oocytes inside the ZP
(arrowheads). The inset in (H) shows binding of mouse IgG in the ovarian ZP in this
ovary by direct immunofluorescence. Hematoxylin and eosin, (A), (B), (E), (F) ´100; toluidine blue stain, (C), (D), (G), (H), ´ 200.
(Reproduced from [43], with permission
from the Journal of Immunology).

507

508

21 Autoantibody Induction and Pathogenesis in Experimental Autoimmunity

Fig. 21.5 Ovarian histopathology of nAOD
in neonatal B6AF1 mice induced by CP2
autoAbs.
(A) In vivo IgG binding to ovarian ZP in progeny
of CP2 Ab–positive dam (direct immunofluorescence, ´100). The inset shows negative
IgG binding to ovarian ZP in control ovary.

(B) Normal ovarian histology of 14-day-old
mice (´ 200). Note growing follicles (long
arrow) and primordial follicles (arrowhead)
in the ovary free of inflammation.
(C) Ovary from CP2 Ab recipients shows
loss of oocytes and heavy mononuclear
infiltration (arrow) (´ 200).

but fostered by CP2-immunized dams developed severe nAOD. Therefore, the
pathogenic maternal ZP3 Ab is transmitted to the progeny through milk.
21.4.4
Mechanism of nAOD I: Autoantibody Induction of de novo Neonatal Pathogenic
T-cell Response by Formation of the Autoantigen-antibody Complex

To understand the nAOD pathogenic mechanism, we question whether neonatal
ovaries are uniquely more susceptible to immune injury than adult ovaries. Neonatal and adult ovaries were engrafted under the renal capsule of postpartum females that had been previously immunized with CP2 in CFA. Despite the presence of ZP immune complex, all ovarian grafts were free of AOD. In contrast, normal pups that were fostered by the graft recipients developed severe AOD. Therefore, the predisposition to nAOD does not depend on chronological age of the
ovary; instead, it depends on the unique immune response of neonatal mice.

21.4 Pathogenic Mechanisms of Autoantibodies in Autoimmune Disease

Immune complex can induce inflammatory response in several ways, including through (1) activation of the complement cascade involving proinflammatory C5a, (2) Ab-mediated cell cytotoxicity (ADCC) mediated by FccR, and (3) Tcell activation mediated by FccR and/or complement receptor–positive APC.
Monoclonal Abs to C5 had no effect, but blockade of FccRs completely inhibited
nAOD (see Section 21.4.7). ADCC is a rapid process, while inflammation induced by pathogenic T cells is of late onset. Although the ovarian ZP-IgG complex was readily detectable after transfer of ZP3 Ab, oophoritis did not emerge
until after a lag period of seven days. Moreover, the ovarian infiltrating cells
were composed of lymphocytes/monocytes with the immunophenotype of T
cells, B cells, and MHC II–positive macrophages and only occasional clusters of
neutrophils/eosinophils. We therefore looked for evidence that T cell–mediated
response may occur in nAOD. When we depleted CD4+ and CD8+ T cells or
blocked the T-cell costimulation with anti-B7.1 and -B7.2 monoclonal Abs,
nAOD was completely inhibited. Furthermore, when the CD4+ T cells from
mice with nAOD were adoptively transferred to normal pups, they induced
severe AOD in the neonatal recipients. Therefore, the ZP3 Ab forms immune
complex with the endogenous Ag and, through the FccR pathway, triggers de
novo neonatal pathogenic T-cell response [22].
The nAOD model is the first in vivo demonstration that an autoAb, by interacting with endogenous Ag, can induce de novo T-cell activation leading to autoimmune disease. Many in vitro studies have predicted this possibility by showing that
Ab forms immune complex with Ag and significantly affects T-cell response. Engagement of immune complex with Fc receptors on APC results in an over 1000fold increase in Ag uptake [52] and induces maturation and cytokine production
by DCs [53, 54], thus promoting T-cell response. There is some evidence that autoAbs from humans with autoimmune diseases can stimulate autoreactive T-cell response in vitro [55–57]. Thus, the nAOD model has revealed the hidden significance of autoAbs in triggering T cell–based autoimmune disease.
21.4.5
Mechanism of nAOD II: Disease Induction is Influenced
by the B-cell Epitope Specificity of the Autoantibody

Analysis of the immune complex that induces T-cell response in vitro has revealed that the fine specificity of Abs can influence the Ag processing and epitope selection by the APC. This also determines the outcome and specificity of
the attendant T-cell response [58]. We therefore compared monospecific polyclonal murine Abs to two distinct native ZP3 B-cell epitopes. The CP3 is a chimeric peptide that induces polyclonal Abs to the native B-cell epitope ZP3 (171–
180). Abs to ZP3 (171–180) do not react with the ZP3 (335–342) epitope and
vice versa. However, both Abs can retarget the T-cell inflammation in adult ovaries. Adult female B6AF1 mice immunized with CP2 and CP3 produced Abs of
comparable IgG isotypes, and they both reacted strongly with the ZP in neonatal ovaries without concomitant C3 binding. However, in contrast to the CP2
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Ab, the CP3 Ab did not induce nAOD. This finding suggests that the capacity
of the ZP3 autoAb to elicit pathogenic T-cell response is dependent on the epitope specificity of the autoAb.
21.4.6
Mechanism of nAOD III: Neonatal Time Window of Disease Susceptibility that
is Partially Influenced by the CD4+CD25+ Regulatory T Cells

nAOD development requires exposure to ZP3 Abs during the first five days of
life. nAOD developed only when the feeding of ZP3 Ab–positive milk began at
days 3 or 5 but not at days 7 or 9. Pups of CP2-immunized dams that were delivered by caesarian section, and therefore were not exposed to ZP3 Ab–containing milk, had no disease, while those that were exposed for 2–3 days after birth
still developed nAOD. nAOD also occurred when exposure to the ZP3 Ab was
limited to the 1–6 neonatal days. This phenomenon is independent of the ontogeny of intestinal neonatal FcR (FcRn) required for transport of maternal IgG
from the gut lumen because the activity of neonatal rodent FcRn increases from
day of birth, peaks at day 14, and afterwards decreases and disappears at time
of weaning (day 21) [59].
As we discussed in the d3tx model of AOD, the CD4+CD25+ T cells that
maintain self-tolerance and prevent autoimmune disease occurrence may have a
late ontogeny (see Section 21.3.4). To address whether the belated emergence of
CD4+CD25+ regulatory T-cell function was responsible for prevention of nAOD
in the older mice, we studied the effect of CD25+ T-cell depletion on nAOD.
When neonatal mice were treated with CD25 Abs and fed ZP3 Ab–positive milk
from postnatal day 9, 90% of them developed severe nAOD. In contrast, mice
that received ZP3 Ab from day 9, or those that received CD25 Ab alone, were
free of nAOD. Therefore, the emergence of CD4+CD25+ regulatory T-cell function readily explains the resistance to nAOD in mice older than seven days.
If the neonatal time window of disease susceptibility was due to immaturity
or preferential deficiency of CD4+CD25+ T cells, one might expect the transfer
of adult CD25+ regulatory T cells to close the neonatal window. However, the infusion of CD4+CD25+ T cells from 9-day-old or adult mice, with or without cotransfer of adult APCs, failed to change the course of nAOD. These results suggest that the neonatal mice are resistant to suppression by CD4+CD25+ T cells.
Because innate cells (including natural killer [NK] cells), macrophages, and DCs
are known to influence adaptive immune response, but also to inhibit the function of regulatory CD4+CD25+ T cells [60], we investigated the neonatal innate
system in nAOD, in particular the neonatal NK cells.
21.4.7
Mechanism of nAOD IV: Requirement of NK Cells, FcR, and
Proinflammatory Cytokines in Disease Pathogenesis

Currently, very little is known about the function of NK cells in neonatal mice.
They have been described to have different properties from adult NK cells. In vi-
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tro studies suggest that neonatal NK cells are immature and few in number. Purified neonatal NK cells are barely cytotoxic against the classical NK cell targets
and do not reach adult activity until 2–3 weeks of age [61, 62]. The progenitors
of neonatal NK cells divide more rapidly than adult NK cells [63]. Expression of
receptors for the MHC class I or class I–like molecule on neonatal NK cells is
more restricted; they express predominantly CD94/NKG2A [64, 65], and the
Ly49 receptors are not detected before one week [66].
In view of the data on the immaturity of neonatal NK cells, we were surprised to
detect NK1.1+ TCRVb– (but not NK1.1+ TCRVb+) cells in the neonatal spleen and
lymph node of B6AF1 mice. Moreover, it was found that the neonatal NK cells produced as much IFNc as adult mice in vivo, in response to lipopolysaccharide injection. Most importantly, when NK cells were depleted by monoclonal Abs, the neonatal mice no longer developed nAOD [67]. The neonatal NK cells were required
in both the induction phase and the effector phase of nAOD. Thus, in adoptive
transfer of nAOD, the disease of the T-cell recipient was ameliorated when NK
cells were depleted from either the T-cell donor or the T-cell recipient.
The NK cells can be directly activated by ZP immune complex through FccR.
As indicated above, monoclonal Abs to FccRIIB and FccRIII completely inhibited nAOD development [22]. FccRIII and the FccRIIB share similar specificities, but they transmit signals that lead to opposing cellular responses; FccRIII
elicits a proinflammatory response, whereas FccRIIB inhibits the stimulatory
signal [68]. Both FccRs are widely expressed in various leukocytes, with the exception that NK cells express FccRIII but not FccRIIB. Intriguingly, mice deficient in FccRIII or the common Fc receptor’s c-subunit failed to develop nAOD,
while the lack of FccRIIB aggravated the disease [67]. Therefore, the balance of
FccRIII and FccRIIB determined the outcome of nAOD induction. This finding
is in agreement with previous reports on other immune complex–mediated diseases such as lupus glomerulonephritis [69].
How do NK cells influence T-cell response to immune complexes? Adult NK
cells can induce maturation and cytokine production by DCs, which in turn can
activate nave T cells [70–74]. In nAOD, neonatal NK cells may function by promoting the APC function of neonatal DCs or by stimulating neonatal T cells directly through engagement of 2B4 with CD48 on T cells [75]. The interaction between NK cells and DC or T cells is bidirectional; thus, both DC and T cells,
when activated, can reciprocally induce the proliferation, activation, and cytokine production of NK cells [70–72, 76, 77]. These cells may communicate by
cell contact or via cytokines such as IL2 [78], IL15 [79], IFNc, and TFNa [70–72,
76]. Indeed, the ovaries with nAOD expressed high levels of IFNc and TNFa
that correlated with disease severity. In vivo, nAOD was enhanced by recombinant IFNc, and the disease was inhibited by anti-TFNa or anti-IFNc Abs. Interestingly, when T-cell donors were treated with IFNc Abs, adoptive transfer of
nAOD was also inhibited; thus, IFNc is likely operative during T-cell activation,
and NK cells are a probable source of the IFNc [67].
Neonatal mice have traditionally been considered immunologically immature.
However, this view has been challenged recently by studies showing that foreign
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Fig. 21.6 Schematic diagram of the cellular mechanism of nAOD. The ZP
autoAg-Ab complex, through FcRIII, activates NK cells and APC such as DC
and macrophages. APC, with the help of soluble cytokines from NK cells,
induces activation of ovarian-specific CD4+ and CD8+ T cells, which then
recruit proinflammatory cells such as NK cells to generate ovarian inflammation.

or self-peptides and -proteins administered to neonates can elicit responses similar to adult responses [80–82]. In AOD, we have accrued evidence that neonatal
mice are actually more responsive to autoAgs and environmental stimuli and
more prone to autoimmune disease than adult animals (reviewed in [83]). The
nAOD study has extended this paradigm by showing that maternal Abs, as
an environmental factor, can evoke autoimmune response in neonates but not
in adults. The cellular interactions leading to neonatal AOD is illustrates in
Fig. 21.6.
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22
Environmental Factors That Contribute to Autoimmunity
Per Hultman

22.1
Relation Between Genetic and Environmental Factors in Autoimmunity

Autoimmune diseases, divided into at least 80 diseases or syndromes, play a distinct role in the spectrum of human diseases. Close to 10 million Americans
are affected [1], and autoimmune diseases are among the leading causes of
death for women under the age of 65 [2]. While the etiologic factors responsible
for autoimmune diseases are still largely unknown, the cause has to be sought
among genetic and environmental factors. A combination of these factors is
usually necessary for autoimmune diseases to develop, and it is likely that stochastic events in the immune system may also play a role in deciding if an individual will be the subject of autoimmune disease.
The role of genetic factors in development of autoimmune diseases is clearly
demonstrated by comparing the concordance rate for autoimmune disease in
monozygous and dizygous twins. Monozygous twins are from birth genetically
identical, while dizygous twins share on average only 50% of their genes. The
concordance rate for autoimmune diseases is substantially higher in monozygous twins (30–50%) than in dizygous twins (5–20%), which demonstrates a
strong influence of genetic factors on disease susceptibility [3].
A few very rare autoimmune diseases are monogenic. First, the autoimmune
polyendocrine syndrome type I (APS-I) has a mutation in the autoimmunity
regulatory gene (AIRE-I) on chromosome 21 and shows a recessive inheritance
pattern with near 100% penetrance. The clinical manifestations include autoimmune hypoparathyroidism, Addison’s disease, and mucocutaneous candidiasis
[4]. Secondly, the X-linked polyendocrinopathy, immune dysfunction, and diarrhea (IPEX) syndrome with a mutation in the FOXP3 gene (analogue to the
mouse scurfy gene) is characterized by severe allergic as well as autoimmune
manifestations and a marked T-helper type 2 skewed immune system [5].
The possibility of oligogenic inheritance has been discussed in autoimmune
diseases, especially in type 1 diabetes (T1D), with human leukocyte antigen
(HLA) loci genes in combination with a few diabetogenes [6]. However, recent
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studies indicate that autoimmune diseases are polygenic, i.e., linked to a number
of susceptibility (and resistance) genes. Evidence for a polygenic inheritance
mood of autoimmune diseases stems from both animal models and humans,
and it has been concluded that 65% of the genes regulating autoimmune disease may be mapped into 18 different clusters [7]. These genetic polymorphisms
are present in 5% or more of the population. Development of autoimmunity
may depend on epistatic interaction of these autoimmune-predisposing genes
and environmental factors. Furthermore, when a specific environmental factor
interacts with different genetic profiles, a number of phenotypic responses and
clinical conditions may ensue. Therefore, it is not necessary or even likely that a
specific environmental exposure will result in a fixed autoimmune manifestation.

22.2
Environmental Factors in Autoimmunity

Since the concordance rate for autoimmune diseases even in monozygous twins
is only 30–50% [3], non-genetic factors must play an important role in the development of autoimmunity. These non-genetic factors are summarized here under the term environmental factors. What is an environmental factor? In a
broad sense, environmental factors include everything non-genetic, from the
intrauterine environment, to physical and chemical effects, to behavioral and
social aspects [8]. However, this review will be limited to the following groups
of etiologic agents: xenobiotics subdivided into drugs, biological agents, and
environmental agents and, in addition, microbial agents and hormones. The
effects on the postnatal immune system of prenatal exposure to environmental
agents poses a special problem [9].

22.3
Xenobiotics
22.3.1
Drug-related Autoimmune Diseases/Syndromes

The first drug to be associated with autoimmunity was sulfadiazine, reported by
Hoffman in 1945 to cause a lupus-like disease [10]. The increasing use of drugs
during the following decade resulted in an increased number of drug-related hypersensitivity cases including autoimmune diseases. In 1954 the antihypertensive drug hydralazine was identified as an inductor of lupus [11]. In 1962 the
antiarrhythmic drug procainamide was firmly associated with lupus-like disease
[12], with up to 90% of patients showing antinuclear antibodies (ANA) within a
year of starting treatment and up to 30% subsequently developing a lupus-like
syndrome. Today, the following drugs have been more firmly associated with de-

22.3 Xenobiotics

velopment of lupus: chlorpromazine, hydralazine, isoniazid, methyldopa, minocycline, procainamide, and quinidine. Case reports make it likely that many
more drugs may occasionally induce lupus [13].
The limited number of susceptible individuals among those exposed to a specific agent indicates that genetic factors are also important for drug-induced lupus (DIL). While there are as yet no generally accepted criteria for DIL, the condition seems to show a less distinct preponderance for females and occurs less
often in African Americans than does idiopathic SLE. Furthermore, the disease
symptoms are somewhat milder in DIL, renal and CNS manifestations being
less common than in idiopathic disease. Serositis and pleuro-pulmonary involvement is more common in DIL [14]. Many patients have polyarthralgia or
polyarthritis in small joints. The symptoms are often aborted when the offending drug is stopped. While ANAs are present in virtually all cases, antibodies to
double-stranded (ds) DNA and anti-Sm antibodies are quite unusual. In contrast, antibodies to single-stranded (ss) DNA are frequently found, and almost
all cases show antibodies to histones. These antibodies are preferably directed to
the H2A-H2B dimer after procainamide exposure and against H3 and H4 in hydralazine-induced lupus [15]. Antiphospholipid antibodies and lupus anticoagulants, often of the IgM isotype, are present in some cases.
22.3.2
Biological Agents

Biological agents first include many cytokines and anti-cytokine antibodies. Of
special importance is IFN-a, which has been associated with a number of autoimmune disorders, ranging from lupus erythematosus, rheumatoid arthritis,
diabetes mellitus, immune-mediated thrombocytopenia, and hemolytic anemia
to myasthenia gravis [16]. Up to 30% of the patients develop autoantibodies during treatment with IFN-a, but progress to autoimmune disease is limited and
the clinical relevance usually uncertain. However, autoimmune thyroid disorders
are a common side effect of IFN-a therapy, clinical or subclinical thyroid abnormalities being reported in up to 34% of chronic hepatitis C patients treated with
IFN-a for 6–12 months [17], and genetic factors seem to determine whether
autoimmunity will develop or not. Anti-TNF-a therapy has been associated with
rare occurrences of anti-dsDNA antibodies and/or DIL [18].
Another class of biological agents is vaccines. Both increased [19] and reduced
[20, 21] incidences of autoimmune diseases have been reported in studies using
experimental models, differences that may be related to the type of vaccine and
the experimental model used. There are also a number of case reports suggesting induction of autoimmune disease by vaccination [22]. However, epidemiological studies have not shown a link between vaccinations and autoimmune
diseases [23, 24]. Although systemic autoimmune diseases are generally considered a relative contraindication for vaccination, there is actually little evidence to
suggest that vaccination would in general lead to flares in autoimmune diseases, such as SLE [25, 26].
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Not only vaccines themselves but also additives in vaccines have been implicated as having adverse immunological effects. In this respect, comments
should be made on thimerosal, an organic mercury compound, and hydrocarbon oil. Thimerosal was until very recently a disinfectant in many vaccines. The
active component of thimerosal is ethyl mercury, which is slowly de-ethylated to
inorganic mercury in the body. Data on the toxicokinetics of ethyl mercury in
humans are scarce [27], but recent studies in mice have increased the available
knowledge [28, 29]. While the amount of thimerosal present in the individual
vaccine dose is small, the extensive vaccination program used in infants combined with the small mass of these recipients was found to lead to more extensive Hg exposure than expected. In 2001 the National Academy discouraged the
use of thimerosal in vaccines [30], leading to a dramatic reduction in the use of
thimerosal in vaccines in the U.S. However, thimerosal is still used in other
parts of the world. The possibility of health effects, especially autism [31], has
been discussed, but there are no convincing data to support this theory [32, 33].
With regard to effects on the immune system, there is no evidence of an adverse effect of thimerosal when used in vaccines; this is also supported by animal studies taking into account the high susceptibility to autoimmune disease
of some mouse strains [28]. Another vaccine component is adjuvants (hydrocarbon oils). Incomplete Freunds’s adjuvant (IFA) is the classical compound, which
has been replaced by the oil squalene (MF59), the only adjuvant approved by
the Food and Drug Administration for use in vaccines together with alum [34].
Since epidemiological studies have not been able to show an accelerating effect
of vaccination on autoimmune disease development, there is a priori no reason
to suspect such an effect from the adjuvants used. It should, however, be noted
that a single intraperitoneal injection of the adjuvant oils pristane, IFA, or squalene is able to induce lupus-related autoantibodies to nRNP/Sm- and Su-antigen
in non-autoimmune BALB/c mice, but the relevance for human vaccination is
not proven [35].
22.3.3
Environmental Agents
22.3.3.1 Chemicals
Hydrazine and its metabolite tartrazine have been associated with DIL [36]. The
hair-drying agent phenylenediamine has been epidemiologically associated with
connective tissue disease [37]. Silica dust has been associated with lupus as well
as scleroderma-like disease in humans [38] and in animal models [39]. Pesticides
have often appeared in tabulations of agents inducing autoimmunity. However,
there are few data linking most of the pesticides to autoimmunity. A recent review
on pesticides and autoimmunity [40] concluded that there is epidemiological and
experimental evidence for an immunostimulatory effect of the pesticide hexachlorobenzene, which may contribute to autoimmunity. This possibility was reinforced
by a recent epidemiological study showing a significant association between SLE
and mixing pesticides for agricultural work [41]. Recent data indicate phthalates
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(softeners used in plastics) as an inductor of autoreactive B cells in autoimmuneprone NZBWF1 mice [42]. Organic solvents have been associated with autoimmunity both as de novo initiators in humans [43] and as an exacerbator of autoimmunity in MRL-+/+ mice [44]. Exposure to organic solvents regularly consists of a mix
of aromatic and aliphatic hydrocarbons, as well as chlorinated compounds, and
has been associated with systemic sclerosis, especially in patients with autoantibodies to Scl-70 (DNA polymerase I) having the diffuse form of the disease [45].
Another compound with a proven association to scleroderma-like disease is the
synthetic resin vinyl chloride CH2 = CHCl, which is used in the manufacturing
of plastics. A scleroderma-like syndrome linked to cumulative vinyl chloride exposures over time occurs in > 3% of the exposed individuals [46]. Further studies
have revealed an increased prevalence of HLA-DR3 and HLA-DR3/B8 haplotypes
in the affected individuals [47].

22.3.3.2 Metals
Exposure to mercury, gold, and silver has been unequivocally associated with
autoimmune reactions in humans and animals. The documentation for mercury includes case reports on systemic autoimmunity [48, 49], as well as immune-mediated membranous glomerulonephritis, following accidental or occupational exposure and therapeutic use [50]. A recent epidemiological study [41]
supported these observations by showing a significant association between SLE
and self-reported mercury exposure, as well as between SLE and dental work.
Extensive experimental studies have been performed on mercury-induced autoimmune and hypersensitivity reactions since 1971, when Bariety first reported
immune-complex (IC) disease in a fraction of outbred rats treated with Hg [51].
Sapin et al. subsequently described Hg-induced biphasic autoimmune disease
in the genetically susceptible Brown Norway rat strain [52]. These observations
were further elaborated with the first reports on Hg-induced autoimmune conditions in inbred and outbred mice [53, 54]. A biphasic systemic autoimmune
condition also has been found following Hg treatment in rabbits [55].
Gold compounds, mainly the anti-rheumatic drug sodium aurothiomalate,
have caused autoimmune reactions [56] characterized by cytotoxic effects, especially thrombocytopenia [57], but also systemic immune-mediated renal diseases
[58, 59], and antinuclear antibodies [60]. Studies in rats and mice lend support
to the autoimmune potential of gold [61–63].
Silver has been shown to induce autoantibodies targeting the 34-kDa nucleolar protein fibrillarin in mice [64]. The autoantibody specificity and the genetic
susceptibility [65] is the same as in murine mercury-induced autoimmunity.
During the last decade additional metals have been indicated as being able to
induce autoimmunity [66]. Lithium has been associated with autoimmune thyroid disease, and a weak correlation was reported between thyroid peroxidase
antibodies and lithium intake [67]. However, in other studies increased frequency of antibodies to thyroid peroxidase and the T1D-associated GAD65A was
associated with bipolar disease [68] but not with lithium [69].
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The search for a primary autoimmune effect of lead in mice has not met with
success, but the autoimmune-prone ZBWF1 hybrid shows enhanced development of autoimmune manifestations during lead treatment [70, 71]. Cadmium
has been shown to induce ANA in outbred mice [72], and cadmium was recently shown to exacerbate spontaneous autoimmunity in ZBWF1 mice [73].

22.3.3.3 Primarily Dietary Factors
In 1981 an epidemic outbreak of acute respiratory illness, now known as the
“toxic oil syndrome” (TOS), occurred in Spain. The acute phase was later found
to include fever, rash, eosinophilia, hyper-IgE, and myalgia developing one to
two months after consumption of the oil in question, followed after two to four
months by an intermediate phase in some 60% of the affected individuals and
a chronic phase occurring four months after exposure in 10–20% of the exposed
subjects [74].The syndrome afflicted more than 20,000 individuals, and around
2% died. The autoimmune-like condition that developed in the chronic phase of
TOS showed similarities with scleroderma, including sicca, Raynaud’s phenomenon, and ANA [75]. The etiologic agent has not been unequivocally identified,
but the vehicle was aniline-denatured industrial oil diverted to human consumption. An increased prevalence of HLA-DR3, -DR4, -DR2, and -DR8 has been
suggested in TOS patients, but a recent study showed a significant association
only between TOS and HLA-DR2 [76]. Interestingly, this association was found
only in patients who succumbed to the disease.
A number of animal studies have been carried out to find a relevant model
for TOS, but so far no species or strain studied has mimicked the entire spectrum of the human disease [77]. However, the original oil was recently reported
to accelerate the spontaneous autoimmune condition in MRL-lpr mice [78].
In 1989 another epidemic outbreak occurred in the U.S. that had a clinical
picture similar to that of TOS, namely, eosinophilia, myalgia, urticaria, fasciitis,
elevated C-reactive protein, and ANA, which was found to be associated with ingestion of l-tryptophan [79]. Carriers of HLA-DR4 experienced an increased risk
for contracting this so called “eosinophilic-myalgic syndrome” [80]. The death
rate was almost 3% among the 1370 identified cases. Interestingly, it has been
reported that at least two contaminants in the process of tryptophan production
was the same as in the oil related to TOS [81].
Intake of canavanine (an analogue of l-arginine) from alfalfa seed sprouts has
been associated with SLE-like syndromes in both humans and monkeys [80].
Iodide has long been discussed as a factor in thyroid autoimmunity. A recent
review summarized that iodide may be an immunogenic factor for thyroid autoimmunity, but only in predisposed subjects [82].

22.3.3.4 Ultraviolet Radiation
Photosensitivity is common in autoimmune diseases such as lupus erythematosus [83] and dermatomyositis [84]. Furthermore, UV radiation has been shown
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to accelerate spontaneous autoimmunity and mortality in BXSB mice [85]. Surprisingly, exposure to UVA and/or UVB causes immunosuppression, which is
experimentally linked to certain strains of inbred mice and to polymorphism in
the TNF region [86]. Studies have focused on the ability of different doses of
UV radiation to cause inflammation, apoptosis, and/or necrosis of keratinocytes
and redistribution to lupus autoantigens [87]. This has led to the suggestion that
immunosuppression following UV radiation has a teleological meaning, namely,
to reduce the likelihood of inducing autoimmune conditions in the UV-radiated,
autoantigen-enriched skin. However, while UV radiation is one of the most prevalent environmental factors, its importance for induction of autoimmunity remains unknown.

22.4
Microbial Agents in Autoimmunity

Infections have long been connected with autoimmune diseases – either as a
primary inducer of the disease or as the cause of flare-ups in established
disease. Two diseases more definitely associated with microbials are rheumatic
fever (RF) and Guillain-Barré syndrome (GBS). The identification in heart
muscle from patients with rheumatic disease of T-cell clones recognizing both
cardiac myosin proteins and epitopes in streptococcal M proteins [88] strongly
supports molecular mimicry as important in RF. In GBS there is evidence that
infection with Campylobacter jejuni, cytomegalovirus, Epstein-Barr virus, and
Mycoplasma pneumoniae (in order of prevalence) precedes GBS symptoms more
often than in controls. The prevalence of these presymptomatic infections range
from 5% for Mycoplasma pneumoniae to 60% for Campylobacter jejuni [89].
Extensive studies have been undertaken to try to link T1D to infections. The
picture emerging from epidemiological and animal studies is complicated. For
example, there is now evidence that microbial agents such as Mycobacteria spp.,
Salmonella typhimurium, and Schistosoma mansoni may actually prevent T1D
[90], while mumps, human cytomegalovirus, rotavirus, retrovirus, and rubella
virus have all been implicated as important factors in human T1D. There is
conclusive epidemiological and experimental evidence for congenital rubella as
a harbinger to T1D, since up to 25% of the children with congenital rubella will
develop T1D [91]. However, these children also have other autoimmune diseases
[92], which indicates that the congenital infection may cause a basic defect in
the immune system. The lesson of rubella might in addition be of limited interest for the etiology of T1D since rubella has largely been eradicated in developed countries due to vaccination, while the incidence of T1D is increasing. Enterovirus infections as a cause of T1D have received much interest [93]. A recent
review summarized that “the evidence for the enteroviruses (in causing type 1
diabetes) is stronger than for most other environmental agents, but still final
proof is lacking” [94].
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Another autoimmune condition in which infectious agents have long been
implicated is SLE. Among the viruses and their viral proteins linked to SLE are
endogenous retroviruses, hepatitis C virus, Epstein-Barr virus, human polyoma
virus, human cytomegalovirus, human papillomaviruses, human parvovirus,
and varicella-zoster virus [95, 96]. Endogenous retroviruses, while present as
proviruses in the genome of all individuals and potentially able to modulate cellular gene expression, are often not intact and incapable of protein expression.
The possible association between SLE and retroviruses is founded on four observations. First, retrovirus infections in humans (HIV and HTLV1) give rise to
manifestations that are similar to some of the leading symptoms in SLE, and
similar observations have been made in animals. Secondly, mouse strains with
spontaneous lupus-like disease, e.g., the ZBWF1 model, produce high amounts
of an env-coded protein, gp70, and these animals have high-titer anti-gp70 antibodies. Immune complexes composed of gp70-anti-gp70 are present in the circulation, and their presence correlates with the amount of IC deposits in the
glomeruli [97]. Third, the Fas gene defect in the spontaneous autoimmune
MRL-lpr strain is caused by insertion of a retrovirus element into the Fas gene
[98]. Finally, a number of different endogenous and exogenous retroviral antigens share sequences with autoantigens, opening the possibility for a molecular
mimicry mechanism [99]. However, the actual importance of retroviruses for development of SLE remains unknown.
A possible influence of microbial agents has also been discussed in other
autoimmune diseases, such as multiple sclerosis (Epstein-Barr, herpes simplex,
HHV-6, and varicella-zoster virus), myasthenia gravis (hepatitis C virus), and
autoimmune hepatitis (Epstein-Barr and hepatitis A virus) [96], but final proof
is lacking. Finally, as noted above for T1D, there are indications that microbial
agents may in some instances actually reduce the prevalence of autoimmune
disease. A striking modification of the autoimmune response in experimental
encephalomyelitis has been noted during helminthic infections [100]. The
mechanisms discussed include a Th2 polarization, due to the ability of helminths to evoke a Th2 response, or an activation of regulatory T cells.

22.5
Hormones in Autoimmunity

Autoimmune diseases are with few exceptions much more common in females
than in males [1]. Androgens and estrogens have strong immunomodulating effects in both the thymus and the bone marrow, with androgens acting suppressively and estrogens stimulating [101]. The difference in autoimmune disease
prevalence is commonly believed to be related to the action of sex hormones,
although gonadotropin-releasing hormones may have the potential for exacerbating experimental systemic autoimmune diseases independently of sex hormones [102]. It cannot be formally excluded that other mechanisms such as Xchromosomal activation are also operative [103]. What is, therefore, the evidence

22.6 Prenatal Exposure and Postnatal Autoimmune Effects

for a role of sex hormones in the induction, development, and persistence of
autoimmune diseases? First, alteration of sex hormones during pregnancy [104],
ovarian failure [105], and intake of oral contraceptives [106] have all been associated with variations in lupus diseases. These observations in humans are supported by acceleration of the spontaneous lupus-like disease in ZBWF1 and
MRL-lpr mice using exogenous estrogens [107, 108]. However, a recent epidemiological study offered little support for the concept of an increased risk for SLE
in individuals exposed to estrogen or prolactin [109]. In a recent review [110]
the authors stated that “a clear understanding of relationships between serum
estradiol concentrations, steroid enzymes, metabolite effects, and disease activity
in SLE remains elusive.”
A recently discovered but potentially serious factor is the exposure to sex hormones not only from endogenous sources, or exogenous sources such as oral
contraceptives and replacement therapy, but also in the form of endocrine disrupters in the environment. Environmental estrogens are present in plastics,
detergents, surfactants, industrial chemicals, pesticides, phytoestrogens, and as
natural plant estrogens as well as mycoestrogens, which may contaminate food
intake. These substances are often chemically stable, may accumulate in body
fat, and are released during starvation or are vertically transmitted during pregnancy and with the colostrum/milk. Recently, endocrine disruptors were shown
to increase autoantibody production by B1 cells [111]. However, the effect, if
any, of environmental estrogens on the development of autoimmunity in humans is unknown [112].

22.6
Prenatal Exposure and Postnatal Autoimmune Effects

It would be inappropriate to discuss the possible autoimmune effects of environmental agents on the human immune system without mentioning the concept of prenatal exposure and postnatal aberration of the immune system. The
effect observed is predominantly one of immunosuppression. However, the in
utero exposure to diethylstilbestrol of 1.5 million women in the U.S. not only
caused genital tract abnormalities and reproductive problems but also made
them more susceptible to autoimmune disease [113]. Recent studies have shown
a marked increase in the exposed women’s response to T-cell mitogens, possibly
due to a lifelong developmental arrest [114], while exposure to polyhalogenated
aromatic hydrocarbons (TCDD) caused long-lasting postnatal immunosuppression in rats [115]. However, there is presently no convincing evidence for an
effect of prenatal exposure on development of autoimmunity. A recent meeting
summarized the knowledge about TCDD and similar agents on the immune
system [116].
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22.7
Acceleration and Aggravation of Autoimmunity by Environmental Agents

As mentioned above, each environmental agent will probably be able to cause a
number of phenotypic expressions of autoimmune diseases due to interaction
with different genotypes. One possibility is that the agents do not cause an
autoimmune disease de novo, but instead accelerate and aggravate autoimmune
conditions with other primary genetic or non-genetic etiology. The most instructive observations on this subject have recently emerged from the use of certain
metals in mice. Hg is a potent de novo inductor of a systemic autoimmune disease condition in rodents with a mainly MHC (H-2) class II gene-related susceptibility [117, 118]. While these rodent models continue to be very useful for
elucidating immunological mechanisms in systemic autoimmunity, dose-response studies applied to humans have indicated that de novo induction of autoimmunity by metals may occur mainly in hazardous work places or by accidental or voluntary ingestion. However, there is now firm experimental evidence
that Hg may act in a much more insidious way by accelerating the onset and
aggravating autoimmune diseases with other primary etiologies. Furthermore,
there is some evidence that this might occur at a dose that is comparable with
existing limits for occupational exposure and substantially lower than the exposure needed to induce autoimmunity de novo.
22.7.1
Acceleration of Spontaneous Autoimmune Diseases by Hg

In experimental models, the polyclonal B cell–activating agent lipopolysaccharide–lipid A portion [119], UV radiation [85], halothane [120], and polyinosinicpolycytidylic acid [121] accelerate spontaneous autoimmune disease manifestations. Recently, inorganic Hg was shown to have similar effects. Hg accelerates
the spontaneous autoimmune manifestations occurring in the ZBWF1 mouse
hybrid as evidenced by lymphoid hyperplasia [122], polyclonal B-cell activation
[123], hyperimmunoglobulinemia [122, 123], anti-chromatin antibodies [122],
and immune-complex deposits [122, 123]. Hg treatment of the MRL-+/+ strain
and the autoimmune-prone MRL-lpr/lpr (Fas-deficient) strain caused severely
and slightly accelerated autoimmune manifestations, respectively [122]. However, recent studies have shown that the autoimmunity may be severely aggravated also in the MRL-lpr/lpr strain, provided that a lower dose of Hg is administered [124]. Using the AKR strain, which is H-2 congenic with the MRL
strains, non-MHC genes were shown to be responsible for the more extensive
disease in the MRL strains [122]. Studies in the autoimmune-prone BXSB and
the non-autoimmune C57BL/6 strains, which share the H-2 b haplotype, showed
that Hg triggers the Yaa gene–dependent lupus-like autoimmune disease in
BXSB mice by aggravating lymphoid hyperplasia, anti-chromatin antibodies,
and glomerulonephritis, but had little effect on the C57BL/6J strain, linking the
genetic susceptibility to non-MHC genes [125]. Interestingly, a short course of
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Hg to BXSB mice was sufficient to cause a lifelong increase in the autoimmune
response. Furthermore, a dose of Hg that was relatively lower than the dose accepted in the occupational setting accelerated the spontaneous autoimmune disease.
While the above observations may give the impression that Hg given in a sufficient dose always accelerates spontaneous autoimmune diseases, we have found
[166] that Hg treatment for more than one year in the spontaneous autoimmune
(SWR ´ SJL)F1 mouse model [126] neither accelerated the onset nor increased the
severity of the systemic autoimmune manifestations. The conclusion is that the
SWR strain possesses non-MHC genes that can suppress Hg-induced exacerbation of autoimmunity. This shows that it is necessary to examine the effect of environmental agents like Hg on all available spontaneous models of autoimmune
disease, since a specific interaction takes place between genetics (also outside
the MHC), the spontaneous autoimmune conditions, and the environmental
agents.
These studies on the accelerating effect of Hg exposure have all been performed in models with a distinct and known genetic predisposition. Recently,
Silbergeld et al. examined whether an autoimmune disease caused by a primarily non-genetic mechanism might also be accelerated by Hg [127]. A lupus-like
chronic graft-versus-host disease (GVHD) was induced using F1 hybrids of two
strains resistant to Hg (C57BL/6 and DBA/2) and DBA/2 donor cells. A twoweek exposure to host and donor mice of low-dose Hg (20 lg/kg body weight
every other day) ending one week before GVHD induction aggravated the
lupus-like GVHD condition.
22.7.2
Acceleration of Spontaneous Autoimmune Diseases by Cadmium and Lead

Recent studies have expanded the above findings using Hg. Cadmium in a high
dose increases the ANA in autoimmune-prone ZBWF1 mice during the first
month’s treatment, while a lower dose increased the IgG2a serum level and the
proteinuria but did not increase glomerular IC deposits [73]. As mentioned
above, lead enhances the autoimmune manifestations in the autoimmune-prone
ZBWF1 hybrid [70]. A recent study in four New Zealand mixed strains revealed
a complex relation between the spontaneous autoimmune disease, lead exposure,
genetics, and gender, with different phenotypic expression of the susceptibility to,
or in some instances even attenuation of, the autoimmune process [71].

22.8
Comments on the Accelerating Effect of Metals on Autoimmunity

Understanding the ability of metals to accelerate and aggravate genetically as
well as non-genetically determined autoimmune disease processes is an important advance in the area of environmental agents and autoimmunity. While
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some of the studies included limited dose-response data, the potential importance for human conditions warrants further dose-response studies in all these
models. An additional major task will be to examine by which mechanism(s)
the metals are able to accelerate the autoimmune process. Hopefully, such studies will also be able to catalyze the understanding of the pathogenic mechanisms involved in spontaneous autoimmune diseases.
22.8.1
Mechanisms for Induction of Autoimmunity by Environmental Agents

For many of the environmental agents discussed in this review, the association
with autoimmune diseases is derived mainly from case reports and epidemiological studies. As indicated above, experimental studies have been used in
many instances to try to unravel the mechanisms underlying the autoimmune
effects of environmental agents, but the data obtained have often been of limited help in understanding the mechanisms involved. The following sections
will briefly review the mechanisms in some areas of environmentally induced
autoimmunity that have been of special importance for increasing our understanding of autoimmune disease mechanisms.
22.8.2
Lessons from Procainamide and Hydralazine

Procainamide and hydralazine are among the oldest drugs connected to drug-induced systemic autoimmunity (lupus) (see Section 22.3.1), and experimental
studies using these drugs have shed light on important mechanisms that may
be operating in xenobiotics-induced autoimmunity. A prerequisite for these effects is the in vivo generation from the drugs of metabolites with new properties, an effect that takes place not only in hepatic microsomal systems in the liver [128] but also in peripheral blood neutrophils utilizing myeloperoxidase and
hydrogen peroxide, leading to formation of the unstable product procainamide
hydroxylamine (PAHA) [129]. Importantly, not only are all the major classes of
lupus-inducing drugs able to undergo transformation to reactive products by exposure to activated neutrophils, but the degree to which this transformation
takes place correlates with the potency of the drug to induce lupus [130]. By injecting PAHA into the thymus of normal mice, an autoantibody profile mimicking that seen in procainamide-induced lupus in humans (IgM antibodies to denatured DNA after the first injection and high levels of IgG anti-chromatin antibodies after the second injection) was elicited [131]. Furthermore, anti-chromatin-reactive T cells simultaneously appeared in the peripheral immune organs,
and transfer studies indicated the likelihood that flooding the periphery with
these cells overwhelmed the peripheral tolerance system [132]. These elegant
studies so far have not been validated for the human situation, but the very similar autoantibody specificity in PAHA-injected mice and procainamide-induced
human lupus strongly supports this mechanism as being important in humans.
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Procainamide and hydralazine are also able to induce autoimmunity by another mechanism, primarily affecting the peripheral lymphoid system, by causing hypomethylation of DNA. Procainamide is a competitive inhibitor of the nuclear DNA methyltransferase activity [133], while hydralazine causes hypomethylation by inhibiting the ERK signaling pathway, which prevents upregulation of
Dnmt1 and Dnmt3a in stimulated T cells [134]. This hypomethylation seems to
be able to induce hyperexpression of the adhesion molecule LFA-1, increasing
the T-cell reactivity to a level where class II molecules might present inappropriate antigens, similar to the mechanism for chronic graft-versus-host disease
[134, 135]. Interestingly, patients with idiopathic lupus have been shown to have
hypomethylated lupus T cells and an autoreactive T-cell subset hyperexpressing
LFA-1 [135, 136]. However, to what extent this mechanism is responsible for
human SLE, and the reason that T cells should be hypomethylated in these
patients, remains unknown.
22.8.3
Lessons from Metal-induced Autoimmunity

Another area in which new data have recently been derived is autoimmunity induced by metals. The effect of Hg on the immune system can be divided into
lymphoproliferation, hypergammaglobulinemia, and autoimmunity manifested
as specific autoantibody production and immune-complex disease [118].
In rats, the major advances with regard to Hg- and Au-induced autoimmunity
have recently been summarized [117]. Briefly, rat T cells exhibit upon contact
with these metals a stimulation of the early steps in T-cell activation, mimicking
the effect of TCR cross-linking and leading to a polyclonal activation of both T
and B cells. The frequency of autoreactive anti-MHC class II T cells increases
drastically in the susceptible Brown Norway strain, which also shows a defective
IFN-c production but enhanced IL-4-production in the CD8 compartment, while
the resistant Lewis strain exhibits a reciprocal cytokine pattern. These reactions
lead to lymphoproliferation and hyperimmunoglobulinemia (of mainly the Th2
type) in the BN strains, producing anti-basement membrane (anti-laminin) and
anti-DNA antibodies. The manifestations might be severe, including fatalities,
but in the surviving rats the disease subsides within a month, first going
through a quiescent state with systemic IC deposits, even if injections of Hg are
pursued.
While there are phenotypic similarities between the autoimmune reaction to
Hg in rats and that in mice, it is now clear that the underlying mechanisms are
very different. The ability of mercury to cause lymphoproliferation in mice is
virtually strain-independent, since the DBA/2 strain was the only strain out of
22 lacking lymphoproliferation, which also included strains with the same
MHC haplotype as DBA/2 [137]. These in vivo findings correlate with the species-independent, Hg-induced lymphocyte proliferation demonstrated in vitro
35 years ago [138] and now identified as a cell- and concentration-dependent
proliferation of adult T cells (but not B cells or immature T cells, or thymocytes)
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[139–141]. The in vitro proliferation is linked to MHC class II [142] and costimulatory molecules, especially IL-1 [140], and there is evidence of an oligoclonal Tcell proliferation both in vitro [143] and in vivo [144]. Mercury may cause cell
proliferation by perturbating lymphocyte signaling [145, 146], but also by attenuating lymphocyte apoptosis [147] due to interference with the Fas–Fas ligand interaction in vitro [148]. Exaggerated proliferation and defective apoptosis might
not only cause expansion of peripheral lymphocytes but also allow autoreactive
T cells to escape IFN-c-dependent activation-induced cell death. This unspecific
lymphoproliferative response to Hg is complemented by a specific proliferation
occurring as part of an autoantigen-specific response.
The other main characteristic in Hg-induced murine autoimmunity, hyperimmunoglobulinemia, is not likely to be due to a direct effect of Hg on B cells,
which are in vitro 10-fold more sensitive to the cytotoxic effect of Hg than T
cells [149]. Instead, an initial polyclonal activation of both T helper type 1 and T
helper type 2 cells induces B cell–stimulating and -switching factors such as
IFN-c and IL-4 [150], which leads to B-cell proliferation and Ig production [151].
The third murine response to metals is the induction of autoantibodies
against the 34-kDa U3 small nucleolar ribonucleoprotein particle component fibrillarin using Hg [152, 153], Ag [64], and Au (Hultman and Pollard, unpublished observations). Intriguingly, the molecular specificity of the metal-induced
anti-fibrillarin antibodies (AFA) is similar to that of AFA in a subset of patients
with systemic sclerosis [154]. The restricted AFA response in Hg-treated mice is
critically dependent on certain MHC class II (H-2) haplotypes [155] – specifically, the A locus genes –, T cells [156], and the IFN-c cytokine [157] – but the exact
mechanisms underlying the reaction are still unknown. However, a number of
observations have been made. First, Hg may interact directly with fibrillarin-fibrillarin peptides, causing a physically altered molecule [158]. Secondly, nonapoptotic cell death, for example, by Hg, modifies the cleavage pattern for fibrillarin, resulting in neo-peptides of fibrillarin and exposing cryptic epitopes [158],
which may be the target for T cells [159]. Since exposure to Hg is able to create
a 19-kDa immunogenic fragment of fibrillarin even without direct molecular interaction between fibrillarin and Hg, the new cleavage pattern is likely to be of
prime importance [160]. Finally, the immunopathology of Hg-induced autoimmunity is derived from deposition in the renal glomerular mesangium and
systemically in the vessel walls of immune complexes consisting of IgG and a
complement [161]. The mice exhibit a mild glomerulonephritis with mild
proteinuria but not vasculitis or severe signs of tissue damage. AFA have been
eluted from kidneys with deposits [162]. The lack of tissue IC deposits after
treatment with silver [64] and Au (Hultman and Pollard, unpublished) indicates
that the mere presence of serum AFA is not sufficient to induce IC deposits,
and that other antigen-antibody systems than fibrillarin–anti-fibrillarin antibodies may also be involved.
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22.9
Concluding Remarks

In conclusion, environmental factors are on theoretical grounds likely to be a
major determinant of autoimmune diseases. However, only a limited (usually
small) fraction of individuals exposed to a sufficient dose of an environmental
agent will experience an autoimmune disease condition. This observation of individual susceptibility to environmental agents was made in 1962 by Kazantzis,
who described four occupationally mercury-exposed workers with nephrotic syndrome and noted that there were other workers excreting equal or even larger
amounts of mercury who were not affected [163]. The explanation lies in the
genotype of the exposed person. To some extent and in some situations, this
might be related to the toxicokinetics of the substance, but in most cases it is
likely to depend on genes regulating the immune response [164].
The genotype-dependent susceptibility, the high degree of ignorance regarding
the specific genes involved, and lack of knowledge regarding the genotype in
many of the individuals who experience an autoimmune reaction to the different compounds make it a challenging task to link autoimmune diseases with
environmental agents. Further increasing these difficulties is the possibility that
the same environmental agent interacting with different genotypes may result
in a number of different phenotypic disease expressions, including a mere acceleration and aggravation of autoimmune diseases with another primary etiology. However, a better recognition of environmental factors among clinicians
taking care of patients with autoimmune diseases, and improved integration between studies in animals and humans leading to a “bench-to-bedside” concept
of translational research, should enable a better understanding of the mechanisms involved in development of autoimmune diseases, including the complex
interaction between genetic and environmental factors [165].
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23
Genetics of Autoantibody Production
in Mouse Models of Lupus
Dwight H. Kono and Argyrios N. Theofilopoulos

23.1
Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that most
commonly affects the skin, kidney, and the hematologic, musculoskeletal, and
central nervous systems, although virtually any organ can be involved. It is associated with extensive clinical heterogeneity with considerable variability in the
severity and course of disease, as well as in the type and extent of tissue involvement. Disease manifestations are mediated by autoantibodies that, directly or
through immune complex deposition, result in cell or tissue destruction. The
level, specificity, and other characteristics of autoantibodies are thought to largely determine the clinical presentation of individual patients. Importantly, despite
the aforementioned clinical heterogeneity, a common hallmark of lupus is the
presence of autoantibodies to nuclear antigens, particularly ribonuclear proteins
(RNPs) and nucleosome components, which have been increasingly implicated
in disease pathogenesis. In more recent support for this, such antibodies were
found to predate the onset of SLE [1] and to play a role in the activation of selfreactive B cells and dendritic cells via a TLR-dependent mechanism [2, 3]. Thus,
there is substantial interest in identifying the etiopathogenic basis for their production.
Susceptibility to antinuclear antibodies and SLE has been shown to depend
on a combination of genetic, environmental, and stochastic factors; genetic predisposition is likely an important prerequisite for disease development in the
majority of cases. Similar to most common diseases, inheritance of lupus is
polygenic, with each genetic alteration contributing to only a portion of the total
autoimmune trait variance. Disease manifestations are also dependent on the
specific combination of disease-predisposing as well as disease-suppressing
genes (epistasis). Studies in human SLE have identified a number of candidate
genes as well as several promising loci [4–6]. Overall, however, despite substantial progress, identification of the specific genetic alterations has remained elusive in large part because of the difficulty of characterizing complex inheritance.
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A complementary approach has been to use spontaneous and induced mouse
models to define the genetic basis for lupus susceptibility. By utilizing the
power of homogeneous backgrounds and defined genetic manipulation, significant inroads have been made toward identifying predisposing genes and in defining their roles in autoimmune susceptibility. Two different types of genetic
approaches have yielded significant new insights. The first uses reverse genetics
to determine whether an alteration in a specific gene enhances susceptibility to
lupus. Although most reported cases have occurred serendipitously, a substantial number of lupus-promoting single-gene mutations have nonetheless been
identified. These have suggested a number of common and unique pathways
that can lead to loss of tolerance and the development of systemic autoimmune
manifestations, including autoantibody production. This topic is covered in
Chapter 24. The more traditional approach has been to identify predisposing
genes by mapping autoimmune traits to chromosomal locations and then
screening for the responsible polymorphisms (forward genetics). This chapter
will review progress in this area with emphasis on susceptibility to autoantibodies.

23.2
Identifying Genes Predisposing to Systemic Autoimmunity

Advances over the past 10 years have made possible identification of disease
susceptibility genes with only modest effects. Prior to this, attempts to find susceptibility genes were generally limited to either a candidate approach, wherein
genes are screened based on specific characteristics, or, if traits are transmitted
by simple Mendelian inheritance, by high-resolution mapping and cloning. Previous studies were able to identify two predisposing genes by screening candidates, the H-2 (polymorphic variants) [7–9] and the Fasl (gld mutation) [10, 11],
and two others, the Fas (lpr mutations) [12] and the Hcph (hemopoietic cell
phosphatase or SHP-1, motheaten mutations) [13, 14], by a combination of
mapping and candidate screening. The dominant Yaa gene that promotes B-cell
activation and autoimmunity in male BXSB mice was also shown to exhibit
Mendelian transmission, but it has not been cloned because of its location on
the Y-chromosome, which cannot be mapped by conventional methods [15]. Details of these genes and their roles in autoantibody production and systemic
autoimmunity have been previously reviewed [7].
The strategy for identifying genes with smaller quantitative effects, which
constitute the majority of lupus susceptibility genes, has some variations but
can be typically divided into four main steps. The first entails mapping traits to
specific chromosomal regions by either regional or genome-wide scans using
microsatellite or single-nucleotide polymorphisms. The intervals are generally
20–40 cM in size and typically contain tens to hundreds of possible candidate
genes. In the next step, interval-specific congenic strains that each contain a single introgressed genomic fragment encompassing the relevant chromosomal
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region are generated and characterized. This permits confirmation of the initial
mapping study as well as more precise definition of the contributions of individual predisposing genes. Clues about the identity of susceptibility genes and
where they might be expressed are also obtained. The third step involves narrowing the interval to as small a size as possible, typically 0.5–2.0 Mb. This is
critical for reducing the number of potential candidate genes that need to be
screened and serves to eliminate with certainty adjacent polymorphic genes
from consideration. Alternatively, microarray analysis comparing expression profiles of tissues from interval congenic and wild-type mice has been successfully
applied to identify possible candidate genes in congenic mice with large introgressed intervals. A well-known example is the Ifi202 gene within the NZB
Nba2 locus on chromosome 1, which was identified by this approach [16]. Verification of genes identified by this microarray approach, however, may still require the generation and testing of smaller interval congenic sublines. This is
definitely true for Ifi202, since others have subsequently reported multiple lupus
susceptibility loci within the Nba2 interval [17]. Another potential drawback is
that detection of expression polymorphisms requires testing the appropriate tissues and cells and may depend on activation state and developmental stage,
which in most cases are not known. The final step consists of screening candidate genes within the fragment for structural and/or expression polymorphisms
that are consistent with the observed component phenotypes. The recently completed sequence of the mouse genome has greatly facilitated this process.

23.3
Mouse Models of SLE in Mapping Studies

A large number of different strains have been used to map loci predisposing to
SLE-related traits (Table 23.1). These include not only the major lupus-prone
mice [15, 18], the NZB, NZW, MRL-Faslpr, and BXSB, but also the NZM2410,
NZM2328, and BXD2 recombinant inbred lines and C57BL/6 (B6) ´ 129 mixed
background mice, which also develop significant spontaneous disease. Several
other induced or genetically manipulated models of systemic autoimmune disease – such as mercury-induced autoimmunity [19], thrombin-exposed galactose-alpha1-3-galactose–deficient mice [20], M. bovis–induced lupus in NOD
mice [21], and FccRIIb-deficient mice – have also been analyzed (Table 23.1).
With regard to the relatedness of these strains, a recent study [22] has largely
verified through single-nucleotide polymorphism (SNP) analysis the historical
origin of inbred mice [23]. Roughly 67% of the haplotypes were found to be
derived from Mus musculus domesticus and 21% from Asian mice (mainly Mus
musculus musculus and molossinus subspecies). When compared with the B6,
other inbred strains were found to exhibit, albeit in different regions, low rates
of polymorphism in about two-thirds of the genome, with the remaining third
having considerable divergence, most often from one strain having the domesticus and the other the musculus background. Furthermore, more careful analysis
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Table 23.1 Susceptible lupus-prone strains and other mouse
models used to map susceptibility genes.
Strains or mixed
backgrounds susceptible
to spontaneous lupus

Induced and mutant models

NZB
NZW
NZM2410
NZM2328
MRL-Faslpr
BXSB
BXD2
C57BL/6 ´ 129

Mercury-induced autoimmunity (DBA/2 resistance)
M. bovis–induced systemic autoimmunity (NOD susceptible)
FccRIIb-deficient mice (B6 susceptible)

suggested that the genomic makeup of inbred strains represents the effects of
recent breeding practices that created mosaics of two major ancestral strains.
Thus, the genomic heterogeneity of lupus-predisposing genes in inbred strains
will be limited by this common derivation, and many of the predisposing genetic alterations will likely be present in non-autoimmune strains if the predisposing mutations were derived from the original founders.

23.4
Lupus Quantitative Trait Loci

Currently, at least 113 loci linked to one or more lupus traits have been identified with distribution over all 19 autosomal chromosomes (Table 23.2, listed by
chromosomal location). Of these, 72 were found to affect levels of autoantibodies, including antinuclear antibodies (ANAs), rheumatoid factors (RFs), and antibodies to DNA, chromatin, histone, cardiolipin, gp70, red blood cells, and
platelets. Autoantibody-related loci were located on all autosomal chromosomes
except 15. Lupus traits were mapped not only to lupus-prone strains but also, in
some crosses, to non-autoimmune mice. These strains include the B6, B10,
C57L, BALB/c, 129, SWR, DBA/2, and the diabetes-prone NOD. The large number of lupus-related loci, however, is likely somewhat overestimated since this
number includes loci with only suggestive linkages. Furthermore, several overlapping or adjacent loci mapped in different studies may in fact be identical
since some of these are linked to similar trait(s) and the same strain background. Nonetheless, despite these considerations it is evident that there is considerable heterogeneity and complexity in the genetics of lupus and autoantibody production among inbred mice. Overall, the inheritance of lupus in all
spontaneous mouse models examined has been shown to be polygenic and dependent on the number and specific combination of susceptibility loci. Similarly, it appears that many of the autoimmune manifestations in lupus, including
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autoantibody specificities, are also to a large extent determined by specific loci
[24–27].

23.5
Loci in NZB, NZW, and NZB ´ NZW Recombinant Inbred Mice

Significant progress has been made in delineating the role of quantitative trait
loci (QTL) in disease pathogenesis and in identifying candidate genes for NZB
and NZW mice and their recombinants, NZM2410 and NZM2328. Mapping
studies involving a variety of crosses to autoimmune and normal strains have
identified at least 21 NZB and 19 NZW susceptibility loci, as well as lupus-predisposing loci in several non-autoimmune strains, including BALB/c, SWR,
C57BL/6, C57BL/10, and C57L (Table 23.2). Furthermore, four chromosomal regions in NZW mice linked to disease suppression, termed Sles1–4, have also
been described [27]. In this case, loci were considered to be lupus-suppressing
NZW genes since pure NZW mice develop only mild lupus despite having the
NZW Sle1, Sle2, and Sle3 loci, which in the B6 background results in severe
lethal autoimmunity. This interpretation, however, depends on the point of view
since it is also possible that lupus-predisposing genes in the B6 might be responsible. Ultimately, designation of loci as disease promoting or inhibiting will
depend on the structure and function of the polymorphic alleles.
Several non-MHC loci identified in NZB and NZW mice have been confirmed
in more than one mapping study. These include Sle1/Cgnz1/Agnz1 (NZW-derived) and Lbw7/Nba2 (NZB-derived) loci on chromosome 1, Lbw2/Sle2/nba1/
Imh1/Mott/Spm1 (NZB-derived) on chromosome 4, Lbw5/Sle3S/Sle5 (NZW-derived) and Nba5/Aem2 (NZB-derived) on chromosome 7, Lbw8 (NZB-derived)
on proximal chromosome 8, Sgp3 on chromosome 13 (NZB- and NZW-derived),
and nwa1 (NZW-derived) on chromosome 16 (Table 23.2). Loci on chromosomes
1, 4, 7, and 13 have been confirmed by interval congenic lines.
There is particular interest in defining the NZ chromosome 1 susceptibility
loci since they overlap with homologous regions on human chromosome 1
linked to SLE in several independent studies [5, 6, 28]. For both the NZW and
NZB intervals on chromosome 1, congenic mice have been characterized and
several promising candidate genes have been identified. With regard to the
NZW loci, Sle1 was initially shown in B6 congenics (B6.NZMc1) to enhance the
production of IgG antinuclear antibodies, particularly to the H2A/H2B/DNA
nucleosomal components [29–31]. Although mice with this single locus did not
develop glomerulonephritis (GN), bi- or triple-locus congenic mice with combinations of Sle1 with Sle2 (chromosome 4) and Sle3 (chromosome 7) developed
varying degrees of GN and early mortality depending on the specific combination [31, 32]. Other studies using bone marrow transfers with various combinations of B6.NZMc1, wild-type B6, and mice deficient for B cells or T cells
showed that Sle1 is functionally expressed in both B and T cells [33]. Intervalspecific NZM2328 congenic mice containing the non-autoimmune Cgnz1 inter-
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val from the C57L strain (NZMC57Lc1, NZW-derived) were also generated and
demonstrated significant reductions in anti-dsDNA and related antibodies as
well as GN [34]. This essentially reciprocal congenic to B6.Sle1 shows quite nicely that the lack of a single interval can have a significant impact on disease.
More precise delineation of the Sle1 locus using subinterval congenic mice
has subsequently shown that Sle1 is a cluster of at least four (Sle1a–d) loci, each
conferring varying degrees of loss of tolerance to chromatin and enhancement
of systemic autoimmunity [35]. The most potent appears to be Sle1b, which
leads to ANA production in B6.Sle1b congenics and fatal GN when combined
with either the Faslpr or Yaa autoimmune-accelerating mutations [36]. Individually, however, Sle1a–c do not induce severe GN when combined with other Sle
loci, indicating the additive nature of their contributions and demonstrating the
complexity that may exist within a locus originally thought to consist of a single
susceptibility gene. Moreover, this finding raises the specter of other loci being
similarly composed of clusters of predisposing genes with individually weak effects.
Physical mapping and cloning of the 900-kb genomic segment of Sle1b
(NZM2410/NZW) revealed the presence of 24 expressed genes and two pseudogenes, among which 19 were expressed in the spleen and therefore considered
possible candidates [37]. Furthermore, this interval contained the SLAM/
CD2 family genes, which encode surface molecules on hematopoietic lineage
cells that mediate stimulatory or inhibitory signals. Strikingly, there was extensive polymorphism between the B6.Sle1b (Sle1b haplotype) and B6 genomes that
involved 10 genes: Usp23, Nit1, Refbp2, Cd229, Cs1, CD48, CD84, Ncstn, Copa,
and Pxf. Interestingly, Cd224 was expanded in B6 mice to a four-locus cluster,
of which transcripts from three of the genes were detected in spleen cDNA.
Among these genes, CD48, CD150, CD84, and Ly108 appear to be the strongest
candidates, although it is possible that the entire haplotype contributes to susceptibility. In this regard, the Sle1b haplotype is also present in most inbred
strains, including 129/SvJ, A/J, AKR/J, BALB/cJ, C3H/HeJ, CBA/J, CE/J, DBA/
2J, DDY, Jc1, LP/J, MRL/MpJ, NOD/Lt, NZB/B1WJ, NZW, P/J, PL/J, SB/Le,
SEA/GnJ, SJL/J, SM/J, WB/Re, PERA/EiJ, PERA/RkJ, PERC/EiJ, SK/CamEiJ,
and SF/CamEiJ. In contrast, the B6 haplotype is limited to B6, C57BR/cdJ,
C57L/M, RF/J, MOLF/EiJ, and MOLE/EiJ. Thus, the Sle1b and B6 haplotypes
appear to be of ancestral origin. Recently, a 129 locus on chromosome 1 overlapping with Sle1b was shown to promote lupus-like disease when present on
the B6 background [38] (see below). This could be due to the Sle1b haplotype
and suggests that chromosome 1 intervals from any of the strains with the
Sle1b-haplotype including NZB mice would have a similar effect.
The complement receptor 2 (Cr2) gene has been identified as a candidate
gene for Sle1c [39]. Comparison of the Cr2 alleles of NZM2410/NZW and B6
strains revealed considerable polymorphism, with differences in 16 nucleotide
residues (11 resulting in amino acid changes) and a three-nucleotide insertion/
deletion [39]. Most significant was a C ? A (His ? Asn) mutation at residue
1342 located in either the external domain short consensus repeat 7 (SCR7) of
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CR1 or the SCR1 of CR2, which introduced a new N-linked glycosylation site
within the ligand-binding domain. This mutation caused reduced C3dg binding,
CR1/CR2-mediated signaling, and IgG response to T-dependent antigens. Based
on the known structure of CR1/CR2, it appeared that glycosylation of the Asn
residue altered the function of CR2 by inhibiting its dimerization [39]. Similarly,
reduced levels of CR1/CR2 in SLE have also been found [40]. The Cr2 gene in
mice encodes by alternative splicing both CR1 and CR2 glycoproteins [41, 42].
CR1/CR2 is expressed primarily on the surfaces of mature B cells and follicular
dendritic cells and binds C3 and C4 split products on antigens or immune complexes. CR2 reduces the B-cell activation threshold and plays a role in both Bcell apoptosis and antigen processing/presentation, particularly within the
germinal center. Mice lacking Cr2 have reduced T-dependent responses, generation of memory B cells, and germinal center formation. CR2 appears to help establish tolerance by enhancing the presentation of self-antigens, as suggested by
the accelerated disease observed in Faslpr mice when combined with Cr2-deficiency [43, 44]. However, to what extent transfer of the Sle1b SLAM/CD2 haplotype (present in the 129 genome where the knockout of Cr2 was generated)
plays a role in the lupus-like disease attributed to Cr2 deficiency remains to be
determined.
B6 congenic mice containing the NZB chromosome 1 interval (B6.Nba2) have
also been generated and characterized [16]. These mice, similar to the Sle1 congenics, spontaneously produce increased levels of IgG anti-DNA and anti-chromatin autoantibodies, but do not develop GN. Furthermore, combining this interval with the Yaa also leads to higher levels of autoantibodies, including those
to DNA, chromatin, and gp70, as well as the development of severe lethal GN.
At least part of this effect must be due to the Sle1b SLAM/CD2 haplotype present in NZB mice. In this regard, other studies attempting to more precisely
map alterations in B-cell activation induced by the NZB chromosome 1 interval
suggest that the Nba2 interval is also composed of more than one susceptibility
gene [17].
Analysis of microarray expression profiles of spleen cells from B6 and
B6.Nba2 congenic mice recently identified Ifi202 as a potential candidate gene
for the Nba2 [16]. In mice containing the NZB Nba2 interval, there was a more
than 10-fold increase in Ifi202 and a decrease in Ifi203 (both within the Ifi200
cluster), and, impressively, out of 11,000 genes these were the only differences
detected. Increased expression of Ifi202 at both the RNA and protein levels was
also demonstrated in NZB spleen cells compared with NZW. The specific polymorphism responsible for the increased expression is not known, although several differences identified in the promoter region of the Ifi202 gene are suspected. Ifi202 is an interferon-inducible family of two genes (Ifi202a and
Ifi202b) that has been suggested to play a role in cell survival, proliferation, and
differentiation [45]. Ifi202 is also upregulated by IL-6 through STAT3 activation
[46].
Another candidate for Nba2 is the FccRIIb, which in NZB mice has two deletions in the promoter region [47]. These changes are associated with lower lev-
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els of FccRII expression in germinal centers and with hypergammaglobulinemia. FccRIIb on B cells normally inhibits B-cell antigen receptor signaling by
recruiting SHIP and possibly to a lesser extent SHP-1 to the antigen receptor
[48, 49]. Lack of FccRIIb enhances humoral responses and in B6 mice leads to
the development of lupus-like disease [50]. However, similar to Nba2, to what
extent this is due to the Sle1b SLAM/CD3 haplotype will need to be determined.
Congenic mice for the chromosome 4 loci have also been studied. B6.NZMc4
congenic mice, which contain a mixture of NZW genome on the acromeric portion and NZB genome on the telomeric part of the interval, were found to develop generalized B-cell hyperactivity, expansion of B1 cells, and increased polyclonal IgM levels, but no increase in IgG antinuclear antibodies or GN [51]. It
was suggested that the expanded B1 cell population, which expresses higher levels of costimulatory molecules such as B7, might promote autoimmunity by enhancing self-antigen presentation T cells [52]. More recently, BWF1 congenics
that contain one or no copies of the NZW chromosome 4 interval (Lbw2)
showed reduced B-cell activation to LPS, decreased IgM levels and autoantibodies, less glomerular immune complex deposits and GN, and reduced mortality,
but, unexpectedly, no difference in levels of IgG autoantibodies [53]. Nevertheless, spontaneous IgG autoantibody-secreting cells were significantly reduced,
and the number of these cells correlated with the amount of kidney deposits
but not serum levels. Furthermore, kidney eluates did not demonstrate significant difference in the autoantibody repertoire in deposits from BWF1 mice with
one or no copy of the NZB Lbw2 locus. Thus, it was concluded that serum levels of IgG autoantibodies did not reflect the actual differences in production of
autoantibodies and that the primary defect of Lbw2 is B-cell hyperactivity. Interestingly, congenic NZM2328 mice with replacement of the Adnz1 chromosome
4 interval that overlaps Sle2 and Lbw2 (NZM.C57Lc4) developed severe GN similar to wild-type NZM2328, but had markedly reduced to normal levels of antidsDNA antibodies [34]. This model is particularly interesting since elucidation
of the responsible genetic alteration should yield significant insights about the
etiopathogenesis of antinuclear antibodies. Overall, findings in these various interval congenic mice suggest the presence of multiple subloci within the NZW
chromosome 4 interval and/or considerable influence of background genes.
A NZB C1q polymorphism located within the Nba1/Lbw2/Imh1/Mott interval
on chromosome 4 that downregulates C1q levels was recently reported and suggested to be a potential candidate [54]. This is an attractive possibility since deficiencies of the early complement components (C1q–s, C2, or C4) predispose to
SLE in humans. Moreover, homozygous C1q knockout mice develop a strain
background–dependent loss of tolerance to nuclear antigens and abnormal accumulation of apoptotic bodies in the kidney glomeruli, suggesting that C1q may
prevent systemic autoimmunity by playing a non-redundant role in the clearance of apoptosis byproducts [55, 56]. More recent fine-mapping, however, has
indicated that C1q is not within the Lbw2 interval [53].
The chromosome 7 interval is similar to chromosome 1 in that both NZW
and NZB loci have been mapped to this region. In terms of the NZW locus, the
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B6 congenic for Sle3/Sle5 (B6.NZMc7) was found to develop elevated, but low,
levels of antinuclear antibodies and a low incidence of GN, but when combined
with other Sle loci, it promoted severer lupus manifestations, depending on the
combinations [32, 57]. Sle3 was initially thought to promote generalized T-cell
activation because of a marked increase in activated T cells, elevated CD4 : CD8
ratios, and resistance to activation-induced cell death in congenic mice [57].
More recently, however, using bone marrow chimera experiments with allotypelabeled B and T cells from B6 and B6.Sle3/5 mice, it was shown that the susceptibility genes were expressed in a non-lymphocyte bone marrow–derived population that affected T-cell selection, survival, or both [58].
B6.Yaa mice congenic for the NZB chromosome 7 locus (B6.Nba5) have also
been generated and characterized [59]. Compared with B6.Yaa mice, congenics
develop increased gp70 immune complexes and severer GN, although the incidence was low and the onset delayed compared with B6.Yaa congenic for the
Nba2 (NZB chromosome 1) locus. Remarkably, Nba5 had no effect on either
anti-DNA or anti-chromatin IgG autoantibodies. Thus, Nba5 represents another
locus that affects autoantibody specificity.
A CD22a variant, present in NZW and NZB mice and located within the Sle5
and Lbw5 intervals, has been suggested as a possible candidate [60]. CD22a has
a 794-bp insertion within the second intron of a cluster of short interspersed
nucleotide elements, which leads to aberrant alternative splicing. This is associated with reduced LPS-stimulated expression of CD22 in B cells to about half
the level observed with the CD22b (B6 mice) allele. The CD22 is a candidate
gene for Sle5, but it is not a candidate for Lbw5, since congenic NZB mice containing the NZW Lbw5 interval have enhanced disease (unpublished observations).
The Sgp3 locus on chromosome 13 has also been confirmed in B6 mice containing either the relevant NZW or NZB intervals [59, 61]. Sgp3 was primarily
associated with increased production of gp70; however, in autoimmune-prone
Yaa mice Sgp3 also enhanced GN and in some cases autoantibodies to DNA
and chromatin.

23.6
Loci Identified in Crosses of MRL-Faslpr Mice

Although the Faslpr mutation promotes loss of tolerance and autoimmunity, the
development of lupus depends on background susceptibility genes. In fact, in
humans, the majority of individuals with deficiencies of Fas or molecules related to the same pathway (FasL, caspase 10) develop ALPS or Canale-Smith
syndrome with lymphoproliferation, but little to no evidence of SLE [62]. This
suggests that the frequency of such lupus-enhancing variants is relatively rare
in humans and that the genes involved in promoting autoimmunity must have
special characteristics. Several groups have identified lupus-related QTL in a
variety of crosses with the highly lupus-susceptible MRL-Faslpr mice (Table 23.2).
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Table 23.2 QTL predisposing to autoantibodies and other lupus-related traits.
Name

Chr

Bxs4
–
Bxs1
–
Bana3
Bxs2
–
Swrl1
Sle1

1
1
1
1
1
1
1
1
1

Hmr1

cM

Trait

Strain
allele

Ref.

7.7
19.5
32.8
54.0
60.9
63.1
65.0
87.9
87.9

LN
IgM RBC
GN/ANA/spleen
IgM ssDNA/IgM histone
ANA (M. bovis)
GN/ANA/spleen
Sialadenitis
dsDNA/histone
dsDNA/GN/spleen

72
84
71
85
79
71
66
86
87, 88

1

87.9/92.3

–

1

87.9–95.8

129

38

Cgnz1

1

92.3

glom dep (HgIA resistance)
ANA/chrom/dsDNA/
ssDNA
Chronic GN

BXSB
BALB/c
BXSB
BALB/c
NOD
BXSB
MRL
SWR
NZM2410
(NZW)
DBA/2

89

Lbw7
Nba2
Bxs3
Agnz1

1
1
1
1

92.3
92.3/94.2
100.0
101.0

chrom/spleen
ANA/gp70IC/GN
dsDNA
Acute GN

–

1

106.3

ssDNA

NZM2328
(NZW)
NZB
NZB
BXSB
NZM2328
(NZW)
NZW

–
–
Rends (Wbw1)

2
2
2

78
86.0

ssDNA/dsDNA
dsDNA/RF
Mortality/GN

MRL +/+,lpr/+ 93
DBA/2
77
NZW
94

–
Sles2
Bxs5
–
Lprm2

3
3
3
3
3

17
35.2
39.7
44–50.4
66.2

IgG RBC
dsDNA/GN (resistance)
ANA/IgG3
ANA/chrom/ssDNA
Vasculitis (resistance)

NZB
NZW
BXSB
B6
MRL

84
27
72
38
64

–
Arvm1
Lprm1
Acla2
Sle2

4
4
4
4
4

7
19.8
32.5
40.0
44.5

IgG RBC
Vasculitis
Vasculitis
aCL
GN

84
67
64
73
87

Spm1
Adaz1
–
–
Lbw2
Sles2
–

4
4
4
4
4
4
4

45.9
49.6
51.3–61.5
53.5
55.6
57.6
62.3

Spleen
dsDNA
dsDNA
dsDNA/RF
Mortality/GN/spleen
dsDNA/GN (resistance)
GN

NZB
MRL
MRL
BXSB
NZM2410
(NZW)
NZB
NZM2328
B6
B6
NZB
NZW
NZB

19

24
90–92
71
89
85

95
89
38
77
24
27
90

23.6 Loci Identified in Crosses of MRL-Faslpr Mice
Table 23.2 (continued)
Name

Chr

cM

Trait

Strain
allele

Ref.

Arvm2
Asm2
nba1
Lmb1
Imh1/Mott
Aia1

4
4
4
4
4
4

57.6
65.0
65.7
69.8
69/69.8
75

Vasculitis
Sialadenitis
GN
Lprn/dsDNA
Hyper IgM/GN/dsDNA
RBC

MRL
MRL female
NZB
B6
NZB
NZB

67
66
96
63
97, 98
99

Sle6
Lmb2
Lprm4
Lbw3

5
5
5
5

20.0
41.0
54.0
84.0

GN
Lprn/dsDNA
Spleen
Mortality

NZW
MRL
MRL
NZW

27
63
64
24

–
–
Lbw4
–

6
6
6
6

21.3
35.0
64.0
74.0

IgG RBC
GN (resistance)
Mortality
dsDNA

NZB
MRL
NZB
B6

84
100
24
88

Sle5

7

0.5

dsDNA

88

Lrdm1
Sle3

7
7

6.0
16.0

GN
GN

Lbw5
Nba5
Lmb3
–
Sle3
Aem2
–
–
Myo1

7
7
7
7
7
7
7
7
7

23.0
23.0
27.0
15–26.5
28.0
28.4
51.5
56.5
69.0

Mortality
gp70IC
Lprn/dsDNA
GN
GN
RBC
GN
dsDNA
MI

NZM2410
(NZW)
MRL
NZM2410
(NZW)
NZW
NZB
MRL
129
NZM (NZW)
NZB
NZB
NZB
BXSB

24
59
63
38
87
84, 95
90
101
73

Pbat2

8

11

Platelet

BXSB

73

sbb1
baa1
–
Gp1

9
9
9
9

17.0
28.0
56
57.9

Spleen (FccRIIb ko)
IgM ssDNA/IgM histone
IgG dsDNA/ssDNA
gp70IC

BALB/c
BALB/c
BALB/c
BXSB

82
85
102
103

0.0
38/40
41.5
51.0
69.0
70.0

ANA (M. bovis)
Sialadenitis
RBC
Lprn/GN
GN
chrom

BALB/c
MRL
NZB
MRL
NZM or B6
B10

79
66
95
63
88
104

Bana2
Asm1
Aem3
Lmb4
–
–

10
10
10
10
10
10

65
88
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Table 23.2 (continued)
Name

Chr

cM

Trait

Strain
allele

Ref.

–
–
Lbw8
–
–

11
11
11
11
11

2.0/17.0
20.0
28.0
28.5
54.0

GN
GN/dsDNA
chrom
ssDNA
dsDNA/ssDNA/aCL

NZB
NZM
NZB
NZW
MRL

92
88
24
85
93

–
sbb2
–

12
12
12

NZB
B6
NZB

84
82
102, 105

–

12

13

NZW

102, 105

Lrdm2
–
–

12
12
12

27.0
28
41

IgM RBC
ANA (FccRIIb ko)
gp70/gp70IC/chrom/
ssDNA/dsDNA/GN
gp70/gp70IC/chrom/
ssDNA/dsDNA/GN
GN
chrom/GN
dsDNA/ssDNA

MRL
NZB
NZB

65
102
102

Bxs6
Spg3

13
13

24.0
41.0

gp70/gp70IC
gp70IC/gp70

BXSB
NZW, NZB

–
–
–
–

13
13
13
13

43.4–46
59.0
71.0
71.0

IgM RBC
gp70IC/GN
dsDNA
GN

NZB
B10
NZM
NZB

103
59, 61,
106
84
104
87
90

–
Swrl2
Myo2
–
Lprm3

14
14
14
14
14

19.5
27.5
39.0
42.5/40.0
44.0

Histone
GN/dsDNA
MI
GN
GN (resistance)

NZW
SWR
BXSB
NZB
MRL

85
86
73
92
64

Paam1

15

17.8

Arthritis in males

MRL

107

Lprm5
Bah2
nwa1
nwa1

16
16
16
16

21.0
34.6
38.0
38.0

dsDNA
RBC (M. bovis)
histone
GN/dsDNA

MRL
BALB/c
NZW
NZW

64
79
85
101

Bana1/Bah1
sbb3
Acla1
Sles1
Pbat1
Wbw2
Agnz2

17
17
17
17
17
17
17

0.9
16.0
18.2
18.8
18.9
24.0
55.7

ANA/RBC (M. bovis)
ANA/spleen (FccRIIb ko)
aCL
GN/dsDNA (resistance)
Platelet
Mortality/GN
Acute GN

NOD
BALB/c
NZW/BXSB
NZW
NZW/BXSB
NZW
C57L

79
82
73
27
73
94
89

Swrl3
–
Lbw6

18
18
18

20
22.0
47.0

dsDNA/histone
Sialadenitis
Mortality/GN

SWR
MRL
NZW

86
66
24

1
6.0
2.3–6

23.7 Loci in BXSB Crosses
Table 23.2 (continued)
Name

Chr

cM

Trait

Strain
allele

Ref.

nwa2
–

19
19

41.0
50.0

ssDNA
dsDNA

NZW
NZM

85
87

Autoantibody QTLs and specificity are indicated by boldface type. Loci with
linkages P < 0.01 or lod > 1.9 are included. Chromosome (Chr) and locations in
cM (Mouse Genome Informatics, Jackson Laboratory) are based on the estimated peak or the marker with the highest association. Traits are disease manifestations that mapped to loci.
chrom = anti-chromatin autoantibody; aCL = anticardiolipin autoantibody;
dsDNA = anti-dsDNA autoantibody; glom dep = glomerular IgG deposits;
GN = glomerulonephritis; gp70IC = gp70 immune complexes (represents levels
of anti-gp70 autoAbs); histone: anti-histone autoantibody, LN = lymphadenopathy; Lprn = lymphoproliferation; MI = myocardial infarct, platelet = anti-platelet
autoantibody and thrombocytopenia; RBC = anti-RBC autoantibody;
spleen = splenomegaly.
In the trait column, induced or genetically modified models are indicated in
parentheses as follows: FccRIIbko = FccRIIb-deficient mice; HgIA = mercuryinduced autoimmunity; M. bovis = M. bovis i.v.–induced model.

Nineteen QTL for one or more autoimmune trait have been identified in at
least 14 of the autosomal chromosomes. The number of loci is in part related
to the different strains of crosses used and wide spectrum of traits examined,
including GN, arthritis, sialadenitis, and vasculitis. A few of the loci, such as
those on chromosomes 4 (Arvm1, Lprm1), 5 (Lmb2, Lprm4), 7 (Lmb3, Ldrm1),
and 10 (Lmb4, Asm1) overlap and therefore may represent the same susceptibility gene [63–66]. Loci to several autoantibody specificities have been identified,
including chromatin, dsDNA, ssDNA, and cardiolipin.
The CD72c variant in MRL mice, which originated from the LG/J strain, has
13 amino acid substitutions, compared with the CD72b allele (C3H strain), that
include acidic, basic, and neutral changes and it is a candidate for the Arvm1 locus [67]. CD72 is a member of the C-type lectin superfamily and is expressed
on the surface of B cells [68]. It acts as a negative regulator of B-cell activation
and also plays a role in B-cell development.

23.7
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The Yaa gene is responsible for the development of severe lupus-like disease in
BXSB males, but, similar to the Faslpr mutation, susceptibility is also highly dependent on other BXSB background genes [15, 69, 70]. Genome-wide searches
to define these genes have identified 13 BXSB-derived loci encompassing eight
chromosomes in backcrosses of BXSB to C57BL/10 (B10) or to NZW strains
(Table 23.2). In reciprocal male BXSB ´ B10 backcrosses, five QTL were found to
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be linked to one or more traits, including antinuclear antibodies, lymphoproliferation, and GN [71, 72]. Four were located in different regions on chromosome 1 and one was mapped to chromosome 3. Other loci with suggestive linkages were also identified on chromosomes 4, 10, and 13. By contrast, in a male
BXSB ´ NZW backcross study, a completely different set of BXSB loci for other
traits that included anticardiolipin antibodies, anti-platelet antibodies, thrombocytopenia, and myocardial infarction were found to map to chromosomes 4, 7,
8, 14, and 17 [73]. Finally, in another study of female (BXSB ´ NZW) F2 mice,
two BXSB loci were identified, one on chromosome 1 to splenomegaly and the
other on chromosome 4 (Lxw1) to anti-chromatin autoantibodies [74]. Interestingly, although female (BXSB ´ NZW) F1 and female (NZB ´ NZW) F1 mice both
developed accelerated disease compared with parental strains, the genetic contributions of BXSB and NZB loci to this additive effect were completely different.
This suggests that at least some of the susceptibility gene variants in these
strains may not be derived from the common ancestral Asian and European
mouse strains.
BXSB loci (Bxs1–4) on chromosome 1 have also been somewhat confirmed
with four congenic B10.Yaa mice containing large and overlapping chromosome
1 fragments of the BXSB genome [75]. Three of these intervals, however, contain
more than one Bxs locus, and therefore more precise mapping will be required
to verify the presence of these loci and to more precisely delineate their characteristics.

23.8
Loci in Other Spontaneous Lupus Crosses

A recent study documented lupus-like disease in (129 ´ B6) hybrids and identified loci on chromosomes 1 (129-derived), 3 (B6-derived), and 4 (B6-derived)
that promote autoantibodies to nuclear antigens, including DNA and chromatin
[38] (Table 23.2). Furthermore, introgression of the 129 chromosome 1 interval
in B6 congenic mice was sufficient to cause loss of tolerance to nuclear antigens and the production of autoantibodies. The 129 chromosome 1 region overlaps with Sle1b, and the findings may be related to the aforementioned polymorphisms of the SLAM/CD2 locus [37]. Since 129 ´ B6 mixed backgrounds are
often used to define characteristics of mice with gene knockouts, these results
suggest caution in ascribing lupus manifestations solely to the deficient gene,
particularly if the gene is located on chromosome 1 [76].
Another recently identified model of lupus and rheumatoid arthritis is the
BXD2 recombinant inbred strain [77]. This line is one of approximately 80
B6 ´ DBA/2 recombinant inbred strains originally developed at the Jackson Laboratory [78]. BXD2 mice spontaneously develop a systemic autoimmune disease,
characterized by anti-DNA autoantibodies, rheumatoid factor (RF), immune
complex GN, severe erosive arthritis, and a reduced lifespan of 14 months [77].
Mapping susceptibility loci using 20 recombinant BXD strains identified two
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loci: a DBA/2 locus on chromosome 2 that was linked to anti-DNA autoantibodies and a B6 locus on chromosome 4 linked to RF levels.

23.9
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Loci contributing to systemic autoimmunity have also been identified in several
induced or mutant models of SLE. In mercury-induced autoimmunity, most
strains are susceptible with the notable exception of the DBA/2. Mapping of F2
crosses between the DBA/2 and susceptible SJL or NZB identified a single
DBA/2 locus on chromosome 1 (Hmr1) that was linked to reduced glomerular
immune complex deposition [19]. Interestingly, antibodies to nucleoli, a characteristic specificity observed in this disease, were affected only by the H-2s haplotype and no other background genes.
Intravenous Mycobacterium bovis (bacillus Calmette-Guerin) given to type I
diabetes mellitus–susceptible NOD mice prevents diabetes but, remarkably, induces systemic autoimmunity manifested by hemolytic anemia, antinuclear antibodies, immune complex–mediated GN, and exacerbation of sialadenitis [21].
When backcrosses to BALB/c mice were analyzed for predisposing loci, hemolytic anemia mapped to two loci on chromosomes 17 (Bah1) and 16 (Bah2) and
ANAs to 17 (Bana1), 10 (Bana2), and 1 (Bana3). No locus was identified for
GN. Interestingly, two of the four regions (Bana3, Bah1/Bana1) overlap with
previously identified lupus-predisposing loci. Another interesting observation is
that, other than the MHC region, none of the lupus-predisposing loci co-localized with diabetes loci. Thus, there is no evidence for common autoimmunepredisposing genes in NOD mice, although lupus- and diabetes-susceptibility
genes shared by both NOD and BALB/c mice have not been ruled out [79].
Deficiency of FccRIIb has been shown to enhance autoimmunity in several
different disease models, including spontaneous lupus [50], type II collagen-induced arthritis [80], and type IV collagen-induced Goodpasture’s syndrome [81].
Other complementation studies documented that the FccRIIb knockout synergizes with the Yaa gene and, to a lesser extent, with the Sle1 locus, but surprisingly not with the Faslpr defect [82]. In terms of lupus, background genes are
also critically important as evidenced by the fact that lack of FccRIIb in B6, but
not in BALB/c, mice results in systemic autoimmunity. Genome-wide analysis
to define the genetic basis for this difference in susceptibility revealed three regions, designated sbb1–3 on chromosomes 9, 12, and 17, that were linked to
ANAs, spleen weight, and/or proteinuria [82] (Table 23.2). One of these loci,
sbb1, was derived from the non-susceptible BALB/c genome. Notably, none of
the B6 loci identified in the (129 ´ B6) cross (chromosomes 3 and 4) were found
in this study. This suggests that the 129-gene segment may not contribute to
the development of lupus in the FccRIIb knockouts or may be a reflection of
differences in the BALB/c and 129 genomes (different sets of susceptibility
genes that overlap with B6).
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23.10
Conclusions

The cumulative data suggest that susceptibility to lupus and the variation in disease manifestations among strains are due to the additive and epistatic contribution of diverse sets of susceptibility genes with any one strain generally having a few major predisposing loci. Even within the inbred strains, there is considerable genetic heterogeneity, with susceptibility genes derived from both recent and ancestral mutations/variants. There is not necessarily a clear-cut
relationship of genotype to phenotype, and the observed effects may be highly
dependent on what other susceptibility/resistance genes are present. To add
further complexity, loci may be composed of a cluster of subloci and there may
be several potential candidate genes within the narrowed intervals. Thus, a major difficulty in both mouse and human SLE will be how to determine the contribution of single polymorphisms.
Certain tentative conclusions can also be made about the nature of loci linked
to the production of self-reactive antibodies. In different backgrounds, it is
clearly evident that completely different sets of loci can predispose to similar autoantibody specificities. This genetic heterogeneity is consistent with different
pathogenic mechanisms involved in loss of tolerance and autoantibody production. In contrast, certain loci can predispose to several autoantibody specificities,
implying that these genes may affect common pathways of self-tolerance. Other
loci are linked to only one autoantibody specificity in one or more different
strains, which provides direct evidence that autoantibody specificity can be genetically imposed. In the case of Sgp3 on chromosome 13 (NZB- and NZW-derived), the mechanism may simply be related to the production of the gp70 selfantigen. In contrast, the basis for Adnz1’s effect on anti-dsDNA autoantibodies
is not clear, but it may be related to the TLR9 pathway [3] or degradation of
DNA [83].
Overall, as presented in this review, there has been substantial progress in defining the genetics of lupus in multiple mouse models. Along with this, however, has come a greater appreciation of the large number of genes that mediate
the various autoimmune traits, the complexity of the interplay between genetic
elements that result in autoimmune manifestations, and the difficulties that will
need to be surmounted in order to identify and verify predisposing mutations
and variant alleles. Nevertheless, the foundation for further advancement has
been laid for many of the major intervals and approaches to meet these challenges are being applied. These genetic studies will undoubtedly yield significant new and important insights into the etiopathogenesis of systemic autoimmunity and the factors that lead to autoantibody production.
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24
Genetic Manipulation
Matthew C. Pickering and Marina Botto

24.1
Introduction

Over the past 20 years considerable effort has been devoted to mapping the genetic loci associated with autoimmunity in spontaneous models of systemic lupus erythematosus (SLE) (see Chapter 23). Although this type of approach has
been very fruitful in identifying several lupus-susceptibility linkage regions, the
identification of the causative gene variants has proved to be more complex. In
genetically complex diseases like SLE, many different loci appear to be contributing additively, epistatically, or heterogeneously to the autoimmune phenotype,
and thus the correspondence between a predisposing genotype at one locus and
the disease outcome is a weak signal to trace [1, 2]. An alternative strategy to
analyze the contribution of individual alleles to a multigenic trait has been the
development of animals carrying genetic manipulations of specific genes implicated in the pathogenesis of SLE [3]. This is a more synthetic approach that allows an in vivo assessment of the impact on the immune system of severe modifications in the expression (deficiency or overproduction) of genes suspected to
play a role in the development of an autoimmune response. These genetically
manipulated models have proved to be very useful to dissect effector mechanisms involved in disease pathogenesis and/or to delineate genetic mechanisms
that may lead to systemic autoimmunity. However, these models have intrinsic
problems that have become more apparent in the past few years. Firstly, they require careful controls to avoid possible misinterpretations. For example, in
transgenic lines the piece of DNA carrying the gene of interest integrates randomly into the genome, and in doing so it can potentially alter the expression
of other genes located in the chromosome region into which the DNA has been
integrated. To control this potentially confounding effect, one usually compares
several independent transgenic lines. More problematic is the interpretation of
the results obtained with gene-targeted mice; this will be considered in more detail below. Secondly, a number of differences exist between the human and the
rodent immune system [4]. Since immune dysfunctions are at the root of SLE,
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such differences may limit the extrapolations from animal models to human
diseases. Nevertheless, genetically engineered animal models of SLE have
proved to be an invaluable research tool to decipher disease mechanisms. In
this chapter we will provide an overview of the most significant gene-targeted
models of SLE and discuss how they contributed to our knowledge of the pathogenesis of SLE. In addition we will discuss the powerful influence of other unknown genes present in the genomes of mouse strains commonly used to generate genetically manipulated mice.

24.2
Genetic Pathways Leading to Autoimmunity:
Lessons from Genetically Manipulated Models

The generation of genetically modified animals has been one of the most productive approaches to identify autoimmune regulatory genes and the mechanisms implicated in the development of SLE. Though this strategy tends to be
biased toward a narrow band of candidate genes of known immunological relevance with a limited possibility of revealing new genetic factors contributing to
the disease pathogenesis, it has led to the discovery of new roles for genes with
known immune functions. The complement-deficient animals that will be discussed in more detail below are a typical example of this. In addition, from the
analysis of genetically engineered models of SLE, there appear to be some common pathways leading to an abnormal immune response to self-antigens. One
could classify the genes implicated in the development of autoimmunity into
three main functional pathways: abnormalities in the immune response thresholds, imbalances in the lymphocyte homeostasis, and impairment in disposal
mechanisms. Table 24.1 provides a summary of the genes involved in each
pathway. It is worth noting that some genes may well contribute to SLE by operating in more than one pathway. For simplicity in describing some of the most
significant mouse models of SLE, we will group the genes according to these
functional pathways.
24.2.1
Dysregulation of the Immune Response

The immune system has developed complex and intriguing ways to maintain
self-tolerance and prevent autoimmunity. Thus, it is not surprising that mutations of signaling molecules regulating the activation of B and T cells can lead
to the development of an autoimmune disease. Enhanced cell signaling can be
the result of mutations that compromise cell feedback inhibitory pathways or increase the activity of positive-acting receptors. The best-known examples of the
first mechanism include targeted disruptions of three B-cell components that
normally act in concert to attenuate B-cell receptor (BCR) signaling: Lyn, CD22,
and the SH2 domain–containing protein tyrosine phosphatase (SHP)-1. Lyn is a

24.2 Genetic Pathways Leading to Autoimmunity
Table 24.1 Summary of the most significant genes and pathways implicated in SLE.
Disease pathway

Murine model
of SLE

Ref.

Dysregulation
of immune system

Lyn knockout
SHP-1 knockout
CD22 knockout
PD-1 knockout
CD45 E613R mutation
G2A knockout
Cr2 knockout
FccRIIb knockout

5, 6
11
10
14
23
147
19
13

Blys transgenic
CD19 transgene
Cbl-b knockout
PKCd knockout

34–36
24
26
27

Fas knockout
FasL knockout
p21 cyclin-dependent
knockout
Pten heterozygous
deficiency
BIM knockout
TACI knockout
PKB transgenic

29
30
139, 151

C1q knockout
C4 knockout
DNAse 1 knockout
Serum IgM knockout
Mer knockout
Ro antigen knockout
Transglutaminase 2
knockout
IFN-gamma transgenic
MFG-E8 b) knockout

62
91
105
93, 94
109
145
112

a-mannosidase II

154

Lymphocyte
homeostasis

Scavenger
mechanisms

Others
a)
b)

Linkage
to human SLE

Ref.

PD-1 (PDCD1)

146

FccRIIa;
FccRIIIa

148
149

ALPS a)
ALPS

33
150

C1q
C4
DNAse 1

81
81
106

42
45
152
41

153
107

ALPS: autoimmune lymphoproliferative syndrome.
MFG-E8: milk fat globule epidermal growth factor (EGF) factor 8.
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member of the Src-tyrosine kinase family and acts at the initial step in activating NK cell-activating receptors and BCR, T-cell receptor (TCR), and Fc receptor
signaling by phosphorylating tyrosines in the immunoreceptor tyrosine-based
activation motif (ITAM) sequences present in the cytoplasmatic domains of
these multi-chain receptors. In addition to this positive role in activating ITAMs,
Lyn engages feedback inhibitory pathways involving FccRIIb and CD22. It phosphorylates tyrosines in their immunoreceptor tyrosine-based inhibitor motifs
(ITIMs), which then recruit phosphatases such as SHP-1 that downregulate the
BCR signaling reactions. Mice deficient in Lyn, CD22, or SHP-1 all produced
varying levels of antinuclear antibodies [5–11]. Interestingly, compound-heterozygous mice in which Lyn, CD22, or SHP-1 were all partially compromised exhibited enhancement in BCR signaling, suggesting that combinations of partial
loss-of-function mutations can contribute to the genetic susceptibility of autoimmune disease [12]. Similarly, mice deficient in FccRIIb, a molecule involved
in inhibiting the BCR signaling reactions, exhibited a lupus-like disease [13],
though to a lesser degree than mice deficient in Lyn. Furthermore, in the
FccRIIb-deficient mice the autoantibody production strongly depended on the
genetic background, and the interpretation of some of the autoimmune features
described in these mice will require reviewing in light of some recent genetic
findings described below in Section 24.3.
In addition to Lyn, CD22, or SHP-1, several other cell-surface negative regulators also participate in restraining autoantibody production. Programmed cell
death 1 (PD-1) appears to function as a negative regulatory of both T and B cells
[14]. PD-1 is a member of the Ig superfamily with a cytoplasmic domain that
can recruit SHP-2, a close relative of SHP-1 [15]. It is expressed by activated T
and B cells and by myeloid cells, and mice lacking PD-1 developed an autoimmune disease with arthritis and glomerulonephritis [14]. Again the expression
of some phenotypic features was highly influenced by the strain background
[14], and, as for the FccRIIb gene, the absence of PD-1 might have contributed
only in part to the production of autoantibodies.
Another molecule that may lead to autoimmunity by altering the B-cell signaling threshold is the Cr2 gene, which in mice encodes both complement receptors CR1 and CR2 [16, 17]. Though it is known that CR2 is a strong positive factor in promoting B-cell activation when an immune complex is present [18],
there is also evidence, using the anti-lysozyme Ig model, that it participates in
induction of B-cell tolerance. Lack of this function may explain the autoimmune
phenotype observed in the CR1/2-deficient mice [19]. However, it is of note that
the CR1/2-deficient mice on the C57BL/6 background developed a mild disease,
and other unrelated genetic factors may contribute to this phenotype [20, 21].
Alterations in cell-surface molecules that positively act on antigen receptor
signaling can also lead to breakdown in tolerance. An example of this type of
molecule is CD45. CD45 is a transmembrane protein tyrosine phosphatase that
participates positively in TCR and BCR signaling by removing inhibitory phosphorylations near the C-termini of Src family tyrosine kinases, thereby keeping
them in an active state [22]. Recently, mice with a point mutation in CD45
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(E613R) that induces an increase in its activity and in antigen receptor signaling
have been shown to have several autoimmune symptoms, including antinuclear
antibody production [23]. Another cell-surface molecule that regulates B-cell activity is CD19, a receptor that operates in close association with CR2. Expression
of even low levels of human CD19 transgene in mice with normal levels of
mouse CD19 results in hyperactive B cells and loss of tolerance to nuclear antigen [24, 25].
In addition to reduced cell-surface negative regulators or increased activity of
positive-acting receptors, abnormalities in functions or amounts of intracellular
signaling components can also induce loss of self-tolerance. For example, Cbl
and Cbl-b are intracellular negative regulators of antigen receptors. Mice lacking
Cbl-b developed a lupus-like disease with anti-DNA antibodies [26]. In these
mice T cells display a hyperproliferative phenotype and produce more IL-2, suggesting that abnormalities in T-cell functions are the possible underlying mechanisms for the breakdown in tolerance. Similarly, animals deficient in one of
the protein kinase C (PKC) isoforms (PKCd) have been shown to have increased
proliferation of B cells and autoimmunity [27]. The PKC isoforms were thought
to be positive effectors of antigen receptor signaling downstream of phospholipase C (PLC)c hydrolysis of phosphoinositides. However genetic ablation of
PKCd led to defects in B-cell anergy induction, indicating that PKCd may be a
mediator of BCR signaling that contributes selectively to tolerance reactions
[28].
Taken collectively, the observations from murine models with engineered defects in one of the activation threshold genes indicate that alterations in the signaling pathways downstream of the lymphocyte antigen receptors predispose
the mice to the development of autoimmune features. Though it seems logical
to postulate that mutations compromising negative feedback mechanisms or increasing activity of positive-acting receptors can lead to increased numbers of
activated B cells, plasma cells, and elevated serum Ig levels, the mechanisms
causing a breakdown in B-cell tolerance to self-antigens remain to be elucidated.
24.2.2
Perturbations in Lymphocyte Homeostasis

The second pathway promoting the development of SLE includes a collection of
genes with various roles in the regulation of lymphocyte survival. Among them
the best known are the genes encoding either Fas or Fas ligand, which have
been shown to be involved in the process of immune tolerance by deletion of
unwanted autoreactive T cells and B cells [29, 30]. Depending upon the genetic
background, mice with defects in the Fas (lpr) or the Fas ligand gene (gld) exhibit lymphadenopathy, splenomegaly, autoantibodies, and glomerulonephritis [31].
Interestingly, early treatment of gld/gld mice, deficient in functional Fas ligand,
with an agonistic anti-Fas antibody protected the mice from the subsequent development of SLE by a mechanism that presumably involves Fas-dependent de-
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letion of autoreactive lymphocytes [32]. It is of note that a small number of human patients have been described with mutations in the genes encoding either
Fas or Fas ligand. These patients display an autoimmune lymphoproliferative
syndrome (ALPS or Canale-Smith syndrome) characterized by lymphadenopathy, splenomegaly, and autoantibodies against red blood cells or platelets [33].
Affected individuals typically do not develop joint or renal disease, and therefore
defects in the Fas pathway do not appear to be critical to the pathology in these
organs but can contribute to autoantibody production.
Recently, autoimmune phenomena have been observed in mice overexpressing the TNF family member BAFF (B-cell activation factor belonging to the
TNF family, also known as BlyS, TALL-1, and TNFSF13). These mice display
lupus-like symptoms and a Sjögren’s syndrome–like disease [34–37]. Although
BAFF appears to play an important role in the survival of mature follicular B
cells and marginal zone B cells [38, 39], the mechanisms by which it contributes to autoantibody production remain unclear.
Defects in the signaling pathways that are important for lymphocyte homeostasis have also been described in mice expressing active phosphatidylinositol
3-kinase (PI3K) [40, 41] or with reduced levels of phosphatase and tensin homologue (PTEN) [42], which regulates the levels of PtdIns (3,4,5)P3. The PI3K
pathway is activated downstream to a variety of receptors expressed on lymphocytes, including TCR, CD28, CD19, and IL2-R, and promotes cell survival via
the serine threonine kinase protein kinase B/Akt (PKB) [43, 44]. Several experimental models with increased active PKB have been shown to have autoimmune features similar to the ones observed in animals with defective Fas or Fas
ligand genes, indicating that untangling the signaling networks that lead to
lymphocyte deletion and anergy versus activation is a key issue for understanding the underlying mechanisms of the disease [40–42].
There is also evidence that activation of the PI3K-PKB pathway promotes survival by inhibiting the expression of pro-apoptotic molecules such as the Bcl2 family member BIM. Interestingly, mice deficient in this molecule had a defective negative selection of self-reactive T lymphocytes and developed a lupuslike syndrome [45–47]. Thus, considerable evidence indicates that enhanced signaling of PI3K-PKB pathways may alter lymphocyte homeostasis and lead to
autoimmune traits.
24.2.3
Defects in the Scavenging Mechanisms
24.2.3.1 Introduction
The physiological processes through which damaged or dying cells are removed
from tissues have become the focus of intense interest over recent years. Specifically, abnormalities in the clearance of cells dying by apoptosis (programmed
cell death) have been linked closely to autoimmune and persistent inflammatory
diseases. In the preceding sections we considered mechanisms that may result
in the generation of autoreactive T and B cells independently of the antigens,
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e.g., through mechanisms that disrupt the normal processes of central tolerance
or failure to regulate normal lymphocyte survival. Now we consider an obvious
alternative7but by no means mutually exclusive7hypothesis, namely, that an
autoimmune response may develop in response to inappropriate presentation of
self-antigens, i.e., the source of autoantigens is driving the immune response.
One of the unifying features of SLE is the presence of circulating antibodies
to self-antigens, typically antinuclear antibodies. Autoantibodies in this condition may be directed at serum components (e.g., C1q, b2-glycoprotein 1), at cellsurface antigens (e.g., phospholipids like phosphatidylserine), and, perhaps
most confusingly, at intracellular targets (e.g., chromatin, the spliceosome complex, and the Ro/La small cytoplasmic ribonucleoprotein complex). Two obvious
questions follow from this. (1) How do antibodies develop to antigens normally
found only within the nuclei of cells, a location obviously inaccessible to circulating antibodies? (2) Why do patients with SLE develop a relatively limited portfolio of antinuclear antibody responses compared with the theoretically huge
numbers of possible intranuclear antigenic targets? One hypothesis proposed to
answer these questions is that apoptotic cells are the source of the autoantigens
that drive autoantibody production in patients with SLE. First we will discuss
the mechanisms through which apoptotic cells are removed and then, using
gene-targeted models of SLE, how alterations in this physiological process may
result in autoimmunity.

24.2.3.2 Mechanisms of Apoptotic Cell Clearance
Apoptosis (from the ancient Greek for “falling, as leaves from a tree”) is a rapid
process characterized by cell shrinkage, condensation and fragmentation of the
nucleus, cytoplasmic blebbing with maintenance of membrane integrity, and
cell fragmentation into discrete apoptotic bodies. Apoptotic cells are rarely detected in healthy tissues as they are rapidly removed by both professional and
nonprofessional phagocytes, followed by intracellular degradation. Caenorhabditis elegans has served as a model organism to identify genes regulating apoptosis. During development, dying cells are rapidly engulfed by neighboring cells.
Approximately seven genes that encode two partially overlapping pathways for
uptake and ingestion of apoptotic cells have been identified (reviewed in Ref.
[48]). Unlike C. elegans, mammals have specialized phagocytic cells that ingest
apoptotic cells, and these cells express a much larger number of receptors that
have been implicated in the recognition and tethering of apoptotic cells. Examples of these receptors are the avb3 vitronectin receptor [49], the phosphatidylserine receptor [50], CD36 [51], CD14 [52], scavenger receptor A [53], receptors for
low-density lipoprotein [54–56], and complement receptors 3 and 4 [57]. The reason for the vast array of phagocytic receptors is unclear, although cell- and tissue-specific differences in receptor usage [58, 59] may provide a partial explanation. The trigger to cell death may also determine the efficiency with which the
cells doomed to die are ingested [60], suggesting that receptor usage may vary
according to the nature of the apoptotic meal. It is notable in this respect that
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C1q-deficient mice, which spontaneously develop a lupus-like syndrome on a
permissive genetic background (see below), although having defective clearance
of apoptotic cells in the peritoneum [61] and kidney [62], showed no such defects in the skin [63] and developed normally in utero. This tissue-specific difference observed in gene-targeted animals might reflect variability in adaptation to
clearance defects, (e.g., by the upregulation of expression of alternative phagocytic receptors) or differences in clearance mechanisms in various tissues.
There is also compelling evidence that engulfment of apoptotic cells depends
on the presence of various soluble factors, which act as bridging molecules.
These include thrombospondin [64], milk-fat globule epidermal growth factor 8
(MFG-E8) [65], and elements of the innate immune system such as collectins,
complement [57, 61], and pentraxin [66–71]. The involvement of molecules of
the innate immune system in the physiological clearance of dying cells implies
that there are similarities between the recognition of unwanted (apoptotic) debris and non-self microorganisms. In this context, it is of particular interest that
CD14, a molecule of the innate immune system known to bind lipopolysaccharide (LPS) and mediate inflammatory responses as part of the innate response to
infection, has been shown to mediate apoptotic cell uptake by macrophages
without inducing the release of proinflammatory cytokines [72]. The apoptotic
cell ligand for CD14 remains unclear. It is distinct from phosphatidylserine
since, although CD14 is able to bind to phospholipids, phosphatidylserine-containing liposomes failed to reduce CD14-dependent apoptotic cell uptake by
macrophages [73].

24.2.3.3 Apoptotic Cells: A Potential Source of Lupus Autoantigens
There are several lines of evidence that apoptotic cells are the source of the
autoantigens of lupus. Firstly, the structure of apoptotic cells is reorganized
such that the “lupus autoantigens” become superficially accessible to recognition by antibodies. In a series of elegant studies, Rosen and his collaborators
found that apoptotic cells express many of the nuclear autoantigens of SLE in
surface blebs and apoptotic bodies [74, 75]. For example, in one-third of SLE patients, antiphospholipid antibodies are directed against the negatively charged
phospholipid phosphatidylserine. This phospholipid is found in the inner part
of the cell membrane of healthy cells and is actively translocated to the outer
layer during apoptosis [76, 77]. It is thought to act as one of main recognition
molecules for the physiological uptake and disposal of apoptotic cells. Secondly,
injection of apoptotic cells into mouse strains normally not susceptible to the
development of SLE induces an autoantibody response [78]. Thirdly, many lupus
autoantigens undergo post-translational modification (e.g., phosphorylation) during the process of apoptosis. This process could generate neo-epitopes on selfantigens, which may facilitate the development of an immunogenic response
[79, 80]. However, the specific binding of a lupus autoantibody to a neo-epitope
on the surface of an antigen modified as part of the apoptotic process has not
been demonstrated. Before discussing how gene-targeted mice, in particular
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complement-deficient animals, have led to the hypothesis that defects in the
clearance of dying cells could enhance the chance of developing SLE, we will
first summarize the link between complement deficiency and SLE.

24.2.3.4 Complement Deficiency and SLE
Although the etiology of SLE remains unclear and is likely to involve multiple
genetic and environmental factors, it remains a striking observation that almost
all cases of complete genetic deficiency of C1q (the first component in the classical pathway activation cascade) develop an SLE-like illness. Thus, genetic deficiency of C1q is still the strongest genetic susceptibility factor for SLE identified
in humans. Furthermore, there appears to be a hierarchy of severity and susceptibility to the development of disease according to the position of the deficient
complement protein in the activation sequence of the classical pathway of complement. Hence, 39 of the 42 (93%) described individuals with homozygous
C1q deficiency had SLE, which was frequently very severe. Next in the hierarchy
come C1r deficiency and C1s deficiency (usually combined) (SLE prevalence: 8
of 14 subjects [57%]) and then C4 deficiency (SLE prevalence: 18 out of 24 subjects [75%]). There is then a significant drop in the strength of the association
of SLE with deficiency of the next protein in the classical pathway, C2. C2 deficiency is the commonest hereditary complement deficiency in western European Caucasian populations and is associated with the development of SLE in
approximately 10% of cases. Finally, there is C3 deficiency, which, although
strongly associated with the development of rashes and glomerulonephritis, typically is not associated with the development of lupus autoantibodies. The reported cases of complement-deficient patients have been analyzed in many reviews, and the interested reader is directed to [81].
These clinical observations strongly suggest that there is a physiological function of the classical pathway of complement activation that protects against the
development of SLE. Furthermore, the hierarchy of susceptibility and severity of
lupus, according to the missing classical pathway protein (C1q > C4 C2), suggests that an activity of the early part of the classical pathway plays a key protective role against the disease. That a deficiency in these components results in
SLE is paradoxical when one appreciates that complement activation is considered to be a major mediator of the tissue damage that one sees in non-complement-deficient SLE patients. There are currently two main hypotheses to explain
the causal link between complement deficiency and the development of SLE,
neither of which is mutually exclusive. One hypothesis, which we mentioned in
the preceding sections, proposes that complement plays a role in determining
the thresholds of activation of B and T lymphocytes and that complement
deficiency causes autoantibody production and SLE by impairment of the normal mechanisms of tolerance induction and maintenance. The reports published to date testing this hypothesis are somewhat controversial [19, 82], and
further studies are currently underway to test this using different experimental
models.
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The second hypothesis, which we discuss next, involves the role of complement
in physiological waste-disposal mechanisms, in particular, the clearance of dying
cells and immune complexes. It has been proposed that deficiency of complement
impairs the normal mechanism of waste disposal and that dying cells and tissue
injury provide a source of autoantigens and inflammatory cues that could drive the
production of autoantibodies and further tissue inflammation.

24.2.3.5 Complement Promotes the Clearance of Dying Cells in vitro and in vivo
Complement was implicated first in the clearance of apoptotic cells by the observation by Korb and Ahearn that C1q could bind specifically and directly to
the surface blebs of apoptotic keratinocytes [83]. This interaction is thought to
be mediated via the globular heads of the C1q molecule [84] and to induce activation of the classical pathway [85]. Subsequent studies have demonstrated that
collectins such as C1q, as well as MBL, can drive the ingestion of apoptotic cells
through interaction with calreticulin (known as cC1qR) and CD91 on human
phagocytes [86]. More recently it was also shown that opsonization of apoptotic
cells with C1q and MBL targets these cells to dendritic cells as well as to macrophages and increases the efficiency of their uptake [87]. This led to the hypothesis that C1q may promote the clearance of apoptotic cells, and hence exposed
autoantigens, preventing stimulation of the immune system. In addition, in vitro studies by Mevorach and colleagues using complement-depleted sera and human monocyte-derived macrophages supported a role for both the classical and
alternative pathways of complement in the phagocytosis of apoptotic cells [57].
Blockade of complement receptors CR3 and CR4 impaired the phagocytosis of
apoptotic cells. The presence of iC3b on the surface of apoptotic cells that had
been incubated with serum suggested that the clearance was mediated by interactions between iC3b and CR3 (CD11B-CD18) and/or CR4 (CD11C-CD18) [57].
However, considerable caution is required when interpreting in vitro data. Cell
culture models may not reflect physiological conditions, and different experimental conditions may explain controversial observations reported in the literature. For example, efficient uptake of apoptotic cells has also been observed
when b2-integrins are blocked [88] or deleted [89]. For these reasons the study
of gene-targeted complement-deficient mice has significantly advanced our understanding of the role of complement in the pathogenesis of SLE, which we
will now review.
C1q-deficient (C1qa–/–) mice were generated by insertional mutagenesis of
the first exon of the C1qA chain gene, C1qa, resulting in mice that had no
C1qa transcripts detectable by Northern blot and no circulating C1q protein detectable by Western blot or ELISA [62]. As one would expect, these animals
lacked classical pathway-mediated lytic activity and the ability to opsonize immune complexes with C3, but alternative pathway function was intact. Moreover, these mice spontaneously developed autoimmunity on the hybrid
129 ´ C57BL/6 genetic background. At eight months of age, more than half of
the C1q-deficient animals had detectable levels of ANA and 25% had histologi-
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cal evidence of proliferative glomerulonephritis [62]. The glomerulonephritis
was associated with the presence of electron-dense subendothelial and subepithelial immune deposits and the glomeruli stained positively for IgG and C3,
suggesting activation of complement via the alternative pathway. An unexpected
but critical finding was the presence of a significantly increased number of glomerular apoptotic bodies in C1q-deficient mice without histological evidence of
renal inflammation compared with the control animals. Unlike C1q-deficient
humans where an SLE-like illness develops uniformly, the expression of autoimmunity in the C1q-deficient mice was found to be dependent on the genetic
background of the animals [90], indicating that in mice C1q acts as a diseasemodifying gene capable of accelerating the development of autoimmunity only
on a permissive background. Similar findings have been reported for other complement-deficient mice [91].
Following the observation of increased numbers of apoptotic cells in the glomeruli of C1q-deficient mice, further analysis was performed to assess the in
vivo clearance of apoptotic cells in these animals. Using a model of apoptotic
cell phagocytosis during sterile peritonitis, the macrophage-mediated phagocytic
uptake of intraperitoneally injected syngeneic apoptotic thymocytes was shown
to be significantly impaired in both C1q- and C4-deficient mice compared to
wild-type animals [61]. More importantly, the defect in phagocytosis was significantly greater in the C1q-deficient animals than in the C4-deficient mice [61].
These observations indicated the existence of a hierarchy within the classical
pathway with regard to the role of the complement components in the phagocytosis of apoptotic cells, which mirrors the hierarchy of disease susceptibility in
humans with complement deficiency.
In addition to the direct binding of C1q to apoptotic cells, a number of other
molecules that can bind C1q and activate the classical complement pathway
have been shown to recognize the modified cell membranes that form during
the process of apoptosis. Among them, human C-reactive protein (CRP) [69]
and natural IgM, but not IgG [92], have been shown to bind to apoptotic cells
and activate the classical pathway of complement. In this context it is of note
that mice lacking soluble IgM develop a lupus-like disease [93, 94]. In addition,
the binding of CRP to apoptotic cells was shown to protect the cells from assembling the membrane attack complex and to mediate the non-inflammatory
uptake of apoptotic cells, a mechanism dependent on the presence of C1q [69].
These accessory proteins may, in part, account for some of the complement deposition on dying cells, leading to their safe clearance by complement-dependent mechanisms.
It is interesting to note that the binding of complement components, as well
as IgM and pentraxins, to apoptotic cells appears to occur only during a late
phase of the process of apoptosis, and to cells that have undergone secondary
necrosis [95]. This could suggest that there are sequential mechanisms in the
clearance of apoptotic cells, with uptake by local macrophage representing a
very early event and complement-mediated processes a rather late event. Under
normal situations this should provide ample opportunity for efficient clearance
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by macrophage phagocytosis; however, in situations with high local rates of
apoptosis and low or impaired phagocytic capacity, the additional opsonic activity of complement could become essential to ensure the safe clearance of the
nuclear material. Therefore, a selective defect in the complement-dependent
mechanisms could result in an increased release of late apoptotic material into
the circulation, driving an autoimmune response.
These in vitro and in vivo observations raised two important questions. (1)
Can the finding of a defect in the clearance of apoptotic cells in complement deficient mice be related to the majority of SLE patients in whom genetic complement deficiency, with the possible exception of C2, is extremely rare? (2) Is
there any evidence in other murine models of SLE that link defective macrophage clearance of apoptotic cells with lupus-like diseases?
There is now a large amount of direct and indirect evidence describing defects in the uptake of apoptotic cells being associated with autoimmunity. In humans, monocyte-derived macrophages isolated from SLE patients have a significantly reduced ability to phagocytose apoptotic cells when incubated in the presence of autologous serum in vitro [96]. In this context it is noteworthy that a
similar phagocytic defect in macrophages derived from the monocytes of C1qdeficient humans cultured in autologous serum has also been shown [61]. This
defect was correctable with purified human C1q. In some patients with SLE,
nucleosomal deposits can be observed within the skin and in renal lesions [97,
98], and in another group of SLE patients, apoptotic cells were observed within
lymph node germinal centers and the numbers of tingible body macrophages,
which usually remove apoptotic nuclei, were significantly reduced in these patients [99]. In addition, free nucleosomes were found in the blood of SLE patients, with the highest levels observed in patients with the most active disease
[100, 101]. Furthermore, in lupus-prone mice (i.e., MRL/Mp and NZB/W where
genetic complement deficiency is not seen) high levels of circulating nucleosomes, including histones and DNA, were detected [102, 103] and defective
clearance of apoptotic cells has been demonstrated in vitro and in vivo [104].
Additional support linking the ineffective clearance of apoptotic cell material
and the development of SLE is provided by mice carrying genetic deficiencies of
proteins suspected to play a role in the clearance of apoptotic cells that also develop a progressive SLE-like disease. These include genes that are thought to
protect the immune system from potentially pathogenic DNA by directly digesting it (i.e., DNAse 1) [105, 106]. Similarly, mice lacking MGF-E8, a protein that
binds to apoptotic cells by recognizing phosphatidylserine and enhances the engulfment of apoptotic cells by macrophages, developed splenomegaly and suffered from a lupus-like illness [107]. Interestingly, the injection of a mutated
form of MFG-E8 was capable of inducing autoantibody production in wild-type
mice [108]. Another compelling case that links defective uptake of apoptotic
cells with a lupus-like disease occurs in mice deficient in membrane tyrosine
kinase c-mer. Mer is a receptor belonging to the Axl, Tyro protein tyrosine kinase family that is exclusively expressed in myeloid cells. Deficiency of Mer is associated with loss of phosphatidylserine recognition by phagocytic cells, result-
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ing in decreased ability to bind to and ingest apoptotic cells. These mice develop
a progressive autoimmune disease characterized by the presence of high levels
of antinuclear antibodies [109]. Targeted deletion of other members of this family leads to more severe disease [110, 111]. An impaired engulfment of apoptotic
cells has also been detected in mice lacking transglutaminase 2, and, again, they
have been shown to develop autoimmune traits [112].
All of these data are compatible with the hypothesis that SLE may result from
impairment of programmed cell clearance. However, attempts to explain how
defective clearance can cause an immune response to autoantigens on apoptotic
cells, i.e., break tolerance, are fraught with problems when one appreciates that
apoptotic cell clearance has been shown to induce “immunological neutral” or
even immunosuppressive responses, which we now discuss.

24.2.3.6 Clearance of Apoptotic Cells: Tolerance versus Autoimmunity
If one accepts that apoptotic cells may provide a source of lupus autoantigens,
then it is reasonable to propose that autoimmunity may arise in SLE as a consequence of a defect in the normal apoptotic cell removal process. However, the
mechanisms that result in the rapid removal of apoptotic cells do not normally
result in either inflammation or pro-immunogenic stimuli. For example, the
phagocytosis of apoptotic cells by macrophages actively induces the production
of anti-inflammatory mediators such as TGFb1, PGE2, and IL-10, while reducing proinflammatory mediators such as TNFa and IL-1b [113, 114]. Consistent
with apoptosis being a non-immunogenic process is the finding that phagocytosis of apoptotic cells appears to inhibit dendritic cell maturation [115]. Although
immature dendritic cells efficiently engulf apoptotic and necrotic tumor cells,
only exposure to necrotic cells results in dendritic cell maturation [116]. How inhibition of dendritic cell maturation occurs is not clear, but it may involve receptors implicated in the phagocytic removal of apoptotic cells, e.g., CD36 [117],
avb3 [118], avb5 [119], as well as apoptotic cell-bridging molecules, e.g., phosphatidylserine and complement components. For example, activated cytotoxic T
cells proliferated inefficiently in response to cognate antigen presented by dendritic cells that had been exposed to phosphatidylserine [120]. In addition, iC3bcoated apoptotic cells, although efficiently ingested by immature dendritic cells,
inhibit their maturation [121]. With copious amounts of evidence that removal
of apoptotic cells is a non-immunogenic and non-inflammatory process (typically referred to as a “safe” process), how can one explain, even in the setting of a
defect in apoptotic cell clearance, how the break in tolerance to apoptotic cell-derived autoantigens occurs?
One line of reasoning is that if the increased apoptotic cell antigen load was accompanied by inflammatory (or “danger”) signals, lupus autoantigen presentation
could occur in the presence of costimulatory signals and thus become immunogenic. For example, signals that immature dendritic cells require to mature to efficient antigen-presenting cells include upregulation of costimulatory molecules
and, importantly, proinflammatory molecules associated with infection, such as
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lipopolysaccharide (LPS) and pathogen-derived nucleic acids [122]. Cytokines produced by the host in response to infection may also play an important role in driving dendritic cell maturation, such as TNF-a and interferon-a [123]. In the context
of inflammation, the maturation of dendritic cells into efficient antigen-presenting
cells could allow apoptotic cell–derived antigen presentation. Indeed immature
dendritic cells have been shown to be able to engulf apoptotic cells, via the avb3
vitronectin receptor [119], and subsequently present apoptotic cell–derived antigens to MHC class I– and class II–restricted T cells [119, 124, 125]. In this context
it is noteworthy that there is now a large body of evidence suggesting that in SLE
patients there is an increased proportion of functionally active monocytes and that
these monocytes, normally quiescent cells, when isolated from the blood of SLE
patients, are able to induce a strong mixed lymphocyte reaction, a property usually
used to define mature DCs [126]. In addition, it has been recently demonstrated by
microarray technology that peripheral blood mononuclear cells from all SLE patients with active disease have a dysregulated expression of genes induced through
the IFN pathway [127, 128]. Both of these observations suggest that DC maturation
is abnormal in SLE; interestingly, the incubation of normal monocytes with serum
of some SLE patients induced the differentiation of normal monocytes to DCs,
with the factor in SLE serum responsible for this spontaneous maturation of
DCs shown to be IFN-a [126]. It is also interesting to note that in addition to viral
and bacteria infection, DNA-IgG immune complexes [129, 130] and UV can trigger
secretion of excessive amounts of IFN-a. In conclusion, there is strong circumstantial evidence suggesting that chronic stimulation of DCs by “danger signals” can
lead to a break in peripheral tolerance and the development of SLE.
A further mechanism that, in the setting of an impaired clearance of apoptotic cells, could increase the likelihood of immunogenicity occurring is the presence of a large number of bystander uncleared apoptotic cells that could become
necrotic and be efficiently captured and presented by dendritic cells. It has been
demonstrated that ingestion of high numbers of apoptotic cells by dendritic
cells alone may be adequate to allow dendritic cell maturation with subsequent
presentation of apoptotic cell–derived autoantigens [131]. The same scientists
also found that autoantibodies (anti-b2-glycoprotein I) bound to apoptotic cells
caused dendritic cells to secrete inflammatory cytokines, e.g., interleukin-1b and
tumor necrosis factor-a, that may directly promote dendritic cell maturation
[132]. The existence of such a balance between macrophage- and dendritic cell–
mediated capture of apoptotic tumor cells that can influence the outcome of a
subsequent immune response has also been demonstrated in vivo [133]. Ronchetti and colleagues showed that after immunizing mice with bone marrow–derived macrophages and dendritic cells that had been pulsed with apoptotic tumor cells, only the dendritic cells could induce a protective antitumor immune
response. Importantly, the apoptotic cells were rendered more effective at protecting the mice from live tumor cells if animals were pretreated with carrageenan (to reduce phagocytosis by the peritoneal macrophages). Furthermore, if
macrophage uptake was enhanced (through pretreatment of animals with granulocyte monocyte colony stimulating factor, GM-CSF), the animals were more
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susceptible to rechallenge with live tumor cells [133]. Despite these findings,
very few studies so far have been able to demonstrate that apoptotic cells are directly immunogenic. The first in vivo data derived from a study that showed
that exposure of normal mice to syngeneic apoptotic thymocytes by intravenous
injection resulted in transient production of antinuclear, anticardiolipin, and
anti-ssDNA antibodies [78]. Recently, the same investigators showed that immunization of mice with established autoimmunity (MRL/Mp.lpr/lpr mouse strain),
using high doses of syngeneic late apoptotic cells, accelerated the production of
antibodies (anticardiolipin and anti-dsDNA antibodies) and the extent of renal
injury. No effect was seen, however, when a related autoimmune-prone strain
(MRL/Mp) was used [134]. Another recent study by Manfredi and colleagues
has demonstrated that immunization of (NZB ´ NZW) F1 mice (a strain that
spontaneously develops a lupus-like phenotype) with apoptotic thymocytes enhanced autoantibody production and renal inflammation only if co-administered
with adjuvant [135]. The adjuvants used included incomplete Freund’s adjuvant
and dendritic cells that had been exposed to apoptotic cells in vitro. Interestingly, and related to previous work by Rovere and colleagues, was the finding
that high numbers of apoptotic cells alone could produce the same effects.
In summarizing our current understanding of the pathogenesis of SLE, the
data strongly argue that multiple abnormalities must be present in order for
disease to occur. The data supporting the hypothesis that apoptotic cells are the
source of lupus autoantigens is compelling, but evidently impaired clearance of
such cells is, on its own, insufficient to produce autoimmunity. The data available emphasize that susceptibility to an autoimmune disease might depend on
many factors in addition to the defective removal of dying cells. The subsequent
production of autoantibodies, i.e., the break in tolerance, may require, for example, abnormalities in B-cell activation thresholds, impaired regulatory T-cell
function, or disrupted mechanisms of B-cell tolerance. The challenge now is to
test these hypotheses in experimental models that combine defects in apoptotic
cell clearance with specific disorders of lymphocyte homeostasis.

24.3
Epistatic Effects of Background Genes on Gene-targeted Models of SLE:
The Importance of Appropriate Controls

Epistasis is classically defined as a genetic interaction in which the genotype at
one locus affects the phenotypic expression of the genotype at another locus.
Evidence consistent with epistatic interactions among susceptibility alleles has
been reported in both lupus-prone strains and animals with spontaneous mutations associated with a lupus-like disease. (NZB ´ NZW) F1 hybrid mice are
known to develop severe systemic autoimmunity, although both parental strains
have a mild phenotype. Similarly, spontaneous mutations of Fas (lpr) and Fas ligand (gld) lost most of their autoimmune phenotype when crossed onto other
genetic backgrounds different from the MRL/Mp [31]. Comparable findings
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were made with the yaa gene in the BXSB strain [136]. These observations
clearly illustrate that the full expression of the autoimmune potential of a susceptibility allele depends on the presence of a permissive genome. There are
now accumulating data that similar important epistatic interactions occur in genetically engineered animals in which the null mutation has been generated in
embryonic stem cells derived from 129 strain mice and then backcrossed to the
C57BL/6 or another mouse strain. In view of the relevance of these interactions
in the expression of autoimmune traits in gene-targeted animals, this evidence
will be discussed in more detail below.
Several targeted gene disruptions have been reported to have autoimmune
traits only when crossed into a specific inbred strain or carried on the 129 ´
C57BL/6 hybrid genetic background, the most common genome in gene-targeted models. Indeed, the 129 ´ C57BL/6 hybrid genetic background has been
shown to be spontaneously predisposed to the development of humoral autoimmunity with a low level of glomerulonephritis [62, 137–139]. A recent genomewide scan analysis of this hybrid strain found multiple genetic loci, derived
from both 129 and C57BL/6, contributing to the autoimmune traits. These findings demonstrate interacting loci between 129 and C57BL/6 mice that can cause
the expression of a powerful autoimmune phenotype in these animals, in the
absence of any gene-targeted mutations [140]. In addition, they indicate that
some susceptibility genes can be inherited from the genome of “normal” parental strains, demonstrating that non-autoimmune strains often carry alleles that
enhance disease susceptibility when integrated into a permissive genome.
Comparison of the genomic locations of susceptibility genes in the 129 and
C57BL/6 hybrid strains with other lupus-prone strains demonstrated that the
majority, although not all, of the intervals identified overlapped with intervals
detected in other linkage studies, suggesting that at least some susceptibility
may be shared among lupus-prone strains. Among these shared susceptibility
loci, the most striking are loci on distal chromosome 1, for which important
contributing genes have been found in New Zealand and BXSB models [141,
142]. This region7orthologous with a region on the long arm of human chromosome 1, which has been found to be linked to SLE in several studies7was
of 129 origin. It is notable that several strains of mice with targeted mutations
of genes encoded in this region have been reported to express lupus-like illness,
including mice lacking Fc-gamma RIIb [13], serum amyloid P component [138,
143], complement receptor Cr2 [21], decay-accelerating factor (CD55) [144], PD-1
[14], and Ro antigen [145]. In each case the autoimmune phenotype has been
reported in mice in which the null mutation was generated in embryonic stem
cells derived from 129 strain mice and then backcrossed onto the C57BL/6 or
another mouse strain. While it is possible that the autoimmune phenotype in
each of these mice is due wholly to the consequences of the targeted null mutation, there is an alternative possibility. It is possible that a 129-derived gene located in the flanking region of the targeted gene, when expressed on the
C57BL/6 background, is sufficient to cause autoimmunity in its own right (in
which case the effects of the targeted null gene may be irrelevant) or alterna-
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tively may modify the phenotype of the targeted null gene. To test this hypothesis, a congenic mouse strain bearing a portion of 129 chromosome 1 on a
C57BL/6 background was generated. This wild-type congenic line expressed
high levels of autoantibodies comparable with the ones detected in mice lacking
the serum amyloid P component gene that is located in this chromosomal region, indicating that this gene is not implicated in the induction of antinuclear
autoimmunity as originally suggested [140]. The same consideration applies to
other genes located in the same chromosome 1 region that have been implicated in the development of SLE when inactivated by gene targeting in 129 embryonic stem cells and then backcrossed onto a pure genetic background [13,
14, 21, 144, 145]. For each of them, there has to be a question as to whether the
antinuclear autoimmunity is due to the gene-targeted mutant gene or to the
normal 129 genes expressed in the same region as the targeted gene.
Thus, though gene targeting has been an invaluable tool in understanding
the mechanisms of immunologically mediated diseases such as SLE, using
gene-targeted models has its pitfalls, and making appropriate controls is crucial
for a meaningful interpretation of the findings. The data obtained from genetically modified models of SLE indicate that epistatic interactions between normal
mouse genomes can significantly affect the development of autoimmunity.
Thus, the potency of many susceptibility alleles is strongly influenced by the
genomic context as a result of complex interactions with other alleles. Although
the extent of epistasis in humans remains unclear, one could predict that interactions among functional polymorphisms will significantly contribute to disease
susceptibility and expression.

24.4
Conclusions

Genetic engineering of mice has led to the identification of several genes that
can contribute to an autoimmune diathesis when they are deleted or overexpressed. These genes encode antigen co-receptors, costimulatory molecules,
antigen-signaling cascades, molecules involved in pathways that promote apoptosis and those that inhibit it, and molecules that clear antigen or antigen-antibody complexes. Several important observations have emerged from the genetically engineered models. First, whether a particular gene or mutation causes a
disease depends on the host: both disease susceptibility and the disease phenotype that result from the alteration of a single gene depend on other genes. Second, some genetic defects may share common pathogenic pathways. As a result
of this one could reasonable predict the possibility of developing common therapeutic strategies to treat this multifactorial complex condition. Finally, gene
knockout strategies commonly aim to eliminate whole proteins, as opposed to
natural sequence variations, which often yield missense alleles. Elimination of
an entire protein can obscure key immunoregulatory functions, either because
cell response is abolished altogether or because another related protein fills the
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vacant functional space. Nevertheless, as the pace of genetic analysis in human
and in mice increases rapidly and more powerful tools are created to navigate
between the mouse and the human genome, it is reasonable to predict that in
the future the analysis of genetically manipulated animals will provide new insights into the mechanisms underlying autoimmunity and facilitate the development of new therapeutic approaches.
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25
Perspectives
K. Michael Pollard

25.1
Introduction

A number of perspectives have been presented by authors of chapters in this
book. Rather than recapitulate that material in this final chapter, I thought it
more prudent to address several areas that I believe may be particularly fruitful
in the future. This does not mean that other areas of investigation are less important. Rather, the topics reflected upon below reveal my own research bias
and are more illustrative of areas for potential advance in systemic autoimmunity.

25.2
Autoantibodies and Autoimmunity

Expression of autoimmunity can be influenced by genetic, immunologic, and
environmental factors often working in concert. A great deal of information has
come from genetic studies, much of which has focused on single-gene deficiencies. While the absence of many genes appears to have little effect on disease
expression, there are a number of genes that lead to expression of autoimmune
disease and others that result in suppression of disease (see Chapter 24). These
genetic studies have also revealed that both innate [1] and adaptive [2] immune
responses play significant roles in autoimmune disease.
Gene deficiency studies have found that cytokines, particularly interferons
(IFNs), are principal contributors to autoimmunity. Significantly, IFNs can influence both innate and adaptive immunity. Elevated levels of IFNs were described
in autoimmune diseases such as lupus several decades ago [3], and IFN-a treatment of patients with cancer and viral infections was found to result in manifestations of autoimmunity [3, 4]. These observations have been supported in
animal model studies which demonstrate that both IFN-a [5] and IFN-c [6] are
required for expression of systemic autoimmunity. Gene expression studies
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using peripheral blood lymphocytes of lupus patients have identified groups of
interferon-associated genes leading to the description of an interferon signature
that shows correlation with disease activity [7, 8]. These studies have led to the
suggestion that type 1 IFNs (IFN-a/b) contribute to early disease events, while
IFN-c (type II IFN) influences established disease [9]. However, this was not
supported by gene expression studies in lupus nephritis, which suggested the
involvement of type 1 IFN in organ pathology [10]. In addition, the importance
of NK cells and IFN-c production in eliciting T/B-cell responses in a model of
myasthenia gravis [11] argues that INF-c expression by cells of the innate immune system plays a significant role in autoimmunity. Additionally, the suggestion that NK cells may have divergent functions depending upon the stage of
autoimmune disease [12, 13] suggests that care needs to be exercised in interpretation of studies focusing on the disease associations of IFNs. Contributing
to this complicated picture is the diverse array of genes that are expressed in response to IFNs [7, 14].
A recent review by Theofilopoulos and colleagues [15] puts IFN-a/b at the
heart of both systemic and organ-specific autoimmunity. The stimuli that elicit
type I IFN production from plasmacytoid dendritic cells of the innate immune
system are argued to be exogenous (bacterial and viral products) and endogenous (immune complexes and apoptotic/necrotic material) [3, 4, 15] factors.
However, it remains to be determined how such stimulated IFN production results in autoimmunity. One argument is that IFN production leads to disease in
genetically susceptible individuals [3], but the identity of the genetic elements
required for susceptibility and the molecular/cellular mechanisms responsible
are, as yet, poorly described. Although recent studies have identified some
genes as being associated with type I IFN [16, 17], it is also being revealed that
deficiency of proteins associated with innate immunity can result in hyperexpression of IFN-c, hyper T-cell activity, and exacerbated autoimmunity [18]. On
the other hand, it has been found that autoantibody responses can be dependent upon individual cytokines [19, 20], suggesting that certain facets of autoimmunity are subject to independent regulation. Given the broad range of genes
that influence IFN expression and function, it will be important to determine
how pervasively IFN-a/b and IFN-c influence the different facets of organ-specific and systemic autoimmunity.

25.3
Autoantibodies as Diagnostic Markers

The epitopes recognized by autoantibodies are structurally diverse, ranging from
linear peptide sequences to quaternary structures, and can be modified or hidden, or mimicked by other structures [21]. The ever-expanding diversity of autoantigens and their inherent epitopes is outgrowing conventional screening technologies and has spawned the development of multiplex assays [22] (see Chapter 8). While legal and ethical questions may require resolution before multiplex
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assays can be broadly accepted into clinical laboratories (see Chapter 8), it is
clear that these new technologies offer the most appropriate platforms to screen
autoantibody-containing sera against all possible autoepitopes (e.g., primary, secondary, tertiary, quaternary, cryptic, modified, and mimics) of one or more autoantigens. These assay systems have been validated for autoantibody detection
using recombinant proteins, synthetic peptides, molecules with post-translational modifications, and nucleic acids as antigens [22]. The diversity of antigens
that can be screened in multiplex assays should encourage rigorous testing of
the hypothesis that autoantibody profiles, as opposed to an individual autoantibody response, provide superior diagnostic information [23].
Why is it important to know whether an autoantibody profile clusters with a
particular autoimmune disease or with distinct clinical manifestations? While
the observation that autoantibodies can have diagnostic, and even prognostic,
significance has proven clinically useful, it has not helped to answer the most
perplexing question regarding autoantibodies: Why are particular autoantibodies
or sets of autoantibodies associated with certain autoimmune diseases? This
question is of primary importance in the systemic autoimmune diseases because, unlike organ-specific autoimmunity, it is not clear whether many autoantibodies contribute to pathology, are “reporters” of the disease process, or are
merely innocent bystanders. Multiplex assays provide, for the first time, the ability to test a single blood sample from a patient against thousands of biomarkers. Thus, a patient‘s autoantibody profile can be compared and contrasted
with gene expression profiles of blood cells (e.g., either global or cell specific)
[7, 24], with blood protein levels (e.g., cytokines, chemokines, immunoglobulins), and with intracellular proteins indicative of various states of cellular activity (e.g., intracellular signaling) [25]. Coupling such information with clinical
markers has the potential to revolutionize associations between diseases and
disease subsets, autoantibody profiles, and other biomarkers. In early studies
the resulting molecular signatures have helped focus hypothesis-driven research
[9, 16, 24]. However, there are significant hurdles to overcome before in-depth
studies can be feasibly performed. They include collection of suitable clinical
material, validation of methodologies, and development of bioinformatics and
statistical approaches [26]. As these first tentative steps are taken towards the
bioinformatics era of autoimmunity, it seems that autoantibodies will continue
to buttress many of the experimental approaches.

25.4
Autoantibodies as Molecular and Cellular Probes

Many of the early contributions made by autoantibodies to molecular and cellular biology centered on identification of the molecular targets recognized by autoantibodies. This was most successfully achieved via cDNA cloning [27, 28],
although classical biochemical purification procedures were also successful [29].
More recently the screening process has been reversed and cDNAs that have
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been obtained by non-autoantibody methods have been used to screen human
sera to determine whether clinically relevant autoantibodies exist against specific
proteins [30]. The most recent approach used to identify an autoantigen has employed the tools of proteomics [31].
Advances in protein purification schemes, including one-dimensional (1D)
and two-dimensional (2D) SDS-PAGE, peptide analysis by tandem mass spectrometry (MS/MS), and bioinformatics, have allowed high-throughput proteomic
analysis of subcellular structures such as the nucleolus [32] and nuclear pore
[33]. These studies have revealed that a substructure such as the nucleolus is a
complex, dynamic organelle consisting of some 400–500 different proteins [32,
34]. The changes that have been found to occur in response to metabolic inhibitors clearly suggest that the protein content of the nucleolus is influenced by
cellular status [34]. This raises the question of whether autoantibodies might
provide useful tools to identify changes in the protein content of subcellular organelles such as the nucleolus, and, perhaps more importantly, whether autoantibodies can be used to detect disease-related changes in protein content of
cellular organelles.
It seems clear from studies of autoantibodies associated with certain cancers
that abnormal expression of accessory oncogenic factors can be detected in individual cells and may even provide immunogenic material leading to specific
autoimmune responses [35]. While the identification of disease-specific antigens
in specific types of malignancy [36] shows the promise of this approach, it is
also based on the use of readily identified abnormal cells or tissues. In systemic
autoimmune diseases such as SLE or scleroderma, it is not yet clear which cell
or tissue would be most suitable for such studies. Given the ubiquitous nature
of autoantigenic targets in the systemic autoimmune diseases and the variety of
organs affected in it, is possible that changes in the protein content of subcellular organelles may be readily detectable in a variety of tissues. The future is
likely to witness considerable research into the effects of disease phenotypes on
the proteome. It will be interesting to see what such studies reveal about autoimmune diseases, and whether autoantibodies prove useful in the analysis.

25.5
Autoantibodies in Experimental Models of Autoimmunity

As noted in Chapters 1, 23, and 24, the list of genetic loci and mutations that
have been associated with various features of autoimmunity is large and continues to grow. Much of the analysis of susceptibility loci of lupus, for example, has come from studies of spontaneous murine models such as the
(NZB ´ NZW) F1 [37, 38], BXSB [39], and NZM [40] strains. This information
has proved relevant to studies on the genetics of human disease [41]. In contrast, gene knockout and transgenic models have provided data that have been
both useful [5, 15, 42, 43] and potentially confusing [44–46]. Nonetheless, genetic
manipulation has proven useful in the identification of checkpoints that regu-

References

late the expression of autoimmunity [47]. However, the conventional approach
of homologous recombination to generate gene knockouts has several disadvantages. (1) It focuses on genes of known interest rather than novel targets; (2) it
causes a deficiency of the protein of interest rather than a missense mutation
that may influence function; (3) the protein deficiency may influence development of a cell type or tissue or complex biological function rather than the specific function of the deleted protein, and (4) the function of the deleted gene
product may be degenerate and replaced by another protein, thereby hiding the
function of the specific deficiency.
An alternative strategy has been introduced to identify genetic regulators of
autoimmunity in which mutations are produced in spermatogonial stem cells
of non-autoimmune prone mice using the alkylating agent N-ethyl-N-nitrosourea (ENU) [48]. One of the screening tests used to identify mice with potential
genetic defects that may lead to autoimmunity is the presence of antinuclear antibodies (ANAs). At the time of this writing (March 2005), almost 30 potential
variants had been identified (http://www.apf.edu.au/resources/wt/data.shtml).
The authors state that “autoantibody profiles coincide with sufficient consistency
in different subsets of patients to suggest that lupus is actually a cluster of related diseases” [48] and propose in-depth phenotyping of each ANA-positive
strain to identify the abnormalities caused by each mutation.
Although this chemical mutation strategy casts a broad net and is likely to
yield a number of murine mutants of questionable significance to human autoimmunity, the approach is elegant in that it is a positive attempt to identify novel immunoregulatory mechanisms that are unlikely to be identified using more
narrowly defined, hypothesis-driven experimentation. Of greater significance is
the possibility that this strategy may help identify autoantibody responses and/
or autoimmune diseases that currently do not exist in known murine models.
Of particular interest would be strains spontaneously producing anti-centromere
autoantibodies and models that more closely reflect the clinical spectrum of
scleroderma, as well as models of organ-specific autoimmune diseases of the
skin and their related autoantibody responses.
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