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Preface
Viral Vectors for Gene Therapy: Methods and Protocols consists of 30 chapters detailing the use of herpes viruses, adenoviruses, adeno-associated
viruses, simple and complex retroviruses, including lentiviruses, and other
virus systems for vector development and gene transfer. Chapter contributions provide perspective in the use of viral vectors for applications in
the brain and in the central nervous system. Viral Vectors for Gene Therapy:
Methods and Protocols contains step-by-step methods for successful replication of experimental procedures, and should prove useful for both
experienced investigators and newcomers in the field, including those
beginning graduate study or undergoing postdoctoral training. The
“Notes” section contained in each chapter provides valuable troubleshooting guides to help develop working protocols for your laboratory. With
Viral Vectors for Gene Therapy: Methods and Protocols, it has been my intent
to develop a comprehensive collection of modern molecular methods for
the construction, development, and use of viral vectors for gene transfer
and gene therapy.
I would like to thank the many chapter authors for their contributions.
They are all experts in various aspects of viral vectors, and I appreciate
their efforts and hard work in developing comprehensive chapters. As
editor, it has been a privilege to preview the development of Viral Vectors
for Gene Therapy: Methods and Protocols, and to acquire insight into the
various methodological approaches from the many different contributors. I would like to thank the series editor, Professor John Walker, for his
guidance and help in the development of this volume, and Thomas Lanigan, President of Humana Press. I would also like to thank Danielle
Mitrakul for her administrative assistance in the preparation of this volume. Danielle is deeply appreciated for her willingness to help and for
her tireless work. I would also like to acknowledge the support of my
laboratory members, Ying Bai and Philbert Kirigiti, and thank Dr. Tom
Shearer, Associate Dean for Research, for his support of my research program. Special thanks are extended to my wife Dr. Cindy Machida, and
my daughter, Cerina, for their support during the long hours involved in
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the compilation and editing of this volume. Their understanding of the
importance of this work and their support made the development of this
volume possible.
Curtis A. Machida
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1
Use of the Herpes Simplex Viral Genome
to Construct Gene Therapy Vectors
Edward A. Burton, Shaohua Huang, William F. Goins,
and Joseph C. Glorioso
1. Introduction
1.1. Basic Biology of HSV-1
Herpes simplex virus (HSV) is an enveloped double-stranded DNA virus
(see Fig. 1A—
reviewed in ref. 1). The mature virion consists of the following
components:
1. A trilaminar lipid envelope, in which are embedded 10 viral glycoproteins—these
are responsible for several functions including receptor-mediated cellular entry
(2–5).
2. A matrix of proteins, the tegument, which form a layer between the envelope
and the underlying capsid. Functions of the tegument proteins include: induction
of viral gene expression (6–8); shutoff of host protein synthesis immediately
following infection (9–12); virion assembly functions.
3. An icosadeltahedral capsid, typical of the herpesvirus family (13,14).
4. A core of toroidal double-stranded DNA (dsDNA) (14–16).

Viral genes encode the majority of the proteins and glycoproteins of the
mature virion. The HSV genome consists of 152 kb of dsDNA arranged as long
and short unique segments (UL and US) ﬂanked by repeated sequences (ab,
b′a′, ac, c′a′) (17–20). Eighty-four viral genes are encoded, and these may be
classiﬁed according to whether their expression is essential for viral replication
in a permissive tissue culture environment (see Fig. 1B). Nonessential genes
often encode functions that are important for speciﬁc virus-host interactions
in vivo, for example, immune evasion, replication in nondividing cells or
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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Fig. 1. A. Schematic depiction of a mature HSV virion illustrating the main components of the virus particle. B. The HSV
genome is organized into unique long and short segments (UL, US) ﬂanked by repeated sequences. The 84 viral open reading
frames can be divided into genes that are essential for replication in a permissive tissue culture environment, and those that are
dispensable. The functions of the nonessential gene products are related to viral interactions with the host in vivo.
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shutdown of host protein synthesis. The importance of this observation is that
nonessential genes may be deleted in the generation of gene therapy vectors,
allowing the insertion of exogenous genetic material (21,22). In addition,
deletion of speciﬁc accessory genes may limit viral replication to certain
cellular subsets (23–27).
During lytic infection, viral genes are expressed in a tightly regulated,
interdependent temporal sequence (28, 29, reviewed in ref. 1) (see Fig. 2).
Transcription of the ﬁve immediate-early (IE) genes, ICP0, ICP4, ICP22,
ICP27, and ICP47 commences on viral DNA entry to the nucleus. Expression
of these genes is regulated by promoters that are responsive to VP16, a viral
structural protein that is transported to the host cell nucleus with the viral
DNA. VP16 is a potent trans-activator that associates with cellular transcription factors and binds to cognate motifs within the IE promoter sequences.
Expression of IE genes initiates a cascade of viral gene expression (see Fig. 2).
Transcription of early (E) genes, which primarily encode enzymes involved in
DNA replication, is followed by expression of late (L) genes mainly encoding
structural components of the virion (28–31, reviewed in ref. 1). Of the IE gene
products, only ICP4 and ICP27 are essential for expression of E and L genes,
and hence viral replication (32–34).
The life cycle of HSV-1 in vivo is illustrated in Fig. 3. Following primary
cutaneous or mucosal inoculation, the virus undergoes lytic replication in the
infected epithelia. Viral particles are released at the site of the primary lesion;
they may enter sensory neurons whose axon terminals innervate the affected
area. The nucleocapsid and tegument are carried by retrograde axonal transport
from the site of entry to the neuronal soma in the dorsal root ganglia or
trigeminal ganglia, where the viral genome and VP16 enter the nucleus (35–37).
At this point, one of two chains of events may ensue. First, the lytic replicative
cycle described above may take place. This pathway results in neuronal cell
death and egress of infectious particles. Alternatively, the viral DNA can
enter the latent state. During latency, the viral genome persists as a stable
episomal element, sometimes for the lifetime of the host (38). The DNA adopts
a chromatin-like structure; it is not extensively methylated (39,40). No IE, E,
or lytic L genes are expressed during latency, but a set of nontranslated RNA
species, the latency-associated transcripts (LATs), is produced and detectable
in the nuclei of latently infected neurons (41–45 and see later). At a timepoint that may be remote from the establishment of latency, alterations in
the host–virus interaction may cause “reactivation” of the viral infection. IE
genes are expressed and the lytic cascade of gene expression follows, resulting
in the production of mature virions. The nucleocapsid and glycoproteins are
transported by separate anterograde axonal transport pathways to the peripheral
nerve terminals, where they are assembled and released (46,47).
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Fig. 2. Diagrammatic illustration of the life cycle of wild-type HSV in vivo.

The processes regulating the establishment of and reactivation from latency
are not well understood. The LATs are a hallmark of HSV latency; the major
2.0-kb and 1.5-kb species are abundant, stable, lariat introns that arise by
splicing of a primary transcript (48–53). The functions of the LATs remain
unknown, although several putative roles have been suggested. These include:
efﬁcient establishment of latency (54,55); effective reactivation from latency
(56–62); antisense regulation of IE gene transcripts (63–65); prevention of
apoptosis in infected neurons (66); expression of proteins that compensate for
the absence of IE gene expression during latency (67); and functions relating
to RNA-mediated catalysis (68). However, it is clear that the LAT genes are not
an absolute requirement for establishment, maintenance or reactivation from
latency (69–72). This has important implications for vector construction, as it
is possible to insert transgenes within the LAT loci, disrupting the LAT genes.
This allows use of the LAT cis-acting regulatory sequences, LAP1 (73–80)
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Fig. 3. Flowchart showing the tightly regulated cascade of gene expression that occurs
during lytic HSV infection. In order to proceed to viral DNA replication and expression
of structural viral proteins, the two IE genes ICP4 and ICP27 must be expressed. Absence
of either prevents the transcriptional program from progressing to the early phase,
resulting in an abortive infection that resembles latency in many respects.

and LAP2 (73, 80–82), to drive transgene expression (72,83,84), thus allowing
stable long-term expression of therapeutic genes (85–87).
1.2. Using HSV-1 to Make Gene Therapy Vectors
Various aspects of the basic biology of HSV-1 are attractive when considering the design of gene therapy vectors:
1. HSV has a broad host cell range; the cellular entry receptors HveA (88,89) and
HveC (90–93) are widely expressed cell surface proteins of unknown function.
2. HSV is highly infectious—it is possible to transduce 70% of a cell population
in vitro at a low multiplicity of infection (1.0), with a replication-defective
vector (21,94).
3. Nondividing cells may be efﬁciently transduced and made to express transgenes
(21,84).
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4. Of the 84 known viral genes, approximately half are nonessential for growth in
tissue culture. This means that multiple or very large therapeutic transgenes can
be accommodated, by replacing dispensable viral genes (22,95).
5. Recombinant replication-defective HSV-1 may readily be prepared to high titer
and purity without contamination from wild-type recombinants.
6. The latent behavior of the virus may be exploited for the stable long-term
expression of therapeutic transgenes in neurons (84,86,96–98).
7. The abortive gene expression cascade produced when a replication-defective
vector enters a cell results in a state that is similar to latency, the main difference
being that the virus cannot reactivate. This enables chronic transgene expression
in both neuronal and nonneuronal cells (87).

Broadly speaking, there are three ways that the HSV genome may be used to
generate nonpathogenic gene therapy vectors (see Fig. 4).
1.2.1. Conditionally Replicating Vectors

Deletion of some nonessential genes results in viruses that retain the ability
to replicate in vitro, but are compromised in vivo, in a context-dependent
manner (99). For example, deletion of the gene encoding ICP34.5 results in a
virus that may replicate in vitro, but not in neurons in vivo (25,26,100,101).
The virus, however, retains the ability to undergo lytic replication in rapidly
dividing cancer cells. ICP34.5 mutants have been used to treat patients with
brain tumors in phase I clinical trials, in the hope that the virus will destroy the
tumor cells and spare normal brain tissue (102,103). Although these mutants
appear nontoxic at present, it is not yet clear whether this therapeutic strategy
is efﬁcacious.
1.2.2. Replication-Defective Vectors

Deletion of one or other of the essential IE genes (ICP4, ICP27) results in
a virus that cannot replicate (32,34,104–107), except in cells that complement
the null mutations by providing ICP4 or ICP27 in trans (32,105,108). In
appropriate complementing cell lines, the virus replicates similar to wild-type
virus. By using this method, it is possible to prepare high titer viral stocks
that are free from contaminating replication-competent viruses. In addition,
the genetic manipulation of these viruses is straightforward, exploiting the
recombinogenic properties of HSV-1 to introduce exogenous sequences by
homologous recombination (21, 22, and see later). In vivo, these viruses
undergo abortive cascades of lytic gene transcription, resulting in a state
that is very similar to latency. The genomes may persist for long periods
in neuronal and nonneuronal cells, but cannot reactivate in the absence of
the essential IE genes (87,109–111). These vectors may be further reﬁned
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to prevent cytotoxicity resulting from nonessential IE gene expression (see
later).
1.2.3. Amplicons

The entire viral genome may be supplied in trans, generating particles that
contain very few viral gene sequences. In this instance, the desired transgene
cassette is placed in a plasmid containing the viral genomic packaging/cleavage
signals, in addition to both viral and bacterial origins of replication—an
“amplicon” plasmid (112–115). Defective HSV-like particles are generated
by double transfection of eukaryotic cells with i) the amplicon plasmid and
ii) a bacterial artiﬁcial chromosome containing the viral genome, but devoid
of packaging and eukaryotic replication signals (116–118). Concatermerized
plasmid DNA is packaged into disabled particles that contain HSV structural
proteins and surface glycoproteins. The HSV BAC is a recent advance on the
prior practice of using a series of cosmids or a helper virus to supply viral
functions. Although a perceived advantage of the amplicon system is that
no viral coding sequence is delivered, it has proven difﬁcult in practice to a
produce pure preparation of vector with clinically useful yields.
Over the past decade, our laboratory has amassed considerable experience in
the generation, use and propagation of replication-defective vectors. Amplicons
and helper-dependent vectors are dealt with in other chapters in this volume.
The remainder of this chapter describes the replication-defective system and
provides protocols for its use.
1.3. Minimizing Toxicity from Replication-Defective Vectors
Blocking viral replication prevents toxicity associated with lytic wild-type
HSV infection. As E and L gene expression, and therefore replication, is
fully dependent upon the expression of IE genes, generation of replicationincompetent vectors can be accomplished by disruption of one or other essential
IE gene, ICP4 or ICP27. For example, an ICP4 null mutant is unable to
replicate in noncomplementing cells in culture (32). However, the IE gene
products, with the exception of ICP47, are all toxic to host cells (104,107,119).
Infection with an ICP4 null mutant results in extensive cell death in the absence
of viral replication (21,32,104,120). This is caused by overexpression of other
IE gene products, some of which are negatively regulated by ICP4 (32). To
prevent cytotoxicity, a series of vectors has been generated that are multiply
deleted for IE genes. Quintuple mutants, null for ICP0, ICP4, ICP22, ICP27,
and ICP47, have been produced, are entirely nontoxic to cells and the genomes
are able to persist for long periods of time (107). However, vectors grow poorly
in culture and express transgenes at very low levels in the absence of ICP0
(121–125). Retention of the gene encoding the trans-activator ICP0 allows
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efﬁcient expression of viral genes and transgenes, and allows the virus to
be prepared to high titer. Recent work has shown that the post-translational
processing of ICP0 in neurons is different to that in glia (126). It appears
that, although ICP0 mRNA is efﬁciently expressed in both cell types, ICP0
undergoes proteolytic degradation in neurons. It might be predicted that a
vector carrying an intact ICP0 gene would not be toxic to neurons, but may
be advantageous for oncological applications, where ICP0 toxicity may be
desirable. Deletion of ICP47 restores the expression and priming of MHC
class I molecules to the surface of the cells (127–129). This may potentially
confer advantages in gene therapy of malignancy, although the utility of
this modiﬁcation is unclear at present. For most other applications, where
immune evasion is desirable, triple mutants (ICP4–: ICP22–: ICP27–) have been
used. These vectors show minimal cytotoxicity in vitro and in vivo, are efﬁcient
vehicles for transgene delivery and can be grown efﬁciently in cells that
complement the absence of ICP4 and ICP27 in trans (21,96,104). The construction of the prototype triple-mutant virus is illustrated in Fig. 5.
1.4. Inserting Transgenes into Replication-Defective Vectors
Insertion of transgenes into the replication-defective HSV vectors is achieved
by homologous recombination in eukaryotic cells in cell culture. The transgene
cassette is inserted into a shuttle plasmid that contains sequence from the
targeted viral locus. In the resulting shuttle vector, the transgene is ﬂanked
either side by 1–2 kb of viral sequence. The plasmid DNA is linearized and
transfected into cells that complement the deleted IE genes from the defective
virus. The cells are cotransfected with viral genomic DNA. Plaques form as
viral genes are expressed and virions are generated. The recombination rate
between linearized plasmid and puriﬁed viral DNA ranges from 0.1% to 1%
of the plaques, when the calcium phosphate method is used for the transfection. Virus is prepared from the plaques, and the viral DNA screened for
recombinants.
There are two features that we have built into this system to simplify the
isolation of recombinant plaques:
1. The replication-defective vectors discussed above have been designed to express
reporter genes in certain important loci. Recombination of the transgenic cassette into these loci results in loss of reporter gene activity, which is readily
assayed. This allows rapid screening of plaques for putative reporter-negative
recombinants, which are then subjected to secondary screening by Southern
blot analysis (22,130).
2. The viral DNA may be cleaved at the site of the desired recombination event by
using rare 8-bp recognition site restriction endonucleases that are not present
elsewhere in the HSV vector genome (see Fig. 6). We have engineered unique
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Fig. 5. Illustrative schematic depicting the generation of a prototype triple IE mutant vector (the ﬁgure is not to
scale). The original virus was based on the ICP4 null mutant d120 (32). The ICP22 gene was targeted by homologous
recombination with a linearized plasmid containing the bacterial lacZ gene ﬂanked by PacI sites and driven by the
human CMV IE promoter. This construct was ﬂanked by ICP22 arms. The resulting recombinant virus, DHZ.1, was
null for both ICP4 and ICP22, and contained two unique PacI restriction sites at the ICP22 locus. DHZ.1 was then
crossed with the 5dL1.2 ICP27 null mutant (34) to generate a triple null (ICP4–⬊ICP22–⬊ICP27–) vector, THZ.1.

HSV Genome

11
11

Fig. 6. PacI method for rapid insertion of transgene into viral locus by recombination (the ﬁgure is not to
scale). The unique PacI sites in the ICP22 locus of THZ.1 are utilised to cut the viral genomic DNA into three
pieces. The DNA is then cotransfected with a shuttle plasmid containing the transgene of interest ﬂanked by
ICP22 sequence. In ICP4, ICP27 complementing 7B cells, undigested or religated THZ.1 gives rise to blue
plaques, which can be rapidly screened out in a primary examination of culture plates. The proportion of
remaining clear plaques containing the transgene is 20–65%, which is very much higher than the 0.1–1% seen
when the viral DNA is not digested prior to transfection.
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PacI and PmeI sites into appropriate genes for this purpose. Following digestion, only recombination or re-ligation events can yield DNA capable of being
incorporated into infectious virus particles in the complementing cell line.
We have found that this technique substantially reduces the nonrecombinant
background. In most cases, the proportion of viral plaques that represent
recombinants rises to 10–50% using this technique (130). By eliminating native
lacZ+ viral DNA from the transfection, virtually all plaques are formed by lacZ–
viruses. These may either be recombinants or simply religations of the cut DNA.
Both of these grow as clear plaques in culture, facilitating further isolation
and screening; it can be technically demanding to isolate a clear plaque from
a blue-staining background.

The following sections contain detailed protocols for generating, titrating,
identifying, and propagating recombinant replication-defective vectors.
2. Materials
2.1. Biologicals
1. Replication-defective HSV virus or genomic DNA. (Protocols are illustrated
using ICP4, ICP27 null virus.)
2. Complementing cell line—(7B [ICP4+, ICP27+] cells are used for illustration).
3. Minimal essential medium (MEM).
4. Fetal bovine serum (FBS).

2.2. Equipment
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

850-cm2 roller bottles.
10-cm Petri dishes.
6-well and 96-well ﬂat-bottomed plates.
Cell scrapers.
15-mL conical polypropylene tubes.
Phase Lock Gel™ Heavy Tube (Eppendorf).
13-mL Beckman 17-mm pathlength seal tubes.
3-mL syringe, needle.
Wide-bore pipet tip (BioRad).
5-mL dounce homogenizer, B pestle.
Sonicator.
Preparative centrifuge.
Ultracentrifuge.
Nutator rocker platform.
CO2 incubator.

2.3. Solutions
1. Lysis buffer: 10 mM Tris-HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA), 0.6% sodium dodecyl sulfate (SDS).
2. Proteinase K.
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3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
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Phenol⬊chloroform⬊isoamyl alcohol (25⬊24⬊1).
3M NaOAc.
Cold 99% ethanol.
Cold isopropanol.
TE buffer.
2X HBS: 20 mM HEPES, 135 mM NaCl, 5 mM KCl, 5.5 mM dextrose, 0.7 mM
Na2HPO4, pH 7.05.
2 M CaCl2.
20% glycerol.
1% methylcellulose.
1% crystal violet solution (in 50⬊50 methanol: dH2O v/v).
HEPES, pH 7.35.
1X RBS: 10 mM NaCl, 3 mM MgCl2, 10 mM Tris-HCl, pH 7.4.
1X phosphate-buffered saline (PBS).
1X TBS: 136 mM NaCl, 2.7 mM KCl, 25 mM Tris-base, pH 8.0. 500 mL
of solution may be prepared by adding 4 g NaCl, 0.1 g KCl, 1.5 g Tris-base
to 400 mL H2O. Bring to pH 8.0 with 1N HCl. Add water to 500 mL X-gal
staining solution (per 7 mL): 42.24 mg K4Fe(CN)6, 32.96 mg K3Fe(CN)6,
6.8 mL TBS.
X-gal solution is prepared by adding 8 mg X-gal to 200 µL dimethyl sulfoxide
(DMSO) or dimethyl formamide (DMF).
50% iodixanol (Optiprep™; Life Technologies Inc.).
20% iodixanol (dilute 60% iodixanol with 1X PBS).

3. Methods
3.1. Isolation of Viral DNA for Transfection (see Notes 1–4)
1. Add 1 × 107 plaque forming units (PFU) of ICP4–, ICP27– virus to 1 × 107
complementing 7B cells.
2. Incubate for 1 h at 37°C.
3. Place the infected cells were in 10-cm Petri dishes and grow in a 37°C incubator
for approx 18–24 h. All cells should be infected with virus and still adherent
to the dish.
4. Dislodge the cells with cell scraper, and transfer into a 15-mL conical polypropylene tube.
5. Centrifuge for 10 min at 2060g at 4°C and remove supernatant.
6. Add 1 mL lysis buffer plus 0.1 mg/mL proteinase K.
7. Incubate the tube with continuous agitation at 37°C overnight on a Nutator
rocker platform.
8. Transfer the solution into a Phase Lock Gel™ Heavy Tube (Eppendorf).
9. Add 1 mL phenol⬊chloroform⬊isoamyl alcohol (25⬊24⬊1) and mix gently for
about 1–2 min.
10. Centrifuge the tube for 5 min at 3020g.
11. Remove the aqueous phase and transfer to a new tube.
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Alternative Protocols (see Note 3):
12. Add 0.1 vol of 3 M NaOAc and 3 vol of cold ethanol and mix gently.
13. Centrifuge for 10 min at 3020g.
14. Remove supernatant and allow pellet to dry for several minutes in air at room
temperature (RT).
15. Add 0.5 mL TE buffer to the dry pellet and incubate at 4°C overnight.
16. Resuspend the viral DNA by gently pipetting using a wide-bore pipet tip (see
Note 2).

Or:
12. Add 2 volumes of isopropanol and mix thoroughly.
13. Spool the precipitated DNA onto a glass Pasteur pipet which has had its opening
heat-fused shut.
14. Transfer spooled DNA to a new tube and rinse once with 70% ethanol.
15. Allow the DNA to air-dry.
16. Add 0.5 mL TE buffer to the dry pellet and incubate at 4°C overnight.
17. Resuspend the viral DNA by gently pipetting using a wide-bore pipet tip (see
Note 2).

3.2. Construction of Recombinant Virus (see Notes 4–9)
1. 1 d prior to transfection, seed 7.5 × 105 7B cells in a 60-mm tissue culture dishes
in MEM + 5% FBS.
2. (optional) Digest viral DNA with PacI or PmeI at 37°C overnight if the transgene
is to be inserted into the appropriate locus (see Note 4).

Alternative Protocols:
3. Gently mix 0.5–1.5 µg linearized plasmid (see Notes 5 and 6) and 0.5–1 µg
viral DNA (see Note 4) in 0.5 mL 2X HBS (see Note 7) and leave the tube
for 15 min at RT.
4. Add 30 µL of 2 M CaCl2 and mix gently.
5. Aspirate the media from cell culture plates and rinse with 3 mL of 2X HBS.
6. Pipet transfection mixture up and down to break up large aggregates of precipitate,
and add carefully to cell monolayers.
7. Place plates at 37°C for 20 min in a CO2 incubator.
8. Add 4 mL MEM-5% FBS per plate and place at 37°C for 4 h in a CO2
incubator.
9. Remove media from plates and slowly add 2 mL of 20% glycerol per plate and
leave on cells at room temperature for exactly 2 min (more than 2 min of glycerol
treatment will reduce cell viability) (see Note 9).
10. Carefully remove all of the glycerol shock solution by aspiration and wash the
cellular monolayer three times with 3 mL of MEM-5% FBS.
11. Slowly add 4 mL of MEM-5% FBS, and incubate the plates at 37°C in a CO2
incubator.
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(Or—see Note 8:)
3. Transfect the cells with the viral/plasmid DNA mix using Lipofectamine
(GibcoBRL), following the manufacturer’s instructions (see Notes 4, 5, 6, and 8).
4. Re-join the main protocol at step 12.
12. It usually takes 3–5 d to develop plaques depending on the virus. Once plaques
have formed, harvest media and cells, sonicate the cells. Centrifuge at 2060g
for 5 min at 4°C.
13. Store supernatant at –80°C for use as a stock.
14. Determine the titer of the stock of recombinant virus (see Subheading 3.3.).
15. Add 30 PFU of virus to 1 mL of 2 × 106 cells in suspension (MEM-5% FBS)
in a 1.5-mL Eppendorf tube and place the tube on a Nutator rocker platform
at 37°C for 1 h.
16. Add 9 mL of fresh media and plate 100 µL of the mixture in each well of a
96-well ﬂat-bottomed plate.
17. Incubate the plates at 37°C in a CO2 incubator for a period of 3–5 d, until the
appearance of plaques.
18. If the recombination has replaced or introduced a reporter gene, the appropriate
reporter assay can now be carried out to determine whether each well contains
plaques derived from the desired recombinant virus.
19. Select wells containing only single plaques (Approximately 30/plate).
20. Harvest virus and carry out a further round of limiting dilution plaque isolation,
as in steps 15–19.
21. Verify single plaques possessing the desired transgene by Southern blot hybridization of viral genomic DNA prepared as in Subheading 3.6.

3.3. Titration of Virus Stock
1. Prepare a series of tenfold dilutions (10–2 to 10–10) of the virus stock in 1 mL
of MEM without serum.
2. Add 100 µL of each dilution to a 1.5-mL tube containing 0.5 × 106 cells in
1 mL MEM.
3. Incubate at 37°C for 1 h on a Nutator rocker platform.
4. Plate the cells in six-well plates and incubate the plates at 37°C in a CO2
incubator overnight.
5. Within the next 24 h, remove the media and overlay the monolayer with 2.5 mL
of 1% methylcellulose, 5% FBS in MEM.
6. Incubate the plates for 3–5 d until well-deﬁned plaques appear.
7. Aspirate the methylcellulose, and stain with 1% crystal violet solution (in 50⬊50
methanol: dH2O v/v) for 5 min.
8. Count plaques and calculate number of PFUs per 1 mL of original stock.

3.4. HSV Viral Stock Preparation (see Note 10)
1. Infect 7.5 × 106 complementing cells with virus at MOI = 0.02–0.05. Plate the
cells in 10-cm Petri dishes.
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2. Incubate at 37°C for 2–3 d until cells have started to detach from the plates.
3. Harvest the cells and pellet the cell debris by centrifugation at 2060g for
5 min at 4°C.
4. Decant supernatant into a 15-mL tube. DO NOT DISCARD; store on ice.
5. Resuspend the pellet in 1 mL MEM and sonicate the tube for 3–5 s.
6. Centrifuge at 2060g for 5 min at 4°C and collect the supernatant.
7. Combine supernatants from steps 4 and 6.
8. Titrate the viral stock.

3.5. Large-Scale Preparation of HSV Vector (see Note 10)
1. Seed 850-cm2 roller bottles with 2 × 107 complementing cells per bottle (see
Note 11).
2. Incubate in 100 mL MEM-5% FBS per bottle at 37°C. Add 1.75 mL HEPES,
pH 7.35 per bottle to buffer the medium if the roller bottles are not incubated
in a CO2 incubator.
3. Infect with virus when the monolayer cells are approx 75% conﬂuent; this
normally takes 2–3 d.
4. Aspirate the medium and add virus at multiplicity of infection (MOI) 0.02–0.05
in 10 mL fresh MEM-5% FBS (see Note 12).
5. Incubate at 37°C for 1.5 h.
6. Add an additional 90 mL of fresh MEM-5% FBS and 1 mL HEPES, pH 7.35.
7. Incubate at 37°C for 2–3 d until cells have started to detach from the roller
bottles, and the majority of the culture displays cytopathic effect.
8. Tap the roller bottles sharply several times and shake, or use a cell scraper to
detach the cells.
9. Harvest the medium containing the cell suspension.
10. Centrifuge at 2060g for 10 min at 4°C. Decant supernatant into a 500-mL bottle.
DO NOT DISCARD SUPERNATANT; store on ice.
11. Wash the cell pellet by resuspending in 40 mL 1X PBS and centrifuge at 2060g
for 10 min at 4°C.
12. Decant the supernatant and add to supernatant from step 10. DO NOT DISCARD
SUPERNATANT; store on ice.
13. Resuspend the pellet in 40 mL of 1X RBS.
14. Centrifuge at 2060g for 10 min at 4°C.
15. Decant supernatant and add to the supernatant from step 10. DO NOT DISCARD
SUPERNATANT; store on ice.
16. To harvest virus from the supernatant, centrifuge the combined supernatants from
steps 10, 12, and 15 for 1 h at 18,600g in a Beckman preparative centrifuge
JLA10.5 rotor. Discard the supernatant. Resuspend the virus pellet in 25 mL
1X PBS, by thoroughly vortexing.

(Optional—see Note 13:)
17. To harvest cytoplasmic virus, add 5 mL of 1X RBS to cell pellet from step 14
and incubate on ice for 10 min to swell the cells.

HSV Genome

17

18. Transfer the swollen cells to a cold 5-mL dounce homogenizer. Dounce 30×
using a type B pestle. This lyses the cell membrane without breaching the
nuclear envelope.
19. Centrifuge the dounced cells at 2060g for 10 min at 4°C.
20. Combine the supernatant from step 18 with the resuspended pellet from step 16
and centrifuge at 12,100g for 2 min at 4°C.
21. Remove the supernatant and discard the pellet.
22. Transfer the viral stock to SW28 tube(s) and underlay with 1.5 mL 50% Iodixanol
(Opt:Prep).
23. Mark 3 mL on the SW28 tube and centrifuge in the Beckman XL 90 Ultracentrifuge at 82,740g for 30 min at 4°C.
24. Following centrifugation, carefully aspirate the medium down to the 3-mL line,
and discard; the virus is in the lower layer.
25. Remove virus and transfer the suspension to 13-mL Beckman 17-mm pathlength
seal tubes. If multiple SW28 tubes were used in step 22, the viral suspension
from these may now be combined. Make the total vol up to 13 mL with 20%
Iodixanol (dilute 60% Iodixanol to 20% with 1X PBS).
26. Seal and centrifuge for 4.5 h at 342,000g in a NVT65 rotor in a Beckman
XL-90 ultracentrifuge.
27. Insert a needle and, using a 3-mL syringe, aspirate the 1–1.5 mL viral band,
which lies just above the lower genomic DNA band. Occasionally, with wild-type
or single deletion mutants, a higher band of defective particles is visible. If there
are three bands, take the middle one.
28. Aliquot and titrate the virus. Store viral stocks at –80°C; OptiPrep serves as
a cryoprotectant.

3.6. Southern Blot Hybridization of Viral DNA
1. Infect 2 × 10 5 cells with 6 × 10 5 PFU (MOI = 3) virus and incubate at 37°C for 1 h.
2. Plate cells into 24-well plate and incubate for 24 h in CO2 incubator.

(Alternatively, infect a 75–80% conﬂuent monolayer at MOI = 3)
3. Ensure that the cells are still adherent to the plate 12–18 h post-infection (see
Note 14).
4. Prepare viral DNA as in protocol 3.1., step 4 onward.
5. One-quarter of the total DNA yield from each of the 24 wells is usually sufﬁcient
(approx 5–10 µg) for each lane of a Southern blot. DNA yield is approx 10–50 µg
per well.
6. The A260/280 ratio should be 1.8–2.0.
7. Digest 1 µg of viral DNA overnight with appropriate restriction enzymes in
a vol of 20 µL.
8. Separate digested DNA by agarose gel electrophoresis, transfer to a nylon
membrane and probe as described in (130,131).
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3.7. Rapid Histochemical Stain for lacZ Expression
1. Aspirate media from wells of 24- or 96-well plate infected with lacZ reporter
gene virus recombinants.
2. Fix cells in 1% glutaraldehyde solution for 1 min taking care not to dislodge
cells from plate.
3. Wash cells with 1X PBS three times.
4. Mix X-gal/DMF (see Note 15) with K4Fe(CN)6 /K3Fe(CN)6 solution.
5. Cover the cells with X-gal staining solution.
6. Incubate at 37°C for between 1 and 18 h, until blue color appears.
7. If required, plate can be rinsed with 2X PBS or ddH2O and counterstained with
neutral red.

4. Notes
1. The DNA produced by using protocol 3.1 is not exclusively viral; cellular DNA
is also present in the sample. Cellular DNA in the mixture may act as a carrier
when precipitating DNA during the isolation procedure, which increases the
DNA yield. In addition, cellular DNA acts as carrier DNA during cell transfection
and increases the efﬁciency with which a precipitate is formed, when using
the calcium phosphate method. If necessary, pure viral DNA can be prepared
from virus harvested from the media of infected cells or from virus particles
that have been gradient puriﬁed. The yield of DNA obtained in this instance
is signiﬁcantly reduced.
2. As the viral DNA is 152 kb in size, the use of wide-bore pipet tips (Bio Rad,
Hercules, CA) is recommended to prevent shearing of the viral DNA, thereby
increasing the likelihood of delivering intact genomes to cells during transfection.
3. In our experience, spooling the DNA gives a higher quality yield with improved
transfection efﬁciency.
4. The quality of the viral DNA preparation is a major determinant of recombination frequency. Integrity of the viral DNA may be evaluated by Southern blot
hybridization, although this may give rise to misleading reassurance, as some
preparations appear to be intact by Southern blot analysis, yet contain a signiﬁcant
number of nicked viral genomes that are not infectious. Determining the number
of infectious centers following transfection is probably more reliable—it is
important that transfection yields 100–1000 plaques per µg of viral DNA.
5. The quality of shuttle plasmid DNA also affects recombination frequency.
Two hundred to ﬁve hundred basepairs of HSV-1 ﬂanking sequence is usually
sufﬁcient for efﬁcient recombination. Increasing the viral ﬂanking sequence to
1 kb or more often increases the recombination frequency dramatically. The
size of the transgene sequence also affects the generation of recombinants. It is
possible for HSV to package DNA up to 10% larger than the native genome (an
additional 15 kb for wild-type virus and potentially more for multiply deleted
viruses). If the insert is very large or contains sequences that affect viral genome
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stability, the insert is usually deleted (partially or entirely) and it is impossible
to obtain a puriﬁed isolate of the desired recombinant. The gene locus targeted
for transgene insertion may also affect the recombination event. Recombination
into the repeat sequences often yields a mixture of viruses containing insertion
into one or both copies of the viral locus. An isolate with a single transgene copy
may subsequently undergo another recombination event to yield an isolate with
transgenes inserted into both viral loci. The same mechanism may also cause
reversion to wild-type virus. Southern blot analysis can conﬁrm whether the
insert is present in 0, 1, or 2 copies.
It is important to linearize the plasmid construct before transfection; when
compared with supercoiled plasmid, the recombination frequency of linear shuttle
vector is signiﬁcantly increased. Release and gel puriﬁcation of the insert does
not increase the recombination frequency, although this is a superior technique
as there is no possibility of plasmid vector sequences becoming inserted into the
virus genome by semihomologous recombination.
The pH of the HBS transfection buffer (HEPES) appears to have a profound
effect on transfection efﬁciency. Other buffers such as BBS (BES) or PiBS
(PIPES) may result in higher transfection efﬁciencies, in a cell-type dependent
manner. The optimal transfection technique must be determined empirically
for each cell line used.
Other transfection procedures may be employed. These produce equivalent or
superior results. We have obtained encouraging results using Lipofectamine
(Gibco/BRL Life Technologies, Gaithersberg, MD); the procedure is faster
and more convenient than the calcium phosphate technique. The results seem
comparable with the older protocol. Lipofectamine Plus (Gibco/BRL Life
Technologies) and other liposome preparations have not proven effective for the
transduction of the large 152-kb HSV genome.
Glycerol or DMSO can be used to shock cells during transfection. The concentration of glycerol or DMSO yielding best results is cell-type dependent. Glycerol
appears less toxic to Vero cells than DMSO; 20% glycerol produces the highest
number of transformants with the lowest level of toxicity.
Virus stocks should be maintained at low passage. Use one vial of a newly
prepared stock for inoculating preparations of all future stocks. In order to reduce
the chance of rescuing wild-type virus during the propagation of viruses carrying
deletions of essential gene(s), stocks should always be prepared from single
plaque isolates that have been veriﬁed by Southern blot analysis.
The number of bottles necessary for each viral preparation depends on the nature
of the virus backbone. We usually use between one and ten bottles per large
prep; the more disabled vector backbones require a larger number of cells to
produce a good viral yield.
The optimal MOI is determined empirically for each recombinant virus. More
disabled virus backbones require initial inoculation at a higher MOI to obtain
a satisfactory yield.
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13. Viral preparations obtained exclusively from cell supernatant are cleaner and
more pure than those obtained from cytoplasmic preparations. If the viral yield
is adequate from a supernatant preparation, omitting steps 17–21 of protocol
3.5 is preferred.
14. In our experience, if the cells are detached from the plate, the yield of viral
DNA drops signiﬁcantly; the majority of cells, however, should show visible
evidence of cytopathic effect.
15. Bluo-gal (Gibco/BRL Life Technologies) may be substituted for X-gal in the staining
solution. Bluo-gal is more expensive than X-gal, but is superior because its reaction
product is darker blue than that of X-gal, and the background cell monolayer staining
is reduced. In addition, Bluo-gal is more soluble than X-gal in DMF.

5. Conclusion
The vector system described here provides a rapid way of producing hightiter pure HSV vector for gene transfer. A detailed discussion of the many
applications of these vectors is beyond the scope of this chapter. We have,
however, shown the efﬁcacy and safety of these vectors in delivering therapeutic
transgenes to a number of tissues in a variety of animal models, including:
• Peripheral nervous system:
• Central nervous system:
• Muscle:
• Synovium:
• Cancer:
• Ligament:
• Stem cells:

Pre-pro-enkephalin to treat chronic pain (132);
Growth factors to alleviate neuropathy models (86).
Anti-apoptotic factors to prevent neurodegeneration (133).
Dystrophin in Duchenne muscular dystrophy (95).
Anti-inﬂammatory cytokines for arthritis (134,135).
A variety of immunomodulatory, suicide, and
radiotherapy-enhancing genes (94,136–138).
Secreted circulating proteins (87).
Suicide genes to destroy tumor neovascularization (139).

The list of applications continues to expand, and further reﬁnements in the
vector system continue. Generation of cell lines that inducibly express ICP22
is a priority, as the absence of this toxic protein from the vectors adversely
affects the yield of viral preparations. In addition, isolation of a factor capable
of acting as a promiscuous trans-activator of viral gene expression in place of
ICP0 might have beneﬁcial effects on levels of gene expression and toxicity in
non-neuronal tissue. Finally, we are starting to address the issue of transgene
targeting by modiﬁcation of the tropism of HSV-1 (140).
Undoubtedly, this vector system holds much promise as a therapeutic and
experimental tool, and it is hoped that clinical trials utilizing some of these
reagents will commence shortly.
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2
Construction of Multiply Disabled Herpes
Simplex Viral Vectors for Gene Delivery
to the Nervous System
Caroline E. Lilley and Robert S. Cofﬁn
1. Introduction
This chapter aims to describe the main procedures involved in constructing
a disabled recombinant herpes simplex virus type 1 (HSV-1) vector. However,
before describing the methodology in detail, it is important to brieﬂy consider
the structure and life cycle of HSV1 and the modiﬁcations that must be made to
the virus in order to generate an efﬁcient gene delivery vector.
1.1. HSV1 Biology and Life Cycle
The HSV-1 virion is composed of an electron opaque core containing the
viral genome. The linear double-stranded DNA genome of approx 152 kb
encodes at least 80 genes (see Fig. 1). The genome is composed of long and
short unique segments ﬂanked by terminal repeat regions. The virion core is
surrounded by an icosahedral capsid and an outer lipid envelope. The lipid
envelope contains glycoproteins, which interact with cellular receptors in order
to facilitate binding of the virus, penetration of the cell, and cell-to-cell spread.
Between the capsid and the lipid envelope is the amorphous tegument layer.
Following penetration, several viral proteins of the tegument act to recruit
cellular resources away from host-cell protein synthesis. These proteins include
the virion host shut-off protein (vhs), which indiscriminately degrades mRNA
thereby causing a shut-off of host protein synthesis (1). Virus capsids are
transported to the nucleus where the viral DNA and at least some tegument
proteins enter the nucleus. Here, the course of the HSV1 infection depends on
whether the virus enters the lytic cycle or establishes a latent infection.
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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Fig. 1. The organization of the HSV-1 genome. The viral genome is 152 kb and
contains unique long and short regions (UL and US, respectively) ﬂanked by the
terminal and internal repeats (TR and IR, respectively). The regions marked ‘a’ contain
sequences required for packaging.

1.1.2. The Lytic Life Cycle

In order for the efﬁcient initiation of the lytic cycle, a tegument protein,
virion protein 16 (VP16) must interact with cellular factors to transactivate the
promoters of the ﬁrst class of viral genes to be expressed, the immediate early
(IE) or α genes. VP16 is dependent on the cellular POU domain protein Oct-1
and at least one other cellular factor, known as host cell factor (HCF) to form
a multicomponent complex on the TAATGARAT motifs, which are present in
all the IE gene promoters. Following this transactivation, the lytic gene cascade
ensues (see Fig. 2). This cascade is well ordered and tightly regulated and dictates
the controlled expression of three classes of genes; the IE or α genes, the early
(E) or β genes, and the late (L) or γ genes (2). There are ﬁve IE genes; infected
cell polypeptides (ICP) 0, 4, 22, 27, and 47. Four of these IE genes (ICP0, 4,
22, and 27) are involved in the transcriptional and posttranscriptional regulation
of the expression of the E and L genes. The remaining IE gene, ICP47, is not a
regulatory IE protein, but inhibits the transporters of antigen processing (TAP),
thereby helping the virus avoid the host’s immune surveillance mechanisms (3).
Following the synthesis of the IE genes, the E genes are transcribed. The
E-gene products are primarily involved in viral DNA synthesis and encode
proteins such as DNA binding proteins, polymerases, and thymidine kinase.
Viral DNA synthesis occurs by a rolling circle mechanism, forming head-to-tail
concatemers of UL and US separated by the repeat regions (4).
Expression of the L genes is activated by the IE genes only after viral DNA
synthesis has occurred. The L genes encode the structural proteins of the
capsid, tegument and envelope. Following the expression of the L genes, the
viral DNA concatemers are cleaved into genome length units and packaged into
the capsids. It is thought that the capsids then bud through areas of the nuclear
envelope that have been modiﬁed with viral glycoproteins, thus forming the
viral envelope. The newly synthesized virions then pass through the ER and
cytoplasm and into the extracellular space. The ﬁrst newly formed capsids
appear in the nucleus within 6 h of infection, the entire lytic cycle taking
approx 10 h.
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Fig. 2. The HSV-1 lytic gene regulatory cascade. The virion protein VP16 interacts
with cellular factors to transactivate the IE genes. Expression of IE genes is required for
the timely expression of E and L genes. Positive regulatory effects are indicated with
thin solid arrows, whereas repressive effects are indicated with dashed arrows. There
are a number of interactions between the regulatory IE genes which are also known to
mediate a regulatory effect. For clarity, these are not indicated on this diagram.

1.1.3. The Latent Life Cycle

HSV-1 usually enters sensory neurons innervating the cells of the mucosal
membranes, most commonly those around the mouth. Viral capsids are then
transported to the neuronal cell bodies where the genome is able to persist in
an episomal state for the lifetime of the host. Periodic reactivation of HSV-1
can occur, whereby viral nucleocapsids are transported back to the periphery,
leading to lytic infections in the same dermatomal distribution as the initial
infection. Reactivation can occur spontaneously or can be induced by stress,
either directly to the neuron or to the whole organism.
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Analysis of viral gene expression during latency has revealed that no genes
of the lytic cycle are expressed. Transcription is limited to a single region
within the long repeats of the HSV-1 genome, giving rise to the production
of the latency associated transcripts (LATs) (5). The major LATs are 2-kb
and 1.5-kb nonpolyadenylated RNA species that remain nuclear. These appear
to be stable introns spliced from an unstable 8.3-kb primary LAT, which is
transcribed antisense and complementary to the coding sequence for ICP0.
The promoter regions controlling the expression of the LATs are named the
latency associated promoters 1 and 2 (LAP1 and LAP 2). LAP1 is a TATA box
containing promoter located 700–1300 bp upstream of the primary 8.3-kb
LAT. LAP1 is active in most cell types, but contains an enhancer element
giving it increased activity in neurons (6,7). LAP2 is a TATA-less sequence
with promoter activity located downstream of LAP1 and approx 750 basepairs
upstream of the stable 2-kb LAT intron (8).
1.2. Advantages of HSV-1 as a Vector
for Delivering Genes to Neurons
HSV-1 has often been suggested as a vector for neuronal gene transfer as
it has a number of characteristics, which suggest that it might be inherently
suitable for this purpose. HSV-1 is naturally neurotrophic; following infection
of epithelial cells, the virus enters the terminals of local peripheral nerves and
is retrogradely transported to the neuronal cell bodies in the sensory ganglia.
In the ganglia, HSV-1 establishes an asymptomatic latent infection that can
persist for the lifetime of the host. During latency, gene expression from the
vast majority of the HSV genome is silenced, but a small part of the viral
genome continues to be transcribed, generating the population of RNA species
collectively known as the latency associated transcripts (LATs) (5). This
ability of the HSV-1 genome to persist in the nucleus of infected cells whereas
maintaining a basal level of transcription has suggested that novel methods
of obtaining long term or even life-long transgene expression after a single
application might be developed. In addition, HSV-1 has a very large genome,
and is, therefore, not subject to the packaging constraints of some other
viral vector systems. Furthermore, HSV-1 remains episomal and does not
integrate into the host chromosome. This removes the possibility of insertional
mutagenesis of the host genome, a potential risk associated with AAV or
lentiviral-based gene transfer systems that integrate at probably random sites
in the host genome. HSV-1 also has several practical advantages as a gene
delivery vector; the viral genomes are easily manipulated and the virus can be
propagated to high titers in culture.
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1.3. Disabled HSV-1 Vectors Versus Amplicons
Disabled HSV-1 vectors are generated by recombining the transgene and
its regulatory sequences directly into the HSV-1 genome. This is achieved
by cotransfection of plasmid and infectious viral DNA into a cell line that
complements the deleted viral function(s). The recombination site is dictated
by homologous HSV-1 sequences in the plasmid 5′ and 3′ of the transgene and
its regulatory sequences. Essential IE genes can be “knocked out,” rendering
all the recombinant progeny replication-deﬁcient. Disabled vectors utilize
promoter systems that exploit the ability of the virus to continue to express the
LATs through latency (see Subheading 1.4.2.).
Amplicons are defective HSV-1 based viruses, incapable of replicating in
the absence of helper functions. Amplicon vectors are created from plasmids
that contain the transgene, an HSV-1 packaging signal, and an HSV-1 origin
of replication (9). Despite the signiﬁcant recent improvements in the amplicon
technology discussed elsewhere in this volume, several potential limitations
remain. Most importantly, amplicons do not take advantage of the ability of
HSV-1 to establish a latent infection and remain in the host cell nucleus for
many years (whereas amplicon DNA can be maintained in the nucleus for
extended periods of time, it is likely to eventually be degraded by cellular
enzymes). Second, on a more practical note, the yield obtainable from helperfree amplicon systems is low (approx 105 pfu/mL) (10) and the fact that
cotransfection is still required means that the system is somewhat cumbersome
and not as yet readily amenable to scale-up. However, the potential advantages
of the amplicon system are that the only manipulation required is that of the
amplicon plasmid and also that each replication-defective vector contains
multiple copies of the gene of interest, which may increase expression levels.
Furthermore, in contrast to disabled HSV vectors, the choice of promoter
driving the expression of the transgene in amplicon vectors is not crucial.
This is because the lack of signiﬁcant HSV-1 DNA in the plasmid means that
amplicons are not subject to the same control mechanisms that shut down gene
expression at the onset of latency in wild-type virus and are also apparent in
disabled vectors. This ﬂexibility in promoter choice has enabled reasonably
long-term and cell-type-speciﬁc expression to be obtained from amplicons (11),
the latter having not yet been achieved with disabled HSV-1 vectors.
1.4. Constructing Disabled HSV-1 Vectors
There have been two main limitations that have hindered the use of disabled
HSV-1 as a vector for gene delivery to neurons. First, as HSV-1 does not
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integrate into the host genome, and the majority of HSV-1 and heterologous
promoters are switched off at the onset of latency, expression of transgenes
has mainly been transitory. Second, the wild-type virus is highly pathogenic;
cerebral injection causes a fatal encephalitis. The virus must, therefore, be
disabled prior to its use as a gene delivery vector. However, even in a replicationincompetent virus, expression of HSV-1 proteins can still be highly cytotoxic.
Advances toward overcoming these two limitations are discussed below.
1.4.1. Reducing Cytotoxicity

HSV-1 rarely enters a lytic replication cycle in neurons during natural
infections. However, following stereotaxic injection directly into the central
nervous system (CNS), or infections of primary cultures at high multiplicities,
lytic replication does occur. Such lytic replication rapidly destroys cells in
culture or causes encephalitis and death of a test animal. In contrast, latent
infections of neurons do not cause any detectable detrimental effects to the
physiology of the cell. It is therefore clear that wild-type HSV-1 must be
disabled such that it is incapable of expressing any of the genes of the lytic
cycle and the virus is forced to enter latency.
The cascade nature of HSV-1 gene expression suggested that the IE genes
were a sensible target for disablement if replication-incompetent and less
toxic vectors were to be developed. A number of studies demonstrated that
the expression of all the regulatory IE genes would need to be prevented
or significantly reduced in order to generate a virus that was completely
noncytotoxic (12–18). Several laboratories have developed disabled HSV-1
vectors that contain deletions in some or all of the IE genes (15,17). However,
the efﬁcient propagation of viruses that express no IE genes requires that all
these gene products are provided by the complementing cell line. This presents
a potential problem as the toxicity of the IE gene products means that cell
lines directing their stable expression are hard to generate. This problem can
be partially overcome by the using the promoters which normally control the
expression of the IE genes to drive their expression in the cell line, because
these are relatively inactive in the absence of viral infection. This approach has
been successfully used to generate cell lines expressing single or up to three
IE genes (12,16,19,20). However, the toxicity of the IE proteins means that
cell lines that simultaneously express multiple IE genes do not offer full and
consistent complementation (16) and no cell line expressing all four of the
regulatory IE genes has yet been generated.
An alternative approach to the individual deletion or inactivation of all the
IE genes (and the resulting necessity to complement them all individually from
a cell line), is to inactivate the gene encoding VP16 (see Fig. 2). VP16 is a
virion component that enters the nucleus with the viral genome and serves to
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transactivate the promoters of the IE class of genes. VP16, therefore, represents
an attractive target for disablement as it offers the potential to reduce or prevent
the expression of all the IE genes. However, VP16 cannot be deleted from the
virus as it also encodes an essential structural component of the virion (21).
Therefore, if VP16 was deleted from the virus and provided in trans from
a complementing cell line (as for the IE genes), the virions would package
the cellularly derived VP16 into their tegument and carry it over to target
cells, where it would transactivate the IE gene promoters. This problem was
overcome by the identiﬁcation and subsequent exploitation of the fact that
distinct domains in VP16 control the transactivation of IE gene transcription
and the assembly of virions (22). A small insertion made into the transactivation
domain of VP16 resulted in a virus, which was severely impaired in its transactivating function, but still able to fulﬁll its essential structural role (23). Subsequent work has led to the construction of a virus with the entire transactivation
domain of VP16 deleted, further attenuating the virus by almost completely
compromising its ability to transactivate the IE gene promoters (24,25)
A mutation to VP16 have been combined with a temperature sensitive
mutation in ICP4 and a deletion of part of the ICP0 gene, generating viruses
that are conditionally replication-incompetent and which can be propagated
on parental cell lines under permissive conditions at 32°C (26). Furthermore,
a VP16 mutation has been combined with deletion of the ICP4 and ICP27
genes to generate viruses that are completely incapable of replication under
any condition and which do not express signiﬁcant amounts of any of the IE
genes, including ICP0, ICP22, and ICP47, which have not been speciﬁcally
deleted (27). In contrast to viruses in which each IE gene has been individually
inactivated (for which a fully complementing cell line has yet to be produced),
this virus can be propagated on a cell line containing ICP27, ICP4, and the
equine herpesvirus homolog of VP16, thereby enabling efﬁcient complementation of all of the deleted functions (28). The low toxicity and high levels of gene
delivery achievable with this virus are demonstrated in Fig. 3, which shows
gene delivery to cultured adult rat DRG neurons and the rat brain in vivo.
1.4.2. Promoters for Long-Term Gene Expression

Exploiting the long-term transcriptional activity of the LAT promoters has
long been thought of as an obvious means by which continuing expression of
a transgene might be achieved. The expression of the LATs is controlled by
two promoters, LAP1 and LAP2. Early attempts to take advantage of the
LAT promoters to drive expression of exogenous genes concentrated on the
core LAT promoter, LAP1. However, a number of studies demonstrated that
elements downstream of LAP1 (within and/or surrounding LAP2) are necessary
to facilitate the long-term expression of transgenes from disabled HSV-1
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Fig. 3. Gene delivery to cultured neurons and the rat CNS in vivo. A) DRG neurons
prepared from an adult rat were infected at an MOI of 10 with a GFP-containing
virus, which does not express signiﬁcant amount of any of the HSV IE genes. The
primary cultures were photographed 1 wk postinfection under ﬂuorescence and phase
contrast microscopy. B) An adult rat was stereotaxically injected into the striatum with
2.5 × 105 PFU of a lacZ-containing virus which does not express signiﬁcant amounts
of any of the HSV IE genes. A 100-µm parasaggital section stained for lacZ expression
is shown 1 wk postinjection.

vectors (29–32). Furthermore, these downstream elements (collectively known
as LAT P2) can be used to confer long-term expression characteristics on
heterologous promoters such as CMV (33). This suggests that the role of the
LAT regions in facilitating long-term expression might primarily be a structural
one, maintaining local areas of the genome in an “open” form and thus allowing
continued access of transcription factors during latency.
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2. Materials
1. Vero (ATCC CCL81), BHK (ATCC CCL10), or other cell line permissive for
HSV-1 growth. Cell lines engineered to complement any essential gene functions
which have been or are to be deleted from the virus (15–17,28). Selection agent(s)
appropriate to the complementing cell line (see Notes 1 and 2).
2. Growth media (Dulbecco’s modiﬁed Eagle’s media [DMEM] containing 100
U/mL penicillin and 100 µg/mL streptomycin and supplemented with 10% fetal
calf serum (FCS) and 5% tryptose phosphate broth) and serum-free growth
media (DMEM only).
3. Standard tissue culture solutions and apparatus: 1X PBS (137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4); dimethylsulphoxide [DMSO], herring
sperm DNA (phenol/chloroform extracted); 96- and 6-well tissue culture plates;
T25, T75, and T175 tissue culture ﬂasks; 245 × 245 × 245 tissue culture plates;
2 M CaCl2 (ﬁlter sterilized); disposable ﬁlters (0.45 and 0.2 µm); 20-mL and
50-mL disposable plastic syringes; 15-mL and 50-mL polypropylene tubes;
trypsin; versene; Hank’s balanced salt solution (HBSS).
4. X-gal stain: 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 , 1 mM MgCl2, 150 µg/mL
X-Gal [in DMSO] in 1X PBS.
5. Rotary roller apparatus and roller bottles (optional).
6. HEBES transfection buffer: 140 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4,
5.5 mM D-glucose, 20 mM HEPES. pH to exactly 7.05 with NaOH (the pH is
critical) and ﬁlter sterilize through a 0.2-µm ﬁlter. Store at 4°C.
7. 1.6% carboxymethylcellulose (CMC) made up in water and autoclaved.
8. DNAzol solution (Helena Biosciences).
9. Hexamethylbisacetamide (HMBA). Used at a ﬁnal concentration of 3 mM in the
growth media of any virus with an inactivation in VP16 (HMBA transactivates
the IE gene promoters in the absence of functional VP16).

3. Methods
3.1. Preparation of Infectious Viral DNA
1. Seed a T75 tissue culture ﬂask with BHK or Vero cells (for viruses with only
nonessential gene deletions) or the appropriate complementing cell line (if one
or more essential genes have been deleted).
2. When the monolayer is approx 90% conﬂuent, discard the growth media and add
the virus in 10 mL of fresh growth media. The cells should be infected at an MOI
of approx 1 (where MOI is deﬁned as the amount of virus in PFU divided by the
number of cells to be infected). Incubate the ﬂask at 37°C/5%CO2.
3. Allow the infection to proceed until almost every cell is rounded up but few are
detached from the ﬂask (this will occur approx 24–48 h postinfection, but the
exact timing will depend on the level of disablement of the virus used).
4. Remove and discard the growth media.
5. Add 5 mL DNAzol solution and gently mix until all the cells have been lysed.
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6. Transfer the lysed cells/DNAzol solution to a 50-mL polypropylene tube and
gently layer on 0.5 vol of 100% ethanol.
7. Mix the two layers by gentle swirling until a DNA precipitate is clearly visible
at the interface. Swirl and then gently invert the tube several times until the
layers are completely mixed.
8. Use a cutoff 1000-µL pipet tip to transfer the precipitated DNA to a new 50-mL
polypropylene tube containing approx 15 mL 70% ethanol.
9. Swirl the tube until the DNA precipitate has formed a tight ball.
10. Repeat this 70% ethanol wash twice more and then transfer the DNA into a
microcentrifuge tube.
11. Pellet the DNA for 10 min at 3000g.
12. Carefully remove the excess 70% ethanol and air-dry the pellet for 10 min (see
Note 3).
13. Add 500 µL of freshly prepared 8 mM NaOH and leave the DNA to resuspend
on a blood wheel at 4°C for 1–2 h. Adjust the volume of 8 mM NaOH if required
(the resuspended DNA should appear viscous, but be easy to pipet, sticking to
the tip only slightly).
14. Neutralize by adding 115 µL 0.1 M HEPES for every 1 mL of solution and
freeze the DNA at –20°C.

This stock of DNA is a mixture of cellular and infectious viral DNA and
is of a suitable quality to be used for transfection to generate a recombinant
virus (see Subheading 3.2.). This viral DNA can also be used for Southern
blot analysis to conﬁrm the presence or absence of speciﬁc sequences in the
HSV-1 genome (34). A Southern blot to conﬁrm predicted genome structure
should be carried out each time a new virus is constructed.
3.2. Construction of Recombinant Virus
HSV-1 has a highly active recombinational machinery, allowing efﬁcient
recombination into the viral genome to occur following cotransfection of
infectious viral DNA and a plasmid cassette containing regions of DNA
homologous to sequences in the HSV-1 genome. The plasmid and viral DNA
can be introduced into cells cheaply and efﬁciently using the calcium phosphate
method of transfection (35).
1. Construct a “shuttle plasmid” containing a reporter gene such as lacZ or GFP
between regions of HSV-1 DNA homologous to those ﬂanking the desired
insertion site in the viral genome. These ﬂanking regions should ideally be 1–2 kb
in length on either side of the reporter gene cassette.
2. Linearize the plasmid using a restriction site, which only cuts in the plasmid
backbone and not the HSV-1 ﬂanking regions or the reporter gene expression
cassette.
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3. Seed BHK or Vero cells (if the gene to be deleted is nonessential) or the
appropriate complementing cell line (if one or more essential genes have been
or are to be deleted) in a six-well dish. (See Note 1).
4. When the cells are 70–80% conﬂuent, prepare two microcentrifuge tubes for each
transfection to be carried out. Into tube A, aliquot 400 µL of HEBES transfection
buffer. Into tube B, aliquot 31 µL 2 M CaCl2, 0.5–1 µg plasmid DNA, 2 µg
herring sperm DNA (phenol/chloroform extracted) and approximately 30 µL
of the infectious viral DNA (the exact volume should be predetermined by
performing a number of test transfections without plasmid DNA in order to
establish the quantity of viral DNA which produces at least 100 plaques per well
of a six-well plate by 3 d posttransfection).
5. Gently mix the contents of tube B and add them slowly (over about 30 s) to
tube A whereas it is being continually vortexed on the slowest setting. Leave
the mixture for 20–40 min at room temperature. The DNA should form a ﬁne
precipitate. If the precipitate is too thick (the solution appears viscous or large
white ﬂakes are visible) then too much viral DNA has been used, or the pH of
the transfection buffer is wrong.
6. Remove the media from the cells and then slowly add the precipitated DNA
mixture in a dropwise manner.
7. Incubate the cells for 20–40 min at 37°C.
8. Add 1 mL of growth media per well of the six-well plate and incubate the plate
for 6–7 h at 37°C.
9. Remove the media/transfection mix and wash the cells twice with 2 mL of
growth media. Add 1 mL of ice-cold 25% (v/v) DMSO in HEBES transfection
buffer per well and leave on the cells for exactly 2 min. Remove the DMSO
solution and immediately and quickly wash the cells twice with 3 mL per well
of growth media.
10. Add a ﬁnal 2 mL of growth media per well and incubate the cells at 37°C.
11. When a large number of individual plaques (for more disabled viruses) or
complete CPE (for less disabled viruses) is seen (usually between 3 and 5 d
posttransfection), transfer the six-well plate to –80°C.

If the transfection and recombination have been successful, this harvested
stock will contain a mixture of recombinant and nonrecombinant virus. The
next step is, therefore, to isolate the recombinant plaques away from the
nonrecombinant background.
3.3. Plaque Puriﬁcation of Recombinant Virus
1. Seed BHK or Vero cells or the appropriate complementing cell in a six-well
dish.
2. When the cells are approx 80% conﬂuent, defrost the harvested transfection mix
(the process of freeze-thawing releases the virus from the cells).
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3. Prepare a series of 10-fold dilutions (in 1 mL serum free media) of the harvested
transfection (100 µL transfection in 900 µL serum free media is an appropriate
starting point for less disabled viruses, this may have to be increased to up to
700 µL of harvested transfection for a very disabled virus).
4. Remove the growth media from the cells and replace with 500 µL of the
appropriate serial dilution to each well of the six-well plate and leave the virus
to adsorb for 1 h at 37°C.
5. Remove the virus inoculum and add 2 mL of growth media⬊CMC mix (prepared
in a 2⬊1 ratio).
6. Leave the infection to proceed for 2 d at 37°C.
7. Stain the plaques by removing growth media⬊CMC, washing twice in 1X PBS
and adding 2 mL X-gal stain per well (if lacZ is being used as a selectable
marker) or directly observe under a ﬂuorescence microscope (if GFP is being
used as a selectable marker).
8. Identify a well-isolated recombinant plaque (see Note 4) and pick it by removing
a few cells in as small a volume as possible (usually about 2 µL) using a sterile
narrow pipet tip (suitable for a 10-µL micropipet). Transfer the picked plaque
into 100 µL of serum-free media in a microcentrifuge tube and immediately
freeze in liquid nitrogen.
9. Defrost the picked plaque and prepare a series of 10-fold dilutions of the 100-µL
starting volume (down to 10–4 is usually sufﬁcient). Use these to infect 80%
conﬂuent cells in a six-well plate as before.
10. Repeat this 2-d cycle of picking plaques and infecting six-well plates until all
the plaques are recombinants (the population is pure). Always pick well-isolated
plaques from the lowest possible dilution. This puriﬁcation usually takes approx
3–6 rounds depending on the level of disablement of the virus.

In order to insert the gene of interest, the same procedure is carried out
in reverse. Prepare DNA from the virus carrying the reporter gene (GFP
or lacZ) and cotransfect this with a shuttle plasmid containing the gene of
interest cloned in place of the reporter gene. This time, recombinant plaques
are identiﬁed as “white” plaques and puriﬁed away from a background of
“colored” nonrecombinant plaques. Alternatively, cassettes containing both a
marker gene and the gene of interest can be constructed (as in Palmer et al.,
2000), enabling the direct generation of vectors expressing the desired gene.
3.4. Producing a Stock of Recombinant Virus
In order to carry out any useful in vitro or in vivo experiments, a concentrated
stock of the recombinant virus without contaminating cell debris must be
generated.
1. When the virus is pure, use one plaque to infect one well of a six-well plate.
Leave the virus to adsorb for 1 h at 37°C, remove the virus inoculum and replace
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with 2 mL growth media (no CMC). Harvest the resulting stock (either by
scraping the cells off into the media and transferring to a polypropylene tube or by
transferring the plate directly to –80°C) when CPE is observed (typically, 2–3 d
postinfection). This is the virus master stock.
Prepare a series of tenfold dilutions of the virus master stock in 100 µL of
serum free media (dilutions ranging from 10–2 to 10–7 are usually appropriate
at this stage).
Remove the growth media from an 80% conﬂuent six-well plate of the appropriate
cell line and add a minimal volume of serum free media (approx 500 µL/well).
Add 100 µL of the appropriate serial dilution of the virus master stock to each
well of the six-well plate, leave the virus to adsorb for 1 h at 37°C and replace the
virus inoculum with growth media⬊CMC (prepared in a 2⬊1 ratio).
Two days postinfection, determine the titer of the virus master stock (see Note 7)
by counting the number of plaques in an appropriate well of the six-well plate
(for example, if there are three plaques in the 10–7 well, then this equates to
0.0001 µL of virus master stock containing three plaque forming units (PFU)
and therefore the titer of the stock is 3 × 107 PFU/mL).
Use the virus master stock to infect a T75 then a T175 tissue culture ﬂask,
growing up a working stock of the virus which can be used for large-scale
infections. When growing such a stock, each infection should be carried out
at an MOI of 0.01.
Calculate the titer of the working stock and freeze it in aliquots in liquid nitrogen
(see Notes 5 and 7).
Seed 10 × 850 cm2 roller bottles or 10 × 245 mm2 large tissue culture plates
with BHKs, Veros or the appropriate complementing cell line in 100 mL/roller
bottle or 50 mL/large plate growth media. If roller bottles are used, they must
be gassed with 5% CO2 in air.
When the cells are 80–90% conﬂuent, remove the old growth media and replace
with fresh (100 mL/roller bottle or 50 mL/large plate). Add 5 × 106 PFU of
virus/roller bottle or 1 × 106 PFU of virus/large plate. This is an MOI of approx
0.01.
Incubate the roller bottles or plates at 37°C until complete CPE is seen (all the
cells are rounded up but few are detached from the monolayer). This should
take between 2 and 4 d, but depends on the level of disablement of the virus
(see Note 6).
If the stock has been grown in large plates, transfer the plates directly to –80°C
(this ensures all the cells are harvested). If the stock has been grown in roller
bottles, harvest the cells by sharply shaking the roller bottles once or twice and
transferring the contents to 50-mL polypropylene tubes. Freeze at –80°C.
Defrost the harvested virus and cells and pellet the cells at 3000g for 45 min
at 4°C. Discard the cell pellet.
Filter the supernatant through a 0.45-µm ﬁlter (see Note 8) and then decant into
sterile centrifuge pots and centrifuge at 35,000g for 2 h to pellet the virus.
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14. Discard the supernatant and gently resuspend the pellets in serum free media
(the volume depends on the level of disablement of the virus used but typically
ranges from approx 500 µL for a very disabled virus to 2 mL for a less-disabled
virus).
15. Determine the titer of the virus (see Note 7), aliquot into cryovials and store
in liquid nitrogen.

We have found that this relatively simple puriﬁcation procedure yields virus
of a suitable quality for most laboratory applications. However, the virus can
be further puriﬁed by spinning through a Ficoll gradient if required (see ref. 36
for a detailed method).
4. Notes
1. A complementing cell line will be routinely maintained on selective agents such
as G418, puromycin, hygromycin, or zeocin. These agents should be omitted
from the growth media of cells which are to be infected with virus as there is
some evidence to suggest that they inhibit virus entry (37).
2. If zeocin is used to maintain complementing cell lines, the cells should be
routinely split to 25% conﬂuence (as zeocin is only active as a selection agent
against untransfected cells at this low conﬂuence).
3. When preparing viral DNA it is important not to over-dry the pellet (for example,
by using a vacuum drier) as this will result in a pellet which cannot be resuspended
in the 8 mM NaOH. After the ﬁnal centrifugation step, the DNA often appears as
a viscous mass rather than a discrete pellet in the bottom of the microcentrifuge
tube. Take care not to go too close to the DNA when attempting to remove the
excess 70% ethanol. It is better to leave some 70% ethanol behind than risk
losing the viral DNA.
4. When plaque purifying a virus it is important to always pick a well-isolated
plaque. It is often worth identifying the lowest dilution of the transfection mix,
which yields a recombinant plaque and then plating out approx ﬁve six-well
plates at one log dilution lower than this. This should give one very well-isolated
recombinant plaque in every 10 wells examined. This is particularly worthwhile
in instances when the nonrecombinant virus has a growth advantage over the
recombinant virus (a common situation when recombination results in a viral
gene being deleted).
5. In order to avoid excessive serial passage of viruses, it is worth going back to
the original master stock or ﬁrst working stock each time a new high-titer stock
is to be grown up.
6. The time of harvest is very important when growing a high-titer stock of the
recombinant virus—the media should be orange, but not yellow, and all cells
should be rounded up but only a small percentage should have detached from
the monolayer.
7. Always read viral titers at the same time post-infection (usually 48 h). This is
essential for consistency between experiments. Reading titers later than 48 h
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postinfection leads to falsely high titers owing to the formation of secondary
plaques. For the same reason, growth media:CMC should always be used to
overlay titers (thus limiting the spread of virus within a well).
8. Filtering large volumes of virus by hand is tiring. Preﬁltering the virus through
a 5-µm ﬁlter (prior to the 0.45-µm ﬁltration step) can ease this process. If large
volumes of virus are to be ﬁltered routinely appropriate apparatus such as the
Proﬂux M12 tangential ﬂow ﬁltration system (Millipore) can be used.
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Improved HSV-1 Amplicon Packaging System
Using ICP27-Deleted, Oversized HSV-1 BAC DNA
Yoshinaga Saeki, Xandra O. Breakeﬁeld, and E. Antonio Chiocca
1. Introduction
Herpes simplex virus type 1 (HSV-1) has several unique features that make it
a promising candidate for gene transfer vehicles. These include: i) a pantropic
viral envelope; ii) a large genome (approx 152 kb), which confers its large
transgene capacity; and iii) the ability of entering a latency state in neurons
with limited transcriptional activity (see refs. 1–3). Moreover, HSV-1 is
among the most extensively studied and characterized viruses, which has
facilitated development of HSV-1-based vectors. Two distinct types of vectors,
recombinant and amplicon, have been reported. Recombinant HSV-1 vectors
use most of the viral genome as the vector backbone and can carry one or more
gene(s) of interests inserted in place of the viral genes. On the other hand,
amplicon vectors contain only the minimum cis-acting sequences from HSV-1
that are required for replication and packaging in the presence of HSV-1 helper
functions in trans. In this chapter, we will describe the recent advance in
packaging of helper virus-free HSV-1 amplicon vectors.
1.1. HSV-1 Amplicon Vectors
The HSV-1 amplicon is a bacterial plasmid that contains one or more
transgene cassette(s) and two noncoding viral sequences, an origin of DNA
replication (ori) and a DNA cleavage/packaging signal ( pac). In the presence
of HSV-1 helper functions, a circular amplicon with these two cis-acting
viral elements (ori and pac) can be replicated and ampliﬁed as head-to-tail
concatemers, and packaged into HSV-1 particles as approx 150 kb linear DNA
(see Fig. 1). HSV-1 amplicon vectors possess several advantages as gene
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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Fig. 1. HSV amplicon contain the following basic components: an origin of DNA
replication (ori) and DNA cleavage/packaging signal (pac) from HSV-1; one or several
transgene cassettes; and a prokaryotic plasmid backbone. When the HSV helper
functions are supplied in trans, the amplicon plasmid undergoes the head-to-tail,
rolling-circle type DNA replication, and the resulting concatemeric DNA of approx
150 kb is then cleaved at the packaging signal and incorporated into HSV virions.

delivery vehicles including: i) their large transgene capacity, up to 150 kb;
ii) their ability to infect a wide variety of cell types across a broad range of
mammalian species, including both dividing and nondividing cells; iii) the ease
of vector construction; and iv) their limited cytotoxicity and immunogenicity
because of their lack of viral coding sequences.
Conventionally, replication-conditional HSV-1 mutants were used as helper
viruses to support replication and packaging of amplicons (4,5). Although
several improved helper virus-dependent packaging systems have been developed, a number of problems associated with the undesirable coexistence of
helper virus in vector preparations remained, including: i) cytopathic effects
and immune responses caused by gene expression from the helper virus; ii)
possible interactions between helper virus and endogenous viruses; and iii) the
risk of generating replication-competent helper virus.
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Fraefel et al. ﬁrst developed a “helper virus-free” packaging system for
amplicon vectors, where a set of ﬁve overlapping cosmids that represent the
entire HSV-1 genome, but lack pac signals, were used as a helper HSV-1
genome (6). Upon transfection into permissive cells, the cosmid DNA can
form a complete, replication-competent HSV-1 genome to provide the necessary functions for the replication and packaging of amplicon DNA, but the
reconstituted helper genome itself cannot be packaged because of the lack of
pac signals. Vector stocks prepared by this method contained relatively high
amplicon titers (106 to 107 transducing units [TU]/mL) and very small amount
of replication-competent helper virus (<50 plaque forming units [PFU]/mL).
The reconstituted helper genome, which was made through ﬁve homologous
recombination events between cosmid-cloned HSV fragments, can acquire the
pac sequences by additional homologous recombination with the cotransfected
amplicon within the oriS sequences to generate a replication and packagingcompetent helper genome. Although the system brought signiﬁcant improvements over the helper virus-dependent packaging systems, there still remained
a few limitations: 1) the genetic instability of the cosmid clones; and 2)
complicated procedures needed in preparing HSV-1 DNA fragments from
the cosmid set.
To overcome these problems, the entire HSV-1 genome, without pac signals,
was cloned as a bacterial artiﬁcial chromosome (BAC) in Escherichia coli
(7–9). The HSV-1-BAC clone [e.g. fHSV ∆pac (7)] appeared to be genetically
stable even after serial passages of bacterial cultures. When fHSV ∆pac DNA
was used as a helper HSV-1 genome, it efﬁciently packaged cotransfected
amplicon DNA, resulting in vector stocks with titers of up to 1 × 107 TU/mL
(an approx twofold increase compared to the cosmid-based packaging system) (7). The packaging procedure itself became simpliﬁed because a single
BAC clone, without any pretreatment was used as a helper HSV-1 genome.
However, as a signiﬁcant drawback, we observed the increased occurrence
(10–4–10–6 PFU/TU) of replication-competent helper virus in the amplicon
vector stocks packaged using fHSV ∆pac (7,10), probably owing to the fact that
complete replication and packaging-competent HSV genome can be generated
through a single crossover recombination event between fHSV ∆pac and
amplicon within the oriS sequences.
To minimize the risk of generating replication-competent helper viruses
during amplicon packaging, we added two safety features to the original
BAC-based packaging method: 1) the deletion of the ICP27 gene (an essential
immediate early gene for viral replication) from the helper HSV-1 BAC; and 2)
the insertion of “stuffer” ICP0 sequences into the helper HSV-1 BAC to increase
its size over the HSV-1 packaging capacity (see Fig. 2) (10). The modiﬁed
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Fig. 2. Schematic diagram of improved helper virus-free HSV amplicon packaging
method. Vero 2-2 cells were co-transfected with amplicon plasmid DNA and two
HSV-1 helper plasmids, a pac-deleted, ICP27-deleted, oversized HSV-BAC (fHSV
∆pac∆27 0+), and an ICP27-complementing plasmid (pEBHICP27). fHSV ∆pac∆27
0+ together with pEBHICP27 supplies all the HSV-1 helper function for the amplicon
plasmid to be replicated and packaged into HSV-1 virions. However, fHSV ∆pac∆27
0+ itself cannot be packaged because of the lack of the pac signals and its overlarge
size for the HSV virion.

HSV-BAC designed fHSV ∆pac∆27 0+ together with an ICP27-expressing
helper plasmid (pEBHICP27) was found to support the replication and packaging of cotransfected amplicon DNA without generating replication-competent
helper virus (<1 PFU helper virus per 108 TU amplicon vector) and the resulting
amplicon stocks have titers of up to 109 TU/mL after concentration (10).
2. Materials
2.1. Cell Culture
1. Hanks’ balanced salt solution without Ca2+ or Mg2+ (HBSS) (Life Technologies,
Rockville, MD, cat. no. 14170-112).
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2. Trypsin-etheylenediaminetetraacetic acid (EDTA) (Life Technologies, cat. no.
25300-062).
3. Dulbecco’s modified Eagle medium (DMEM) (Life Technologies, cat. no.
11995-065) with 25 mM HEPES buffer, pH 7.4, 100 U/mL penicillin G, and
100 Ug/mL streptomycin.
4. Fetal bovine serum (FBS) (Sigma, St. Louis, MO. cat. no. F2442).
5. Vero 2-2 cells (11). The cells are maintained in DMEM supplemented with
10% fetal bovine serum (FBS), 500 µg/mL G418 (Life Technologies, cat. no.
10131-027), and antibiotics (see above).
6. Human embryonic kidney (HEK) 293 cells (ATCC, Manassas, VA, cat. no.
CRL 1573). The cells are maintained in DMEM with 10% FBS, and antibiotics
(see above).
7. 24-well plates and 60-mm diameter tissue culture dishes (BD Falcon, Bedford,
MA. cat. no. 353047 and 353004, respectively).

2.2. Plasmids
2.2.1. Solutions
1. LB medium: Dissolve 20 g of LB (Lennox) powder (Bacto-tryptone 10 g, Bactoyeast-extract 5 g, NaCl 5 g; BD Difco, Bedford, MA, cat. no. 240230) in 900 mL
milli-Q H2O and bring the ﬁnal volume up to 1 L with milli-Q H2O. Sterilize
by autoclaving.
2. Solution I: 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0 (stored
at 4°C).
3. Solution II: 0.2N NaOH, 1.0% sodium dodecyl sulfate (SDS) (freshly prepared,
keep at room temperature).
4. Solution III: 7.5 M ammonium-acetate (store at room temperature).
5. TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 (autoclaved).

2.2.2. HSV-1 Helper BAC: fHSV ∆pac∆27 0+ (10) (see Note 1)
1. Inoculate 1–2 mL of the starter culture (DH10B/fHSV ∆pac∆27 0+) into 1 L
prewarmed LB containing 15 µg/mL chloramphenicol and 20 µg/mL kanamycin,
and grow at 37°C overnight with shaking.
2. Centrifuge culture as two sequential 500-mL aliquots in the same centrifuge
bottle at 6000g for 10–15 min (e.g., Sorvall GS3 rotor at 6000 rpm) at 4°C.
3. Resuspend the bacterial pellet (from 1 L culture) in 50 mL Solution I.
4. Lyse bacterial cells by the addition of 100 mL Solution II and then neutralize
by adding 75 mL Solution III. Incubate the lysate on ice for 10 min, and then
centrifuged at 12,000g for 30 min at 4°C (e.g., Sorvall GS3 rotor at 8500 rpm).
5. Recover the supernatant and ﬁlter it through two layers of gauze into a new
500-mL tube containing 160 mL isopropanol, and mix it well by inversion. Let
it stand for 10 min at room temperature (RT).
6. Centrifuge at 12,000g for 20 min at room temperature (RT). Discard supernatant
by decantation.
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7. Resuspend pellet in 9 mL TE, bring the volume up to 10 mL with TE, and transfer
this DNA solution into a 50-mL conical tube (BD Falcon, cat. no. 2070). Add
10.5 g CsCl to the DNA solution and mix well gently until the CsCl is dissolved
(incubate the mixture at 55°C for 5–10 min if needed). Add 400 µL ethidium
bromide solution (10 mg/mL) and mix.
8. Centrifuge at 2000g for 15 min at RT. Transfer supernatant into a new 50-mL
conical tube through a layer of Kimwipe. Place the solution into a Beckman
70.1 Ti tube (Beckman Coulter, Fullerton, CA, cat. no. 342413). Ultracentrifuge
350,000g (60,000 rpm) for 18 h at 25°C.
9. Remove the upper band ﬁrst (can be discarded) and then the bottom band using
separate syringes with an 18-gage or wider needle. Place the solution from the
bottom band into a Beckman VTi 65.2 tube (Beckman Coulter, cat. no. 342412)
and ﬁll with 50% CsCl solution (g/mL TE).
10. Ultracentrifuge at 450,000g (65,000 rpm) for 4 h at 25°C. Remove the bottom
band into a 1.5-mL Eppendolf tube (usually 0.5 mL or less).
11. Remove ethidium bromide thoroughly by extracting with TE-saturated
n-butanol.
12. Transfer the extracted DNA solution into a Slide-A-Lyzer (Pierce, Rockford, IL,
cat. no. 66415 or 66425, MWCO = 10K) and dialyze overnight against 1 L TE
at 4°C (TE should be changed once during this time). The DNA sample can be
stored at 4°C for at least up to 6 mo (see Note 2).

2.2.3. Helper Plasmid pEBHICP27 and Amplicon Plasmid DNA
1. ICP27-expressing helper plasmid pEBHICP27 (10).
2. Basic HSV amplicon plasmid, e.g., pHGCX (see Fig. 3).
These plasmids contain pBR322-derived backbones and the DNA can be
puriﬁed using QIAGEN plasmid Maxi kit (QIAGEN, Valencia, CA, cat. no.
12163).
3. 25% (w/v) sucrose/HBSS: ﬁlter-sterilized through a 0.2-µm pore size cellulose
nitrate membrane ﬁlter (Nalgene/Nunc, cat. no. 450-0020). Store at 4°C.

3. Methods
3.1. Packaging of Helper Virus-Free HSV Amplicon Vectors
1. On the day before transfection, trypsinize, count, and plate Vero 2-2 cells at
1 × 106 cells/60-mm tissue culture dish in 3 mL DMEM/2% FBS.
2. The following day, the plated cells should be 95–100% conﬂuent. Prepare two
15-mL conical tubes (BD Falcon, cat. no. 2097) each containing 250 µL OptiMEM I (Life Technologies, cat. no. 31985-070). To one tube, add 0.6 µg amplicon
DNA, 0.2 µg pEBHICP27 DNA, and 2 µg fHSV ∆pac∆27 0+ DNA. Add 16 µL
LipofectAMINE Reagent (Life Technologies, cat. no. 18324-012) to the other
tube. Mix each solution well by tapping tubes with ﬁngers. Add 10 µL Plus
Reagent (Life Technologies, cat. no. 11514-015) (see Note 3) to the DNA solution
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Fig. 3. Basic HSV amplicon plasmid vector pHGCX. This pBR322-based plasmid
contains oriS and pac from HSV-1, the EGFP gene under control of the HSV-1 IE4/5
promoter for titration of vectors, and a multiple cloning site (MCS) for a gene of
interest under control of CMV IE promoter with a bovine growth hormone (BGH)
polyadenylation signal for message processing. Additional transgene cassettes can be
incorporated into this vector at the unique BglII and/or PacI sites. 5′ and 3′ cloning
junctions of inserted transgene can be examined by sequencing with the T7 and BGH-R
primers, respectively.

3.

4.
5.

6.

and let it stand for 15 min at RT (avoid mixing after adding Plus Reagent).
Combine the contents of the two tubes, mix, and incubate for 30 min at RT.
Wash the cells plated in a 60-mm plate from step 1 once with 3 mL Opti-MEM I.
Add 1 mL Opti-MEM I to the tube containing the DNA-lipid transfection mixture. Aspirate the medium from the culture, add the transfection mixture, and
incubate for 4 h at 37°C.
Wash each dish 3× with 2 mL Opti-MEM I, add 3.5 mL DMEM/6% FBS and
incubate 60 h at 37°C in a humidiﬁed 5% CO2 incubator.
To harvest vectors, scrape the cells into the medium, transfer the suspension
to a 15-mL conical tube, freeze it in a dry ice/ethanol bath, and store at –80°C
until use.
Thaw the cell suspension in a 37°C water bath. Sonicate the suspension for 20 s
with 10–20% output energy, remove cell debris by centrifugation at 2000g for
15 min at 4°C. After removing a sample for titration, divide the vector stock
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into aliquots, freeze in a dry ice/ethanol bath, and store at –80°C (see Note 4).
Alternatively, purify and concentrate the vector stock before storage.

3.2. Puriﬁcation and Concentration of HSV Amplicon Vectors
1. Combine unconcentrated vector solution from 8–9 60-mm plates and ﬁlter it
through 0.8-µm pore size cellulose nitrate membrane ﬁlters (Nalgene/Nunc,
Rochester, NY, cat. no. 380-0080) (see Note 5).
2. Add 5 mL of 25% sucrose/HBSS into a 35-mL ultracentrifuge tube for Beckman
SW28 rotor (Beckman Coulter, cat. no. 344058) and carefully overlay 30 mL
unconcentrated vector stock.
3. Centrifuge the samples at 75,000g (20,000 rpm) for 3 h at 4°C.
4. Remove supernatant from the tube and add desired volume (100–500 µL) of
HBSS and leave the tube overnight at 4°C.
5. Resuspend the pellet by pipeting up and down. After removing a sample for
titration, divide the concentrated vector stock into aliquots, freeze in a dry
ice/ethanol bath, and store at –80°C (see Note 4).

3.3. Titration of HSV Amplicon Vectors
1. On the day before titration, trypsinize, count, and plate HEK 293 into 24-well
plates at 3 × 105 cells/well in 0.5 mL DMEM/2% FBS.
2. The following day, prepare serial dilutions of vector stocks in 250 µL DMEM/2%
FBS. Remove medium from each well and add diluted vector solution (250 µL)
onto cells. Incubate the culture for 24 h.
3.
a. When the amplicon vectors contain GFP as a reporter gene, count the number
of GFP positive cells within the well using a ﬂuorescent microscope. The
titer of the vector stock is (number of GFP positive cells/well) × (dilution
factor) × 4 GFP TU/mL.
b. When the amplicon vectors contain LacZ as a reporter gene, ﬁx cells with
0.05% glutaraldehyde in HBSS for 15 min at RT. Remove the ﬁxative, add
the X-gal staining solution (5 mM K3[Fe(CN)6], 5 mM K4[Fe(CN)6], 2 mM
MgCl2, 1 mg/mL X-gal in 1X Dulbecco’s phosphate buffered saline, pH 7.4),
and incubate for 4–6 h at 37°C. Count the number of LacZ positive cells
within the well using a microscope. The titer of the vector stock is (number of
LacZ positive cells/well) × (dilution factor) × 4 LacZ TU/mL.

4. Notes
1. The quality of the HSV BAC DNA is crucial to the packaging of HSV amplicon
vectors. Typically, 100–150 µg of supercoiled fHSV ∆pac∆27 0+ DNA can be
obtained from a 1-L bacterial culture. Contamination with bacterial genomic
DNA can be examined by pulsed ﬁeld gel electrophoresis (PFGE) analysis of
undigested BAC DNA. Open circular form of plasmid DNA migrates further than
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supercoiled form in agarose gel without ethidium bromide. The contaminating
genomic DNA migrates further than open circular BAC DNA and appears as
smeared bands.
Dialysis works better than ethanol precipitation in removing CsCl from the
banded BAC DNA. High-molecular-weight BAC DNA can be damaged through
ethanol precipitation and is quite difﬁcult to be dissolved completely in TE
buffer after precipitation.
Use of the Plus Reagent in LipofectAMINE-mediated transfection increases the
amplicon vector titers by typically 1.5–2-fold. In our experience, it also improves
the consistency of titers obtained in independent packaging experiments.
Freezing vector stocks into small aliquots is recommended. Additional freezethaw cycle can cause signiﬁcant loss of vector titers (typically 20–40% loss
per freeze-thaw cycle).
Filtration and concentration of amplicon vectors typically results in 20–40%
loss of total transducing units. Through this procedure, concentration of up to
200 times can be achieved.
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Herpes Simplex Amplicon Vectors
Charles J. Link, Nicholas N. Vahanian, and Suming Wang
1. Introduction
The key fundamental problem for effective gene therapy remains gene
delivery. Gene therapy has achieved some modest success in animal and human
experiments (1–7). However, effective gene delivery remains the chief obstacle.
Herpes simplex virus type 1 (HSV-1) vectors offer several improvements over
other established viral vectors including a larger DNA carrying capacity, wide
tropism, high-transduction efﬁciency, and the potential to establish latency.
HSV-1 vectors can efﬁciently transfer genes in vivo (1,8–11) to a variety
of cell types including muscle, neural, and tumor cells (8,10,12–17). Two
basic designs of HSV vectors, replication defective and amplicon, are under
development (3,12,18–22). Plasmids with an HSV-1 lytic replication origins
(ori S) and terminal packaging signal sequences, can be ampliﬁed and packaged
into infectious HSV-1 virions in the presence of transacting helper virus
(12,18–19,23). This plasmid system permits easier cloning and carries genomic
information between prokaryotic and eukaryotic cells as a shuttle vector
(19). The amplicon systems retain the merits of HSV-1 vectors including
high efﬁciency of gene transfer in vitro and in vivo, wide range of host and
neurotropism, but viral stocks tend to have lower titers and production is time
consuming (18,24–28). Furthermore, amplicon systems can package large
DNA fragments (>15 kb) efﬁciently. These properties make HSV amplicon
vectors useful tools for a number of applications especially cancer therapy.
1.4. Advantages of Using HSV-1 Vectors in Gene Delivery
HSV-1 has been demonstrated as a potentially useful gene delivery method for
gene therapy owing to its high efﬁciency of in vivo transduction. The helper virusFrom: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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dependent, HSV-1 amplicon vectors were developed for easier operation and
their larger gene carrying capacity. Our group and several others have developed
amplicon-based HSV vectors for gene therapy approaches of human disease. Our
vector, HE700, was designed to allow replication in the presence of helper virus
to generate vector stocks. The HE700 system can effectively deliver transgenes
in vitro and in vivo. This vector functions effectively in models using the HSV
thymidine kinase (HSVtk) suicide gene and ganciclovir (GCV) to treat human
tumor xenografts in athymic nude mice. In these models efﬁcient gene transfer
and expression has been shown (see Note 1).
1.2. Disadvantages of Using HSV-1 Vectors in Gene Delivery
However, gene expression in early studies has been relatively transient,
reﬂecting issues of potential loss of the amplicon vector after delivery into
the cells and toxicity to the target cells. To address stability of the vector, the
HE700 vector contains an EBNA-1 gene to facilitate stable maintenance of the
vector within human cells. To address toxicity, we developed a photochemical
crosslinking method to reduce the cytotoxicity of helper virus while retaining
transgene activity. Combined treatment of 4, 5′, 8-trimethoxypsoralen (TMP)
and long wavelength ultraviolet irradiation (UVA) uncoupled HSV-1 viral
replication from viral gene expression. The differential inactivation by PUVA
greatly reduced the HSV-1 vector cytotoxicity in human cells. More recently,
several groups have established functional systems of herpes amplicon vectors
using helper virus-free systems. These remarkable improvements in molecular
engineering allow for an intriguing number of possible uses for the herpes
amplicon vectors.
1.3. Herpes Vectors Developed for Anticancer Therapy
Several groups are working intensively to develop HSV vectors as anticancer
therapeutics because these vectors effectively transfer genes into tumors in
vivo (1,8–11,29). The cytopathic effects of modiﬁed HSV viruses and vectors
can be used as an advantage against tumor cells. HSV vectors also allow for
high-efﬁciency gene transfer into rodent tumors in vivo. (13). HSVtk-negative,
replication-competent HSV was ﬁrst used to treat human gliomas in nude mice
(30). Mice treated with only 105 plaque forming unit (PFU) of defective virus
had prolonged survival. For anticancer approaches, replication-competent
vectors are now being explored and human trials are in progress with replication competent, attenuated HSV viruses (31). Nonetheless, the restoration of
replication-competent wild-type virus during HSV vector preparation remains
a concern. Potential problems also exist with long-term genetic modiﬁcation,
because HSV-1 induces cytotoxicity in transduced cells that might result in
their rapid elimination by the immune system (3,32). Several methods are
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under development to address these concerns. One approach is to delete more
immediate early genes from the HSV-1 genome to reduce cytotoxicity (29). To
prevent an infection, especially by viral encephalitis, other groups developed
HSV vectors defective in other genes such as ribonucleotide reductase,
transcription factors ICP4, ICP0, or γ34.5 genes (13–14,17,33). Continuing
efforts have focused on HSV mutants with multiple speciﬁc gene deletions
to enhance their therapeutic index (3,34). Another approach developed in our
group is to chemically crosslink the helper virus to reduce its toxicity and
replicating ability. Finally, methods have been developed that utilize helper
virus-free systems to package the amplicon vector (22).
1.4. HSVtk System for the Gene Therapy of Cancer
The addition of GCV treatment to defective HSV containing an intact HSVtk
gene greatly enhances tumor killing (13). The HSVtk gene is a suicide gene.
HSVtk sensitizes the transduced tumor cells to GCV, an antiviral drug (35–37).
GCV is phosphorylated by HSVtk resulting in a GCV-monophosphate that the
cell converts to GCV-triphosphate, which inhibits DNA replication and causes
cell death. Cellular kinases cannot phosphorylate GCV. With the HSVtk/GCV
system, only a portion of tumor cells need to be transduced to induce complete
tumor destruction (35). This metabolic cooperation is owing to the transfer
of phosphorylated GCV between cells through gap junctions (35,38–43).
Bystander effects caused by metabolic cooperation allow tumor regression
when only a small portion of the tumor is transduced with HSVtk. It has been
shown that phosphorylated forms of GCV can travel from HSVtk expressing
cells to adjacent nontransduced cells via cellular gap junctions formed by
connexins (44). In cell culture and animal models of HSVtk and GCV therapy,
10% or more of the tumor cells need to express the HSVtk gene to obtain a
complete tumor regressions (35,38,42).
2. Materials
2.1. Cells
1. E5 cells were derived from African green monkey kidney cells and contain HSV
IE3 genes (kindly provided by N. DeLucca).
2. IGROV is a human ovarian carcinoma cell line [kindly provided by J. Benard
(45)].
3. T98G is a human glioblastoma cell line [American Type Culture Collection
(ATCC) Rockville, MD].
4. VA13 cells are SV40 transformed human WI38 ﬁbroblast cells (ATCC).
5. Cells were grown in DMEM (GibcoBRL, Gaithersburg, MD) containing 10%
fetal bovine serum (FBS), glutamine and penicillin/streptomycin (GibcoBRL),
and incubated at 37°C and 5% CO2.
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2.2. Chemicals, Supplies, and Other Materials
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Cgal∆3 (provided by Dr. P.A. Johnson, University of California, San Diego, CA).
d120 Helper virus (provided by Dr. N. DeLucca).
Dulbecco’s modiﬁed Eagle’s method (DMEM) (Gibco, Carlsbad, CA).
FBS (Gibco).
Glutamine and penicillin/streptomycin (Gibco).
LipofectAmine (Gibco).
Hygromycin B (Roche, Indianopolis, IN).
Opti-MEM (Gibco).
Nalgene 0.8-µm nylon ﬁlter bottle (Nalge, Rochester, NY).
Beckman polyallomer Quick-Seal™ centrifuge tube (40 mL vol, Beckman, Inc.,
Palo Alto, CA).
Methylcellulose (Sigma, St. Louis, MO).
2% formaldehyde (Sigma).
0.3% glutaraldehyde (Fisher Scientiﬁc, Hanover Park, IL).
Hank’s balanced salt solution (HBSS) (Gibco).
0.5% crystal violet (EM Scientiﬁc, Gibbstown, NJ).
0.1% X-gal (Gibco).
5 mM K4Fe(CN)6 3H2O, 5 mM K3Fe(CN)6, and 2 mM MgCl2 (Sigma).
TMP (Trioxsalen, Sigma).
Nonidet P-40 (Sigma).
Spectroline Model XX-15A bulb (Westbury, NY).
ONPG (O-Nitrophenyl-µ-D-Galactopyranoside, Sigma).

3. Methods
3.1. Construction of Herpes Simplex Vectors Containing Origins
of Replication for Both HSV-1 and EBV
We have constructed HSV-1 amplicons that also contain Epstein–Barr virus
(EBV) unique latent replication origin (ori P) and the Epstein–Barr virus
nuclear antigen 1 (EBNA-1) (47) to maintain the plasmid as an episome in
the transfected cell nucleus (47,48). EBV has been demonstrated to contain a
unique latent replication origin (ori P), which directs viral self-replication and
maintenance in cells without entering the lytic cycle (49,50). The EBVNA-1
encodes a DNA-binding transactivator for ori P (49–52). The EBV ori P
and EBNA-1 gene provide more stability to eukaryotic expression vectors.
Investigators have previously demonstrated that plasmid vectors containing the
EBV ori P that also expressed the EBNA-1 gene were more effective eukaryotic
expression vectors and maintain the plasmid as an episome in the transfected
cell nucleus (48–50). Groups have employed such EBNA-1-based vectors for
expression in human tumors with therapeutic intent (53). The combination
of the HSV amplicon with the EBV sequences improves the ease of use of
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Fig. 1. Plasmid map of pHE700 vector. AmpR, ampicillin resistant; “a”, HSV-1
packaging signal; HSV-tk promoter, HSV-1 thymidine kinase promoter; hyg+, hygromycin resistance; Gene Insert: site for selected transgene(s); MCS, multicloning site;
∆EBNA-1, modiﬁed EBV nuclear antigen gene; ori P, EBV unique latent replication
origin; ori S, HSV-1 replication origin.

the HSV amplicon system (see Fig. 1). Our replication-incompetent pHE700
vectors maintained wide tropism for delivering transgene(s) into both dividing
and quiescent cells with high efﬁciency both in vitro and in vivo into the rat
brain caudate nucleus or hippocampus (47). In the presence of helper virus,
the amplicon replicates until a viral DNA of 152-kb long is obtained and then
packaged (see Fig. 2). Thus, for the HE7tk plasmid of approx 11.5 kb, at least
13 expression cassettes will be present as tandem repeats in the resulting viral
vector. Multiple copies of transgene will improve transgene expression. The
pHE vector was produced at high titer and could package and carry a vector
with a 21-kb DNA insert (47).
The maintenance of pHE700 vector as an episome was demonstrated by
transfection of pHE700-lac into E5 cells and selection with hygromycin.
The pHE700-lac vector contains the bacterial LacZ gene cloned into the
multicloning site of pHE700. By day 16 of drug selection, almost all cells
expressed β-galactosidase (see Fig. 3). To generate viral stocks, these selected
E5 cells containing pHE700-lac plasmid were infected with d120 helper virus
or Cgal∆3 helper virus (IE3 gene defective helper virus, kindly provided by
P. Johnson, University of California, San Diego). The resulting supernatants
contain both the pHE700-lac vector and helper virus. The multiplicity of infection (MOI) of the helper virus added was between 0.01 to 0.1 to induce viral
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Fig. 2. HSV amplicon packaging system. 1) pHE700-lac plasmid is transfected
into E5 helper cells that express the IE3 gene in trans. 2) Hygromycin selection of
transfected E5 cells to obtain population of cells containing pHE vector. 3) Infection
with helper virus that provides replication and packaging functions. 4) pHE700-lac
vector and helper virus replicate and induce lytic release.

vector production within 24–36 h. The average titer obtained was 2 × 106 bfu/mL
with a ratio of pHE700-lac vector blue cell forming units (BFU) to d120 helper
virus (PFU) from 1⬊1 to 1⬊10.
3.2. Viral Vector Production
1. pHE700-lac was transfected into E5 cells with LipofectAmine per the manufacturer’s protocol (GibcoBRL). Cells were trypsinized and plated at 6 × 105 cells/
100-mm dish 2 d after transfection. Transfected cells were placed under selection
with Hygromycin B (ICN Biomedical Inc. Aurora, OH) 1 d after plating. The
selected hygromycin-resistant E5 cells were superinfected with helper virus
(d120) when resistant colonies appeared, generally after 2 wk of drug selection.
The colonies were trypsinized and 3 × 106 cells were plated on a 100-mm dish.
When the cells were nearly conﬂuent, 0.01 to 0.1 MOI of d120 helper virus in
1 mL of Opti-MEM (GibcoBRL) was added. The viruses were allowed to adsorb
to the cells for 2 h at 37°C in a humidiﬁed, 5% CO2 incubator. The virus solutions

Fig. 3. (see facing page) Transfection and selection of E5 cells in culture after
transfection with pHE700-lac. (A) The β-galactosidase gene expression was detected
24 h after transfection by X-gal staining. E5 cells transfected with pHE700-lac and 48 h
later were placed into selection with 150 µg/mL of hygromycin. (B) Six days, or (C)
10 d, or (D) 16 d later cells were ﬁxed and stained with X-gal.
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were removed and 10 mL of DMEM with 10% FBS was added and incubated
for an additional 24–36 h. The medium containing cell debris was collected
and centrifuged and the vector supernatants were used for virus titration and
infection experiments.
2. Viral supernatant and cell debris is collected from infected cell monolayers
after complete cell lysis. The lysate is frozen and thawed 3× at 37°C and then
centrifuged at 2400g to pellet the cell debris. The supernatant is ﬁltered through
a disposable Nalgene 0.8-µm nylon ﬁlter bottle (Nalge) to remove any remaining
cell debris. Thirty-four mL of viral vector supernatant is add to a Beckman
polyallomer Quick-Seal™ centrifuged tube (40-mL vol, Beckman Inc.) on top of
a 6-mL cushion of 25% sucrose in 1X PBS. The tubes are then ultracentrifuged
at 26,100 rpm (75,000g) at 4°C in a Beckman 55.2Ti rotor for 16 h to pellet
the virus particles. The pellet is resuspended with 0.2–0.5 mL of sterile HBSS
buffer for further applications.
3. The viral stocks were serially diluted in Opti-MEM media and placed onto
conﬂuent E5 cells monolayers in six-well plates. The viruses were allowed to
adsorb to the cells for 2 h at 37°C. The virus solutions were aspirated and the
cells were washed with HBSS and overlaid with 2 mL DMEM containing 5%
FBS and 0.3% methylcellulose and then incubated an additional 3 d. Cells were
ﬁxed and plaques visualized by staining with 0.5% crystal violet for 10 min.
The titers were reported as PFU/mL or BFU/mL. pHE700-lac viral stocks were
titered 24 h after infection of VA13 cells in 24-well plates. Cells were rinsed with
HBSS and ﬁxed for 5 min at room temperature (RT) in 2% formaldehyde, 0.3%
glutaraldehyde in HBSS. Following two additional rinses with HBSS, cells were
stained with chromophore solution containing 0.1% X-gal (Promega, Madison,
WI), 5 mM K4Fe(CN)6 3H2O, 5 mM K3Fe(CN)6, and 2 mM MgCl2 in HBSS. The
X-gal positive cells (blue cells) were visualized 1 h after incubation.
4. Cultured human cell lines were trypsinized, counted, and seeded. When cells
were nearly conﬂuent, pHE700-lac viral stock was added into the cells at 3–10
MOI of BFU for 2 h. The β-galactosidase gene expression was evaluated after
infection with pHE700-lac vector (3–10 MOI BFU) in various cultured human
cells including VA13 human ﬁbroblasts (see Fig. 4A), T98G human glioblastoma
cells (see Fig. 4B), IGROV human ovarian carcinoma cells (see Fig. 4C), and
XP2OS xeroderma pigmentosum ﬁbroblasts (see Fig. 4D). All cells were ﬁxed

Fig. 4. (see facing page) In vitro expression of the pHE700-lac vector. Depict
photographs of various human cell lines after infection with pHE700-lac virus stock.
(A) VA13 normal ﬁbroblasts, (B) T98G human glioblastoma cells, (C) IGROV human
ovarian carcinoma cells, and (D) XP2OS xeroderma pigmentosum ﬁbroblasts. All
cell lines except for VA13 (3 MOI) were infected with 10 MOI of vector and stained
with 0.1% of X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) solution two
days after transduction.
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and stained with X-gal 2 d after infection. When using a lower MOI (1 MOI
of BFU), the lacZ gene expression was detected for approx 2 wk with a peak
expression occurring 48–72 h after transduction.
The E5 and T98G cells were plated at a density of 1.5 × 105 cells/well, respectively. The cells were infected the next day with viral vector stocks, Cgal∆3
(kindly provided by P. Johnson), treated with or without psoralen and UVA light
(PUVA) at 3 MOI for 2 h. For PUVA treatment, TMP (Trioxsalen, Sigma) in
various concentrations (0.1–1 µg/mL) was added to virus stocks for 30 min at
37°C before UVA irradiation. The UVA source was a Spectroline Model XX-15A
bulb (Westbury, NY). One mL of viral stock was placed into one well of a sixwell plate and irradiated for the times indicated in Fig. 6A (1 min = 0.5 kJ/m2
at 365 nm). The virus replication ability was measured 3 d after incubation by
staining the E5 cells with crystal violet. The lacZ gene activity was measured
24 h later in T98G cells by ﬁxation in 2% formaldehyde, 0.3% glutaraldehyde,
followed by staining with chromophore solution containing 0.1% X-gal.
Treated viral stocks were serially diluted and placed onto confluent E5 or
VA13 cell monolayers and allowed to adsorb for 2 h at 37°C. To determine
viral replication activity in E5 cells, vector solutions were removed and cells
were overlaid with DMEM containing 5% FBS and 0.3% methylcellulose and
incubated for 3 d. E5 cells were then ﬁxed and stained with 0.5% crystal violet
for 10 min and plaques were counted. The viral replication activity in E5 cells
was reported as plaque forming units per milliliter (PFU/mL). To determine
lacZ gene expression, VA13 cells were evaluated 24 h after Cgal∆3 infection by
X-gal staining. The expression titers were reported as blue cell forming units
per milliliter (BFU/mL).
VA13 cells (2 × 105) were transduced by 3 MOI of Cgal∆3 vector treated with
PUVA (1 µg/mL) TMP and varying doses of UVA. Two and 24 h after transduction, the cells were lysed in an ONPG lysis solution (0.45 mM O-Nitrophenylµ-D-Galactopyranoside and 0.5% Nonidet P-40 in HBSS), incubated at 37°C
in a 5% CO2 humidiﬁed incubator, and the optical density (OD) at 420 nm was
taken 1 h later. Three duplicate samples were plated for each dose. The relative
percentages of ONPG in transduced cells to baseline ONPG levels (cells treated
with TMP only) were plotted against UVA dose. Three duplicate samples were
plated for each dose.
Cell survival after transduction with herpes vector was determined using standard
clonogenic assay (46). 2 × 105 nearly conﬂuent monolayer VA13 cells were
infected with 10 MOI Cgal∆3 viral vectors for 2 h. The herpes vector stocks
were untreated or treated with PUVA as described earlier. The transduced cells were
then washed with HBSS and fresh media was added. Twenty-four h later, the cells
were trypsinized, suspended, and plated in 6-cm plastic dishes at appropriate
cloning densities. Each experimental condition was done in triplicate. The cells
were then incubated for 14 d with medium changes every 4 d until colonies were
formed. Surviving fractions were calculated as the colony number after infection
divided by the colony number of control cells (without virus infection).
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9. The d120 helper virus was used for propagation of the pHE-lac and pHE-tk viral
vectors. To generate vector stocks, 3 × 106 hygromycin resistant cells containing
pHE-tk were plated on a 10-cm dish. After cells grew to conﬂuence, 0.1 MOI
of d120 virus in 1 mL of Opti-MEM (Gibco, BRL) was added for 2 h at 37°C
to allow infection. Vectors were treated with TMP (0–1 µg/mL) and differing
lengths of UVA exposure (0–7.5 kJ/m2). IGROV tumor cells exposed to vector
supernatants were plated at 1 × 104 cells/well in 96-well plates and proliferation
assays were performed as previously described (42). Three duplicate samples
were plated for each condition. Each sample is tested with or without GCV
(0 or 5.0 µg/mL) (45).

3.3. The HE700 Amplicon Supernates Can Efﬁciently
Transduce Human Target Cells In Vitro
The β-galactosidase gene expression was evaluated after infection with
pHE700-lac vector (3–10 MOI) in various cultured human tumor cells and
normal ﬁbroblasts, all cells were ﬁxed and stained with X-gal 2 d after infection
(see Fig. 4). The expression continued for approx 2 wk with peak expression
occurring 48–72 h after transduction. At a MOI between 3–10 PFU/mL >95%
of tumor cells in vitro were transduced (47). This compares favorably with
higher MOI often required for adenoviral vectors (up to 3000 MOI in vitro)
(54). Viral stocks used for these in vitro transduction experiments contain a
helper virus to vector ratio of 1⬊1. Only at higher ratios of helper to amplicon
vector was signiﬁcant toxicity noted in vitro.
3.4. In Vivo Treatment of Human A375 Melanoma Xenografts
with HE7tk Amplicon Vector and Ganciclovir Results
in Effective Antitumor Therapy
In this study, the HSVtk gene was cloned into the pHE700 amplicon vector
and used for in vivo gene delivery. Human melanoma xenografts were established in athymic nude mice. The effects of HE7tk amplicon transduction
plus GCV administration on subcutaneous tumor growth were evaluated by
the serial measurement of tumor volumes of all experimental mice. Tumors
were injected directly with HE7tk vector alone, HE7tk vector followed by
ganciclovir (GCV), HE7GFP vector (expressing green ﬂuorescent protein only)
followed by GCV or buffer. Efﬁcient HSVtk transgene expression was found
in the tumor 3 d after injection (see Fig. 5). Tumors of HE7tk amplicon vector
+ GCV group had signiﬁcantly reduced growth compared to HE7GFP + GCV
group (p < 0.01). Animals that received either HE7tk vector without GCV or
HE7GFP vector with GCV had some reduction in tumor growth compared to
animals that were injected with buffer only. This likely reﬂects cytotoxicity
of the helper virus on transduced cells (3,55,56). These data indicate that
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Fig. 5. In vivo transduction of human A375 melanoma cells with HE7tk amplicon
vector. Human tumor xenografts were established in athymic nude mice by injecting
subcutaneously 1 × 107 A375 melanoma cells in 100 µL. When the tumor reached
about 4 mm in diameter, (A) the tumor was injected with 3 × 106 tfu of HE7tk amplicon
vector (×200), or (B) the tumor was injected with HBSS alone (negative control)
(×40). Three days after vector injection, the tumor tissues were ﬁxed, sectioned and
stained with anti-HSVtk antibody (primary, 1⬊400) followed by staining with alkaline
phosphatase conjugated antibody.

replication-defective HSV-1 amplicon vectors can be used effectively to deliver
transgenes into solid tumors in vivo. Several groups have now designed helperfree amplicon systems to address direct cytotoxicity (22,57). However, for
antitumor applications these systems may not necessarily be desirable because
tumor cell killing is the goal of therapy. But reducing cytotoxicity is a key
concern for most other applications.
3.5. Chemical Crosslinks to Decrease Helper Virus Toxicity
Unfortunately, the viral stocks of defective HSV vectors often contain
replication-competent virus produced during vector production by recombination. Although the frequency is low, replication competency is a major concern
for using HSV-1 virus as a gene transfer vehicle. In addition, HSV-1 vectors
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can cause substantial cytotoxicity to infected cells depending on the helper
virus employed (3,55,56). This has limited attempts to use HSV vectors in
human gene transfer experiments. The d120 HSV helper virus was used to
package HSV amplicon vector in permissive E5 cells (58–60). Helper virus
d120 has deletions of both IE3 gene loci to prevent viral replication in normal
cells, but permits replication in the E5 helper cell line expressing the IE3 gene
(59,60). This helper virus causes substantial cytotoxicity to infected normal
cells in vitro, limiting its utility without further modiﬁcation. Unfortunately,
there is no effective, published method currently available to separate HSV
amplicon vectors from helper virus. A helper virus-free system has been
reported recently which can be used to package amplicon vector without
helper virus contamination (22). The new system has substantially less viral
cytotoxicty and is discussed further below. As an alternative approach to
reduce cytotoxicity, a photochemical method was employed to overcome
the cytotoxicity of either replication-defective HSV vectors or helper virus
contaminating amplicon vector preparations. This method uses PUVA exposure
to inhibit replication in permissive E5 cells while retaining reporter gene
expression. Our approach uses PUVA to eliminate the ability of HSV helper
virus to replicate in permissive cells and reduce cytotoxicity, while retaining
strong transgene expression. Psoralens are polycyclic planar molecules that
readily pass through the viral coat, intercalate between nucleic acid bases
and form covalent, cyclobutane-type linkages (61). Previous studies applying
crosslinking methods with high-dose PUVA completely inactivated virus
by blocking DNA replication, gene expression, viral infection, and viral
contamination in blood products (62–67). In our experiments, the appropriate
PUVA dose (0.5 µg TMP and 2–3 kJ/m2 UVA) induces DNA crosslinks in the
vector that result in differential inactivation of viral replication and transgene
expression (see Fig. 6). PUVA treatment inhibits viral replication in E5 helper
cells while retaining gene expression of a reporter gene product. We postulate
that interstrand DNA crosslinks block viral DNA replication and randomly
inactivate different regions of the vector genome (see Fig. 7). Genes located
near the crosslinks are inactivated, but gene expression can occur from other
transcription units within the amplicon vector (see Note 2). This photochemical
modiﬁcation should prevent any lytic viral replication that might occur due
to the rescue of recombinant wild-type virus in vitro or in vivo. Compared
to the helper free systems, our method is simplistic and retains high titers
of amplicon vector. The differential inactivation of HSV helper viruses and
amplicon vectors may be a useful approach for some gene therapy applications.
This technology may be particularly useful when cell toxicity is a key issue
such as treatment attempts for genetic diseases.
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3.6. Determination of the Optimal PUVA Combination
to Permit Transgene Expression
The appropriate combination of TMP and UVA radiation (PUVA) was
determined in vitro (see Fig. 8 and Note 3). The defective HSV vector, Cgal∆3,
is an IE3 deleted virus and contains the lacZ reporter gene. Cgal∆3 was
processed by treating aliquots of viral stock with various dosages of TMP
and UVA as tabulated in Fig. 8A. Cgal∆3 vector stocks treated with TMP
(0.5 µg/mL) and UVA (365 nm, 3 kJ/m2) demonstrated total inhibition of virus
replication in E5 cells, whereas lacZ gene expression remained in transduced
T98G human glioblastoma cells. Although E5 cells infected with unmodiﬁed
Cgal∆3 vector were destroyed by lytic viral replication (see Fig. 6A), PUVA
treatment (e.g., 0.5 µg/mL TMP and 3 kJ/m2 UVA) of vector prevented cell
lysis in these cells (see Fig. 6B). Thus, PUVA prevented cell death secondary
to lytic vector replication in permissive cells. The crosslinking treatment
resulted in a 1000-fold differential inactivation of vector replication (PFU/mL)
in permissive E5 cells compared to transgene activity (BFU/mL) in transduced
VA13 human ﬁbroblast cells (see Fig. 9A). In contrast, treatment with UVC
resulted in differential inactivation of 10-fold or less of vector replication
(PFU/mL) in E5 cells compared to transgene activity (BFU/mL) in VA13 cells
(data not shown). Therefore, DNA crosslinks are clearly superior to adducts on
a single DNA strand in their ability to prevent viral replication in dose ranges
that still permit high-level transgene expression (see Note 4).
3.7. Determination of Response Relationship
between Transgene Activity and PUVA Dose
Transgene expression was quantiﬁed in VA13 cells transduced by Cgal∆3 at
a MOI of 3 that was sufﬁcient to infect >95% of the target cells. Overall, gene
expression levels from PUVA treated vectors were similar to those obtained
from vectors that have not undergone photochemical modiﬁcation under these

Fig. 6. (see facing page) High-power magniﬁcation (×40–100) of cells treated with
Cgal∆3 virus after various PUVA treatments. (A) E5 cells infected with Cgal∆3 not
treated with either TMP or UVA showing substantial cell lysis due to the virus lytic
replication (×40). (B) E5 cells showing no cell lysis or virus plaque formation after
infection with Cgal∆3 treated with 0.5 µg/mL of TMP and 3 kJ/m2 UVA (×40). (C)
X-gal staining of T98G cells infected with Cgal∆3 not treated with either TMP or UVA
showing high-level LacZ gene expression (×100). (D) X-gal staining of T98G cells
infected with Cgal∆3 treated with 0.5 µg/mL of TMP and 3 kJ/m2 UVA (×100). The
stained cells indicate high level β-galactosidase activity.
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Fig. 7. Proposed mechanism of the effects of photochemical modiﬁcation of pHEtk
vector containing tandem repeats of the HSVtk gene expression unit. In permissive cells
transduced with unmodiﬁed vector, both DNA replication and gene expression occur
(top). After PUVA treatment, interstrand DNA crosslinks inhibit viral replication, but
permit transgene expression from unaffected transcription units.

conditions (see Fig. 9B and Note 5). Thus, the majority of cells are transduced
and excellent transgene activity occurs. To evaluate this strategy for the
amplicon vector, the β-galactosidase (lacZ ) gene was cloned into the pHE700
vector generating pHE-lac. The lacZ gene was expressed under the control of
the human cytomegalovirus (CMV) immediate early promoter. Experiments
conducted with the pHE-lac amplicon vector had similar results to those
obtained with Cgal∆3 vector (data not shown). This indicates that the PUVA
blocking effect on viral replication was not vector-dependent.
3.8. Cell Survival and Toxicity after Transduction
with PUVA Modiﬁed HSV Vectors
Colony formation assay using cells transduced with PUVA modiﬁed or
unmodiﬁed HSV vectors were used to evaluate whether PUVA treatment
could improve cell survival (see Note 6). Cell survival after transduction with
herpes vector was determined using standard clonogenic assays (46). Nearly
conﬂuent, monolayer VA13 cells (2 × 105) were infected with 10 MOI Cgal∆3
viral vectors for 2 h. The HSV vector stocks were untreated or treated with
PUVA as described earlier. The results conﬁrm that cell survival improved
ﬁvefold after PUVA treatment of the viral vector (see Note 7). For example,
with a dose of 5 kJ/m2 UVA and 1 µg/mL psoralen, 47% of cells survived
after 10 MOI of Cgal∆3 vector infection (see Fig. 4). Although cell survival
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was only 12% or 11% when the Cgal∆3 vectors without PUVA or treated with
psoralen alone, respectively (see Fig. 10) at 10 MOI transduction. Interestingly, monolayer VA13 cells infected with Cgal∆3 vector at 10 MOI showed
substantial cytotoxicity after 3 d resulting in almost complete detachment of
cells from culture dishes. However, clonogenic assays showed that 12% of
these cells survived after transduction with untreated vector. Even at 30 MOI,
the cell survival was approx 6% with untreated vector (data not shown). This
observation indicates that some VA13 cells survive cytotoxicity induced by
HSV vectors even at very high MOI (see Note 8). Overall, these data strongly
demonstrate that the cytotoxicity of HSV vectors can be attenuated by PUVA
treatment. This process may improve the safety proﬁle of such HSV vectors
for gene transfer and therapy.
To further evaluate the selective elimination of cytotoxicity of HSV vectors
while maintaining transgene activity, a cell proliferation assay measuring
cellular DNA synthesis was used. The pHE-tk vector contains the HSVtk gene
cloned into the pHE vector under CMV immediate early promoter control.
Cells expressing HSVtk can phosphorylate GCV to a toxic form that induces
cell death (35). IGROV ovarian carcinoma cells were transduced with pHE-tk
vector (with or without prior PUVA treatment) packaged with helper virus
d120. Cell proliferation assays were conducted using vector stocks treated
with TMP (0–1 µg/mL) and differing lengths of UVA exposure (0–7.5 kJ/m2)
as previously described (42). Three duplicate samples were plated for each
condition. Each sample is tested with or without GCV (0 or 5.0 µg/mL).
Untreated pHE-tk vector stocks signiﬁcantly reduced cellular proliferation
indicating the cytotoxic effect of the helper virus and pHE-tk vector on the
infected cells (see Fig. 11). However, cells infected with the PUVA treated
(TMP 1 µg/mL, UVA 7.5 kJ) vector maintained a normal growth rate (see
Fig. 11). Importantly, whereas the cytotoxicity from PUVA-treated pHE-tk
viral stock was reduced to near that of cells not exposed to vector, the vector
retained functional transgene expression. GCV reduced cellular proliferation
under conditions where only small inhibitory effects from the crosslinked
vector were found (TMP 1 µg/mL, UVA 7.5 kJ). This antiproliferative effect of
GCV on cells transduced by PUVA-treated vector demonstrates the enzymatic
activity of the HSVtk protein. Thus, PUVA treatment prevented vector-mediated
cytotoxicity, but permitted HSVtk gene expression and function.
4. Notes
1. UVC-irradiated HSV-1 virus was shown to be able to rescue L cells by the
transfer of a functional HSVtk gene (68).
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2. For DNA crosslinking agents such as PUVA, the viral inactivation results are
more dramatic than with UVC irradiation. This reﬂects differences in the DNA
repair mechanisms for DNA monoadducts and interstrand crosslinks. DNA
photoproducts induced by UVC are usually monoadducts on one DNA strand
and are repaired predominately by nucleotide excision repair. PUVA induces
high levels of interstrand DNA crosslinks that likely require a combination of
nucleotide excision and recombinational repair.
3. Our results demonstrate that the combination of TMP and UVA light results in
superior differential inactivation of HSV vectors compared to UVC irradiation
alone. For PUVA treatment of Cgal∆3 vector, a ﬁve log differential inactivation
is observed compared to one log for UVC irradiation. These differences likely
reﬂect the divergent DNA repair pathways for processing these lesions. We
postulate that interstrand DNA crosslinks block viral DNA replication and
randomly inactivate different regions of the vector genome (see Fig. 7).
4. Genes located near the crosslinks are likely inactivated, but gene expression
can be complemented by transcription from other vectors that have different
inactivated regions or from other transcription units in amplicon vectors (see
Fig. 7). Crosslinked amplicon vector retains effective transgene expression while
prohibiting replication of helper virus.
5. It is known that a single crosslink introduced into adenovirus (71) or HSV
inactivates the virus (72). Multiplicity of reactivation is also observed with
DNA repair of PUVA-treated HSV. In more recent studies, a 1.9-fold increase in
HSV reactivation was seen at 10 MOI compared to 0.1 MOI in normal human
skin ﬁbroblasts; however, this only resulted in the recovery of less than 1%
replication-competent HSV (73).
6. UVC-irradiated recombinant HSV containing the hamster aprt gene to transduce
aprt-negative cells (69). The dose of UV light employed reduced the PFU/mL
by ﬁve orders of magnitude and resulted in an efﬁciency of transduction that

Fig. 8. (see opposite page) Effects of various doses of TMP and UVA on viral
replication and transgene expression. The combinations of TMP and UVA irradiation
(PUVA) are shown in (a) and correspond to the tissue culture plates in (b) and (c).
Without prior TMP and UVA exposure or with each agent alone, Cgal∆3 virus kills
most of the E5 cells by lytic viral replication and very few cells remain (b, row A,
column 1–5) compared to cells not exposed to virus (b, row A, column 6). However,
combinations of TMP and UVA did inhibit viral replication depending on the dosage
(b, rows B,C,D). Identically treated viral stocks were used to infect T98G cells (c). At
low PUVA dosages (c, row B, columns 1–4), the lacZ gene expression was as high as
zero control (c, row A, column 1). Higher PUVA dosages completely inhibited viral
replication, but the lacZ gene expression was also reduced (e.g., b, c rows D, column
6). A comparison of b and c demonstrates that at certain dosages (e.g., 0.5 µg/mL TMP
and 3 kJ/m2 UVA), Cgal∆3 virus replication was completely inhibited while lacZ gene
expression still remained high.
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Fig. 10. Cell survival after Cgal∆3 viral vector infection. The survival fraction after
10 MOI viral vector transduction increased from 11% to 47% after PUVA treatment.
Each point represents the mean of triplicate samples. The maximum standard deviation
for all values was less than 0.16%.
was fourfold greater than plasmid DNA transfection. These low transformation
frequencies compare to 95% or greater transduction efﬁciency for amplicon
vectors at an MOI of 3 to 10 (47).
7. UVC-irradiated HSV-1 are reactivated by DNA repair processes in mammalian
cells (70). At 200 J/m2, less than 1% of the HSV-1 virus was reactivated 4 d
after permissive rat hepatocytes were infected at 0.1 MOI. These initial studies

Fig. 9. (see opposite page) Effects of chemical crosslinking on viral replication and
transgene expression. (A) Comparison of Cgal∆3 viral activities after TMP (1 µg/mL)
and varying doses of UVA (0–5 kJ/m2). Vector replication was reported as PFU/mL.
The lacZ expression titers were reported as BFU/mL. The results demonstrate a 3 to 4
log greater decrease in viral replication activity compared to LacZ gene expression with
PUVA treatment. (B) In order to measure transgene activity after vector transduction,
VA13 cells were transduced by 3 MOI of Cgal∆3 vector treated with PUVA (TMP
dosage of 1 µg/mL). This MOI of vector routinely transduced >95% of normal or tumor
cells in vitro. Twenty-four hr after transduction, cells were tested by ONPG assay.
The results demonstrate very high-level transgene activity even at PUVA dosages that
prevent any vector replication in permissive cells. Therefore, PUVA dosages that cause
a 1000-fold selective decrease in vector replication still permit high-level transgene
expression at the relatively low MOI of 3.
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Fig. 11. HSVtk gene activity expressed from PUVA modiﬁed viral vectors. The graph
depicts IGROV ovarian carcinoma cell proliferation after exposure to pHE-tk vector,
measured by 3H-thymidine incorporation. Vectors treated with trimethoxypsoralen
(0 or 1 µg/mL) and with various lengths of UVA exposure (0–7.5 kJ/m 2). Each
sample is shown with or without GCV (0 or 5 µg/mL) illustrating the decrease in
vector cytotoxicity while still expressing functional Herpes thymidine kinase activity.
The amount of incorporated 3H-thymidine is measured as counts per min (cpm).
Incorporation is expressed as a percentage of control (no GCV).
demonstrated that at a MOI of 1.0 or greater compared to 0.1 MOI, viral
reactivation after UVC irradiation was enhanced. This data illustrates a property
known as multiplicity of reactivation in which higher MOI results in greater
reactivation within the host cell.
8. UVC irradiation alone can also diminish the cytotoxicity of HSV virus, but viral
replication is closely related to transgene expression (48). The crosslink method
can clearly separate viral replication and amplicon transgene expression. Although
our studies evaluated effects of TMP and UVA photochemical modification
on HSV-based vectors, other types of DNA viral vectors based on adenovirus,
vaccinia, EBV, and hepatitis B virus might also be modiﬁed by this approach.
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5
Strategies to Adapt Adenoviral Vectors
for Targeted Delivery
Catherine R. O’Riordan, Antonius Song, and Julia Lanciotti
1. Introduction
One of the challenges of current gene therapy vector development, concerns
targeting a therapeutic gene to diseased cells with the aim of achieving sufﬁcient gene expression in the affected tissue, while minimizing toxicity and
expression in other tissues. The use of recombinant adenoviruses as vectors for
gene therapy is restricted by the widespread distribution of the coxsackie and
adenovirus receptor (CAR) (1,2), which allows infection of a range of tissues
and precludes speciﬁc in vivo targeting. It is now well accepted that there is a
dose-dependent toxicity associated with systemic delivery of adenoviral (Ad)
vectors, in particular the risk of hepatotoxicity is a major concern (3–6). Thus,
development of Ad vectors that can target speciﬁc tissues following systemic
or minimally invasive administration would enhance their therapeutic potential
and expand their application. Targeting can be achieved at the level of capsid
binding or at later transduction events by the use of tissue-speciﬁc promoters
(7–10). Targeting at the level of binding is preferred because even the interaction
of cells with empty capsids leads to toxic effects (11), however a combination
of both strategies has its obvious advantages.
Fundamental to any attempts to retarget viruses is a basic understanding of
the native determinants of their tropism. Infection by adenovirus is facilitated
by an attachment of the virus to its target cell through an interaction of the ﬁber
protein with a cellular receptor. A ﬁber receptor for adenoviruses of subgroups
A, C, D, E, and F has been identiﬁed as the CAR protein (1,2,12). The ﬁber
knob binds to the N-terminal immunoglobulin-like domain of CAR. Following
attachment via CAR, internalization of the virus is promoted by the interaction
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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Fig. 1. Adenoviruses share a common architecture consisting of a nonenveloped
icosahedral capsid surrounding a linear dsDNA genome of approx 36 kbp. The viral
capsid is composed of three structural proteins: hexon, ﬁber, and penton base. Hexon
is the major structural component, forming the 20 facets of the icosahedron, whereas
pentons, being complexes of penton base with ﬁber, form the 12 vertices (13).

of penton base protein with α ν integrins (see Fig. 1). Although there may be
additional components of the native tropism of adenovirus, abolishing the
high-afﬁnity binding of ﬁber to CAR is essential for the development of a
targeted vector.
Cell-speciﬁc gene delivery via Ad vectors has been achieved by a variety
of approaches. Ligands for cell surface receptors have been linked to capsid
proteins of adenoviral vectors via bifunctional antibodies (14–31), via biotinavidin bridges (32), or via polymers such as polyethylene glycol (PEG) (33–35)
and poly-[N-(2-hydroxypropyl) methacrylamide] (HPMA) (36). Using these
approaches, the native tropism of the virus is ablated either by the addition
of polymer to ﬁber knob (see Fig. 2) or the use of an antiﬁber neutralizing
antibody in the context of a bifunctional conjugate (14–17).
In addition targeting can be achieved by direct genetic modiﬁcations of the
capsid proteins (37–46). One signiﬁcant drawback to genetically modifying
the virion capsid protein ﬁber knob, is that the endogenous tropism of the
virus is not generally eliminated (37–46). However, recent developments in
the area of genetic modiﬁcation of the virion have resulted in the generation of
an adenovirus vector with reduced native tropism (47–49). Such vectors with
ablated tropism through loss of CAR and α ν integrin binding (doubly ablated
vector), provide an important platform for evaluating the targeting potential of
peptide ligands incorporated in Ad capsids. Although limiting the interaction of
Ad vectors with native receptors is critical for development of vectors that have
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Fig. 2. Diagrammatic representation of an adenoviral vector modiﬁed by the covalent
attachment of PEG chains and ligand.

greater speciﬁcity for target tissues, the efﬁcacy of novel receptor speciﬁcities
incorporated in the doubly ablated vector remains to be tested.
Whereas speciﬁc targeting for viral gene-delivery vehicles has been achieved,
the changes to the viral structure can potentially yield varied efﬁciencies. The
efﬁcacy of the various targeted viral constructs is highly dependent on the
moiety used for targeting, the method of attachment onto the viral surface,
and the targeted cell type. Ideally the targeting ligand should be covalently
attached to the surface of the virus so as to minimize dissociation following
in vivo delivery. The use of PEG as a linker has many advantages. It has been
shown that modiﬁcation of adenovirus with monofunctional PEGs protect
the vector from neutralizing antibodies both in vitro and in vivo (50–52). In
addition the use of heterofunctional PEG molecules allows for the modiﬁcation
of adenoviruses with ligands (33–35). This method can be applied toward the
conjugation of a variety of ligands to the virion through the same reactive
group on the tip of the PEG molecule (see Fig. 2). Suitable ligands include
peptides, antibodies, and growth factors. In addition, placement of the ligand on
the tip of the PEG chain mimics the normal mechanism of virion binding
to its high-afﬁnity receptors. Heterofunctional PEG molecules also provide
a stable nonimmunogenic linkage compatible with in vivo gene delivery
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Fig. 3. Chemical structure of tresyl-MPEG-maleimide (TMPEG). The tresyl group
reacts with lysine residues on capsid proteins, whereas the maleimide group is reactive
toward thiol groups on the ligand. Reaction of the maleimide group with a thiol results
in the formation of a stable thioether bond.

applications. Moreover, any potential immunogenicity of attached ligands
should be minimized by coupling to PEG.
1.1. PEGylation of Ad
PEG is a water-soluble polymer that can covalently attach to proteins.
Covalent attachment of PEG to proteins requires activation of the hydroxyl
terminal group of the polymer with a suitable leaving group that can be
displaced by nucleophilic attack of the ε-amino terminal of lysine residues.
Several chemical groups have been exploited to activate PEG. For example,
cyanuric chloride activated monomethoxypolyethylene glycol (MPEG) couples
to proteins via a triazine ring (53), whereas succinimidyl succinate MPEG
(SS-PEG) reacts with amino groups on target proteins using the N-hydroxysuccinimidyl (NHS)-active ester of PEG succinate (54). Many methods for the
activation of PEG result in part of the activating group being incorporated
into the ﬁnal PEG-peptide and, although PEG itself is immunologically inert
(55), these residual coupling moieties can themselves be immunogenic. Many
of these problems have been overcome by the biological optimization of a
PEGylated method using tresylMPEG (TMPEG) (see Fig. 3) (56,57). This
optimized PEGylation reaction has been used to attach both monofunctional
(50) and heterofunctional PEG molecules (33–35) to capsid proteins without
compromising the integrity of the virion.
Heterofunctional PEG molecules, such as tresyl-MPEG-maleimide (see
Fig. 3), with two independent functional groups allow for attachment to lysine
residues of capsid proteins and the additional modiﬁcation of ligand coupling.
Following attachment of the tresyl group to capsid proteins, ligands are coupled
to the PEG molecule via the maleimide group. The maleimide group is reactive
toward thiols, thus the ligand must have an available thiol or alternatively such
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a group can be introduced chemically (see Subheading 3.5.1.). In the case
of whole IgG molecules, it is necessary to introduce the thiol group, whereas
peptides can be easily synthesized with a cysteine residue included in the
sequence (33–35). In this chapter, methods are described for the covalent
attachment of a range of targeting moieties to adenoviral vectors using
heterofunctional PEG molecules. Ligands include linear peptides, antibodies,
and proteins such as FGF2.
1.2. Redirecting Adenovirus to Receptors on Target Cells
1.2.1. Fibroblast Growth Factor (FGF) Receptors

Adenoviral retargeting by FGF family ligands can achieve targeted gene
therapy to FGF-receptor expressing cells, such as those within tumors and
healing wounds. The receptor for FGF2 (basic FGF) is upregulated in many
tumor cell lines including the human ovarian cancer cell line SKOV3.ip1,
making it an attractive receptor for targeting (17,19,22,36). Increasing the
efficiency of transduction by redirecting adenovirus to receptors that are
highly expressed on the target cells reduces the number of adenoviral particles
required for optimal levels of gene transfer (see Fig. 4). This in turn should
permit high levels of transduction at doses of virus below those associated
with acute toxicity. In addition, ablation of the native tropism of the virus
by the addition of polymer and ligand, reduces the afﬁnity of the retargeted
vector for its receptor and in turn its afﬁnity for nontarget tissues such as
liver and spleen (36).
1.2.2. Heparan Sulfate Receptors

CAR receptor levels in different tissues play a signiﬁcant role in adenovirus
transduction efﬁciencies (37), for example nonepithelial cells such as endothelial
cells, ﬁbroblasts and smooth muscle cells are poorly transduced by adenoviral
vectors owing to a low level of the CAR receptor on these cell types (37). To
overcome this inefﬁciency, Ad vectors with a heparin binding domain inserted
genetically in ﬁber knob can be used (37,38). Stretches of positively charged,
basic amino acids are capable of binding to heparin/heparan sulfate moieties.
Adenoviral vectors can be generated with lysine moieties inserted genetically
in ﬁber knob (37) or alternatively, a polylysine peptide can be conjugated to an
Ad/PEG vector to achieve the same result (see Subheading 3.6., Fig. 5).
For the generation of Ad/PEG/ligand complexes, there are two basic steps.
First, PEG is added to the surface of the virion (PEGylation) followed by the
addition of ligand to the PEGylated vector. Methods for these procedures are
now described including a) conjugation of FGF2, (basic ﬁbroblast growth
factor; b) conjugation of whole IgG molecules; and c) conjugation of linear
peptides.
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Fig. 4. FGF2 retargeting enhances gene expression in human ovarian cancer cells.
SKOV3.ip1 cells were infected with Ad carrying the β-galactosidase reporter gene.
Unmodiﬁed Ad, Ad/PEG or Ad/PEG/FGF2 were used to infect the cells at two particle
concentrations, 48 h after infection β-galactosidase expression was measured and is
expressed as RLU (Relative Light Units). Ad/PEG/FGF2 gives a fourfold increase in
transgene expression compared to unmodiﬁed Ad. This experiment also demonstrates
that a lower dose of virus can achieve the same degree of transgene expression when
retargeted via FGF2. Note the addition of PEG to the virus results in a decrease in
the infectivity of the virus into the cells presumably due to interference of the native
tropism of the virus by PEG chains.

2. Materials
2.1. Solutions and Materials
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

130 mM sodium phosphate, pH 7.0, sterile ﬁltered.
5.0% sucrose, sterile ﬁltered.
Phosphate buffered saline (PBS), pH 7.0, sterile ﬁltered.
0.5 M ethylenediaminetetraacetic acid (EDTA), sterile ﬁltered.
Galacto-Star β-galactosidase detection kit (Tropix/Applied Biosystems, Foster
City, CA).
Pefabloc (Boehringer-Mannheim: Roche Diagnostics, Indianapolis, IN).
Leupeptin (Boehringer-Mannheim Roche Diagnostics).
Dithiothreitol (DTT) (Boehringer-Mannheim Roche Diagnostics).
β-Galactosidase enzyme-linked immunoabsorbent assay (ELISA) kit (Boehringer-Mannheim Roche Diagnostics).
BCA assay reagents (Pierce, Rockford, IL).
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Fig. 5. Human Intestinal Smooth Muscle cells (HISM) show enhanced infectivity
by Ad/PEG/PK. Shown is the β-gal expression (RLU) following transduction of cells
with unmodiﬁed Ad, Ad/PEG and Ad/PEG/PK. Particle number of Ad, Ad/PEG or
Ad/PEG/PK was determined by Taqman analysis. The concentration of virus used to
infect cells was based on equal particle number. PK = polylysine.
11. Tresyl-MPEG-maleimide PEG, MW 5000 (Shearwater Polymers, Huntsville, AL).
12. FGF2-mutein (FGF2) (Selective Genetics, San Diego, CA).
13. Traut’s reagent, 2-iminothiolane (Pierce): Store dessicated in dark at 4°C. Stable
for 4 wk after opening.
14. OPD peroxidase substrate (Sigma, St. Louis, MO cat. no. P9187): Make fresh
in 20 mL water as required.
15. PD-10 (Sephadex G-25 M) column (Pharmacia, Piscataway, NJ).
16. Thiol & Sulfide quantitation kit (Molecular Probes, Eugene, OR, cat. no.
T-6060).
17. Slide-a-lyzer cassette, 10,000MW (Pierce).
18. Fractogel BioSec size exclusion resin (EM Sciences, Gibbstown, NJ) 150 mL
(2.6 × 30 cm) in a XK 26/60 column (Pharmacia).
19. Fractogel DEAE resin, 40–90 µm (EM Sciences).
20. Superdex 200 16/60 column (Pharmacia).
21. Ad2/CMVβ-gal 4 virus in PBS pH 7.0, 5% sucrose. This is an adenovirus serotype 2 (Ad2) based vector with most of the E1 region deleted and replaced with the
β-galactosidase transgene; it contains the complete wild-type E4 region (58).
22. Tissue Tearor homogenizer (Biospec, Bartlesville, OK).
23. Akta Puriﬁer (Pharmacia).
24. 1450 MicroBeta Trilux Luminometer (Perkin Elmer, Boston MA).
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2.2. Cells, Media, and Mouse Models
1.
2.
3.
4.
5.

F-12K Kaighn’s modiﬁed media (Invitrogen, Carlsbad, CA).
Fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS).
Penicillin G sodium (Invitrogen).
Streptomycin sulfate (Invitrogen).
Human ovarian carcinoma cell line SKOV3.ip1. The SKOV3.ip1 cell line was
established from ascites that developed in a nu/nu mouse given an intraperitoneal
(ip) injection of parental SKOV3 cells. These SKOV3.ip1 variant cells are phenotypically more aggressive, more cancerous, than their parental SKOV3 cells,
because of a higher expression of protein p185 encoded by the protooncogene
c-erbB-2/neu (59).
6. Mice, CB-17 SCID.

2.3. Taqman Reagents
1. Zirconia beads (Biospec Products, Bartlesville, OK): autoclave in small glass
vials.
2. DNA lysis buffer: 100 mM pH 8.0 Tris HCl, 5 mM EDTA, 0.4% sodium dodecyl
sulfate, 200 mM NaCl.
3. 2-mL sterile screw cap tubes (Axygen, Union City, CA).
4. DEPC water (water treated with diethylpyrocarbonate to eliminate RNase/
DNase).
5. 1.5-mL no-stick RNase-free microfuge tubes (Ambion, Austin, TX, cat. no.
12450).
6. Proteinase K solution (Roche, Indianapolis, IN).
7. Taqman Universal PCR mix (Applied Biosystems, Foster City, CA).
8. ABI PRISM 7700 Sequence Detector (Applied Biosystems).
9. Primers and probe (IDT, Coralville, IA): Reconstitute in TE to 1 mg/mL. To
make 25 µM working concentrations, dilute stock primers in water and stock
probe in TE. Store all stocks and working primers at –20°C. Store working
probe solution at 4°C in the dark for up to 1 mo. PCR primers and probes were
designed for the adenovirus hexon capsid protein.

3. Methods
3.1. Quantitation of Ad/PEG Particles
Methods for measuring adenovirus vector concentration can be divided into
biological methods and physical methods. Biological methods rely on infection
of cells in culture followed by either the formation of a visible plaque on a
monolayer of cells which permit replication of the E1 deleted vector (60,61),
or alternatively, measurement of a vector-associated reporter transgene by
immunohistochemical staining of infected target cells or measurement of reporter
protein by ELISA. The biological assay used for quantiﬁcation of E1-deleted
adenovirus vectors is the plaque assay on 293 cells that support replication
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of these vectors (60,61). Critical to the basis of this assay is the ability of the
adenovirus vector to infect 293 cells in culture and as these cells have a high
concentration of CAR they are permissive for Ad infection. However, retargeted
vectors no longer recognize CAR and consequently this biological assay can not
be used for the quantiﬁcation of PEG/ligand modiﬁed vectors.
Physical assays, in contrast, measure the virion concentration by methods
that are independent of biological functionality, i.e., optical absorbance of
the virion DNA (see Subheading 3.1.1., ref. 62). This method relies on the
use of an extinction coefﬁcient for the virion. In addition, optical absorbance
measurements are made ideally after disruption of the virion with SDS to
release virion DNA. As the efﬁciency of disruption of the virion by SDS
may be altered by PEG/ligand modiﬁcation, the optimal method to determine
concentration of Ad/PEG/ligand complexes is to use chromatography methods
which utilize integration of peak areas and retention time of the peaks on the
resin. Modiﬁed virus peak is quantitated at A260 by comparison to standard
curves constructed by injecting 108 to 1012 CsCl puriﬁed unmodiﬁed virions
that had been characterized for total particles by A260 in 0.1% SDS. Peak area
typically increases linearly with virus particle number. The viral concentration
of modiﬁed virus is determined by using line regression analysis of the standard
curve. The volume of unmodiﬁed virus used to generate the standard curve
should be equal to the volume of the test article, i.e., the modiﬁed virus.
3.1.1. Determination of Virus Particle Concentration

(Method of Maizel et al. 1968 (Ref. 62)
1.
2.
3.
4.
5.
6.

Add 1 µL of 10% SDS to 100 µL of virus. This releases encapsidated viral DNA.
Prepare an equivalent sample in PBS/5% sucrose for blank.
Incubate about 30 min at room temperature.
Vortex.
Measure A260; use extinction coefﬁcient of 1 O.D. = 1.1 × 1012 particles/mL (62).
There are 6.02 × 1023 particles/L in a 1 M solution.

3.2. Preparation of Ad/PEG Complexes
1. Dilute puriﬁed Ad2/CMVβ-gal4 vector (1 × 1012 particles/mL in PBS containing
5% sucrose), 1⬊1 (vol⬊vol) with 130 mM sodium phosphate pH 7.0, 5.0% sucrose
(see Notes 1–4).
2. Add 1.0, 5.0, or 10% (wt/vol) addition of Tresyl-MPEG-maleimide (TMPEGmal) to virus solution. For 10% TMPEG reaction, add the TMPEG in 5%
increments for 30 min each. This prevents precipitation of the virus.
3. Incubate mixture at RT; for a 1% PEGylation reaction incubate for 45 min, 5%
PEGylation incubate for 30 min, and for 10% TMPEG, 2X 5% TMPEG addition
for 30 min each.
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Fig. 6. Gel filtration chromatography of Ad2/PEG complexes. Unconjugated
TMPEG is separated from Ad 2/PEG by size exclusion chromatography. Ad2/PEG
elutes as a sharp peak in the void volume, whereas unconjugated TMPEG is recovered
in the included volume as a broader peak.
4. Place mixture on ice to stop reaction. The tresyl group on TMPEG is not reactive
at temperatures below 4°C (see Note 5).

3.3. Removal of Uncoupled TMPEG and Puriﬁcation
of Ad/PEG by Size Exclusion Chromatography
Fractogel Biosec size exclusion resin separates proteins on the basis of
molecular size. The molecular weight of a virus particle can be estimated to be
approx 150 × 106 Da with a diameter of 90 nm (63,64). Ad/PEG is recovered in
the void volume of this resin as a sharp peak while uncoupled Tresyl-MPEGmaleimide (MW 5000) is recovered in the included volume generally as a
broad peak (see Fig. 6). Ad/PEG should elute from the column in a sharp peak,
multiple peaks indicate that the structure of the virus is compromised and may
suggest dissociation of the viral particle into its constituent polypeptides.
1. Equilibrate a BioSec resin 150 mL (2.6 × 30 cm) with PBS, pH 7.0 at a ﬂow rate
of 2.0 mL/min, prior to loading sample (see Note 6).
2. Load sample onto column. Sample volume should not exceed 4.0 mL for best
separation (see Notes 7, 8).
3. Monitor A260 /A280nm while collecting void vol in 1 mL fractions. Ad/PEG elutes
in the void vol; unreacted TMPEG elutes as a smaller peak in the included vol
(see Fig. 6, Notes 9, 10).
4. Add sucrose to collected peak fractions to a ﬁnal concentration of 5.0% (see
Note 11).

3.4. Generation of an Ad/PEG/FGF2 Conjugate
For easy conjugation to the maleimide group on Ad/PEG, a 155-amino acid
FGF2 (bFGF) mutein, in which the cysteine at position 96 is mutagenized to
serine (65), is used. Of the four cysteines in FGF2, two surface cysteines are
predicted by structural studies to be the probable sites of conjugation (66).
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Mutagenizing one of these cysteines to a serine generates a monoreactive
cysteine FGF2; this minimizes the formation of FGF2/virion aggregates.
As an alternative, native basic FGF (FGF2) can also be used. However, this
may result in a more heterogeneous population of Ad/PEG/FGF2 conjugates
because of the presence of two reactive sulfhydryls on the surface of the FGF2
molecule.
3.4.1. Preparation of FGF2 Mutein Protein for Coupling to Ad/PEG
1. Assume 1000 PEG/virion for 1% Ad/PEG, (50); [PEG] = 1000 × [virus], using
a molecule: molecule calculation.
2. Dialyze FGF2 using a Slide-A-Lyzer cassette (Pierce chemicals) against 0.1 M
sodium phosphate, 0.1 M sodium chloride, 1 mM EDTA, pH 7.5.
3. Add a 1000 molar excess of FGF2 mutein protein to puriﬁed Ad/PEG and
incubate for 6 h at 4°C with gentle inversion (see Notes 12, 13).

3.4.2. Puriﬁcation of Ad/PEG/FGF2 by Ion Exchange Chromatography

DEAE is an anion exchange resin, thus Ad/PEG/FGF2 and free FGF2 are separated on the basis of charge. FGF2 is a basic protein with a pI of 9.1, whereas the
major coat protein on the Ad capsid, hexon, has a lower pI of 4. Under
the salt and pH conditions used during chromatography, Ad/PEG/FGF2 binds
to the DEAE resin while uncoupled FGF2 is recovered in the ﬂowthrough.
1. Prepare 10.0 mL of Fractogel DEAE in a XK16/60 column (see Notes 14, 15).
2. Prepare DEAE Buffer A: 10 mM potassium phosphate, pH 7.5 (1 M = 15 g
dibasic, 2 g monobasic per 1 L) containing 0.15 M NaCl, 0.01% Tween-80
(sterile ﬁltered).
3. Prepare DEAE Buffer B: 10 mM potassium chloride, pH 7.5 containing 1 M
KCl, 1 M NaCl, 0.01% Tween-80 (sterile ﬁltered).
4. Equilibrate the DEAE resin with buffer A at 2 mL/min, this is twice the ﬂow rate
used in the actual run (see Note 16).
5. After loading sample, wash the column with 1 column vol (CV) of buffer A prior
to starting the ionic gradient.
6. The gradient is increased to 12.5% buffer B for 2 CV, then increased to 100%
buffer B over 4 CV.
7. Ad/PEG/FGF2 will be eluted at about 25% buffer B, equivalent to 0.5 M salt.
8. Monitor column ﬂowthrough with an A260/A280-nm wavelength detector, free
FGF2 is recovered in the ﬂowthrough fraction.
9. When the absorbance increases, collect 1-mL fractions across the Ad/PEG/FGF2
peak.
10. These fractions are pooled and 50% sucrose is added to a ﬁnal concentration
of 5% (see Notes 17, 18).
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3.4.3. Determination of Particle Number of Ad/PEG/FGF2 Complexes

Particle concentration of Ad/PEG/FGF2 is determined as described in
Subheading 3.1. The concentration of the Ad/PEG/FGF2 sample is estimated
from a standard curve of unmodiﬁed virus. Peak areas from ion-exchange
chromatography of unmodiﬁed virus in the range of 109 to 1012 viral particles
comprise the standard curve. The viral concentration of modiﬁed virus is
determined by using line regression analysis of the standard curve.
3.4.4. Quantitation of FGF2 on Ad/PEG/FGF2 Conjugates
1. Basic FGF (FGF2) ELISA kit (R&D Systems Catalog # DFB50). The ELISA
kit used employs the quantitative sandwich enzyme immunoassay technique.
Ad/PEG/FGF2 samples are serially diluted twofold from 1⬊25 in PBS and
assayed according to kit instructions.
2. A FGF2-speciﬁc monoclonal antibody is immobilized on the plate and reacts
with FGF2 conjugated to the virus and FGF2 standards.
3. A secondary monoclonal antibody linked to HRP enzyme reacts with the bound
substances and can be detected by chemiluminescence.
4. Color development is proportional to the amount of FGF2 bound.
5. Regression analysis can be used to determine the FGF2 concentration using the
standard curve of human recombinant FGF2.

3.4.5. In Vitro Transduction Assays

Transduction assays are performed on SKOV3.ip1 cells that express FGF
receptors. The efﬁciency of gene transfer of Ad/PEG/FGF2 conjugates is compared to unmodiﬁed Ad by measuring transgene expression (β-galactosidase)
in cells following infection with equal particles of modiﬁed and unmodiﬁed
vector (see Notes 19–21).
1. SKOV3.ip1 cells are maintained in F -12K Kaighn’s modiﬁed media with 10%
FBS, 100 units/mL penicillin G sodium, 100 µg/mL streptomycin sulfate in a
37°C/5% CO2/95% humidity incubator.
2. 2.5 × 104 cells/500 µL media per well are plated in a 12-well cell culture plate.
3. Dilute Ad2/β-gal/PEG/FGF2 in media to desired particle number/cell (range
50–500) and add to cells in triplicate. Place cells in 37°C incubator, infect
for 1 h.
4. Aspirate infection media, rinse wells, and then incubate with 1 mL/well fresh
media.
5. Lyse cells 48 h postinfection for β-galactosidase expression
6. Aspirate media and add 500 µL lysis buffer (provided in Tropix kit) per well.
Plates are incubated at room temperature for 10 min).
7. Add 100 µL of a 2% substrate solution per well using a 96-well opaque plate.
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8. Add 20 µL of supernatant from lysed cells to the substrate solution in the 96-well
plate in quadruplicate, and incubate for 1 h at room temperature before reading
in a Wallac luminometer.

3.4.6. In Vivo Infection of Intraperitoneal Tumors with Ad/PEG/FGF2

An animal model of human ovarian carcinoma in CB-17 SCID mice is
used to measure the efﬁciency of transduction of Ad/PEG/FGF2 conjugates
in vivo. Xenografting of the SKOV3.ip1 cell line has been shown to allow the
establishment of a disease model with many of the characteristics of human
ovarian carcinoma (59). In studies described here, an adenoviral vector with a
β-galactosidase transgene is used. However, for a therapeutic application of a
FGF2 retargeted vector, others have used an adenoviral vector expressing the
Herpes Simplex Virus thymidine kinase (HSVtk) gene. Expression of the viral
thymidine kinase gene renders cells sensitive to the toxic effects of nucleoside
analogs such as ganciclovir (GCV) (20). FGF2 retargeted Ad mediated delivery
of the HSVtk gene results in augmented therapeutic beneﬁt in a murine model
of ovarian cancer (20).
3.4.6.1. PREPARATION OF SKOV3.IP1 CELLS AND GENERATION
OF A HUMAN OVARIAN CANCER MOUSE MODEL
FOR IN VIVO AD/PEG/FGF2 TARGETING
1. Determine the number of cells required for experiments (2 × 107 cells/mouse
× number of mice).
2. 4 × 106 cells are seeded into each T150 ﬂask and grown to 50% conﬂuency
(approx 1.5 × 107 cells/ﬂask).
3. To harvest cells, rinse the cell layer with PBS then add 0.05% (w/v) trypsinEDTA to ﬂask.
4. Wait 5–15 min until cells are rounded.
5. Lightly tap ﬂask to detach cells, then add complete growth medium and pipet
into conical tube.
6. Spin at 1200g for 5 min, remove media, and resuspend in PBS, 5% sucrose pH 7.0.
7. Inject 2 × 107 cells in 200 µL ip per mouse. Tumors will grow to approx 1–3
mm diameter in 14 d.
8. On d 14, inject 6 × 1010 particles of Ad, Ad/PEG or Ad/PEG/FGF2 intraperitoneal
per mouse.
9. Sacriﬁce mice 48 h postinjection.
10. Remove tumors from the peritoneal cavity and store on dry ice or frozen at –80°C.
11. Remove liver (1/10 the total weight) and spleen (1/3 the total weight) for Taqman
analysis. When removing tissue for PCR analysis, care should be taken not
to contaminate the samples. A different set of instruments should be used per
animal and per tissue to prevent cross contamination. In addition, the instruments
used to open the animal should be different from those used to remove the tissue.
All tubes used for tissue storage should be RNase- and DNase-free.
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12. Prepare tumor lysis buffer (Tropix lysis buffer with 1 mM Pefabloc, 5 µg/mL
leupeptin, 0.5 µM DTT).
13. Thaw tumors on ice, and add 0.5 mL lysis buffer per 100 µg tissue.
14. Homogenize tumors on ice for 10–15 s at lowest setting.
15. Centrifuge homogenates at 10,000g for 10 min at 4°C.
16. Transfer supernatant to fresh tubes.
17. Store samples at –80°C until ready to assay.

3.4.7. Measurement of Transgene Expression and Viral DNA
in Tumor Samples
3.4.7.1. β-GALACTOSIDASE ELISA

This assay allows quantitative measurement of β-gal expression in cells at picogram levels. In this sandwich ELISA, β-gal antibodies are prebound on the surface
of a microtiter plate. Cell lysates, from transduced cells expressing β-gal are
added to the plate and are bound by the antibodies present. Digoxigenin-labeled antibody to β-gal is added to the plate, followed by a peroxidase-conjugated antibody
to digoxigenin. In the next step, the peroxidase substrate is cleaved yielding a
green color product; absorbance of product is read at A405 nm.
1.
2.
3.
4.

Thaw supernatants completely at room temperature.
Centrifuge at 10,000g for 10 min at 4°C.
Transfer supernatants to clean tubes and discard pellets.
Dilute samples 1⬊50 for the β-gal ELISA and BCA protein assays.

3.4.7.2. TAQMAN ANALYSIS OF HEXON DNA

This assay uses ﬂuorescent Taqman methodology and an instrument capable
of measuring ﬂuorescence (ABI Prism 7700 Sequence Detector). The Taqman
reaction requires a hybridization probe labeled with two different ﬂuorescent
dyes. One dye is a reporter dye (FAM) and the other is a quenching dye
(TAMRA). During the PCR, probe degradation, by 5′–3′ exonuclease activity
of the Taq polymerase, releases the FAM from the quenching inﬂuence of
the TAMRA, leading to an increase in ﬂuorescence. The measurement of
emission-ﬂuorescence is performed at each cycle and is normalized for each
sample by the emission intensity of an internal reference dye, ROX (6-carboxyX-rhodamine). The resultant value, ∆Rn, is plotted against cycle number, the
signiﬁcant value is the Ct threshold cycle, which is the cycle number at which
the ∆Rn has reached a threshold (67). A standard curve is then calculated by
plotting the threshold cycle Ct versus input copy number. PCR primers and
probes were designed for the adenovirus hexon capsid protein, hence, this
assay allows for the measurement of virus in tissue samples rather than the
measurement of transgene expression (see Notes 22–25).
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Add 1/8”–1/4” zirconia beads and 1 mL DNA lysis buffer.
Homogenize for 2–3 min in minibeadbeater.
Add 100 µL proteinase K and brieﬂy vortex.
Incubate 12–18 h at 55–60°C.
Before proceeding, make sure all tissue pieces are mostly digested.
If not, add more proteinase K and digest longer.
Centrifuge at 16,000g for 10 min.
Transfer 500 µL lysate to tube containing 500 µL phenol⬊chloroform⬊IAA
(isoamyl alcohol).
Vortex for 20 s and centrifuge at 14,000g for 15 min.
Transfer aqueous layer (~approx 450 µL) to tube containing 1 mL absolute
ethanol.
Invert tube several times and store up to 30 min at –20°C.
Centrifuge at 11,500g for 10 min.
Wash with 400 µL 75% ethanol.
Centrifuge at 7500g for 5 min.
Resuspend pellet in water.
Quantitate using OD260 /OD280.
Make working dilution at 100 ng/µL in water.

Table 1
PCR Reaction Mix
Reagent

µL/reaction

DEPC water
Universal PCR mix
25 µm 5′ primer
25 µm 3′ primer
25 µm probe
TOTAL

18.6
25.6
60.6
60.6
60.2
45.6

1. Add 45 µL PCR reaction mix to each well.
2. Add 5 µL of every standard and DNA in duplicate.
3. Reserve 4 wells for negative water controls.

3.5. Generation of an Ad/PEG/IgG Complex
3.5.1. Traut’s Modiﬁcation of Whole IgG Molecules

Antibodies can be modified with Traut’s reagent (2-iminothiolane) to
introduce the requisite thiols necessary for conjugation with the maleimide
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Fig. 7. Diagrammatic representation of the modiﬁcation of an IgG molecule with
2-iminothiolane (Traut’s reagent). This reagent reacts with amine groups in proteins
in a ring opening reaction to result in permanent modiﬁcations containing terminal
sulfhydryl residues.

group on the Ad/PEG vector. Modiﬁcation with Traut’s reagent maintains the
divalent nature of the antibody molecule; but since Traut’s reagent modiﬁes
any available lysine ε-amino group, the resultant sulfhydryls are distributed
randomly over the immunoglobulin structure (see Fig. 7). Consequently, a
population of antibody molecules will have their antigen binding sites obscured
following conjugation to Ad/PEG. Typically there is always a population of IgG
molecules that have enough free antigen binding sites to generate Ad/PEG/IgG
complexes that have enough bioactivity.
1. Dialyze IgG Ab against labeling buffer (1 mM EDTA in PBS, pH 8.0) overnight
at 4°C.
2. Add a 10–100-fold molar excess of Traut’s reagent to IgG (see Notes 26, 27).
3. Invert at medium speed on a Varimixer for 70 min at room temperature.
4. Equilibrate a PD-10 column with 30 mL elution buffer.
5. Apply thiolated IgG to the equilibrated column and allow IgG to run completely
into the PD-10 column before applying 7 mL elution buffer (1 mM EDTA in
PBS, pH 7.2.).
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6. Collect 7 1 mL fractions and determine which fractions contain IgG by absorbance at A280.
7. Determine exact protein concentration of IgG fractions using a Pierce BCA
protein determination kit.
8. Quantitate sulfhydryls on IgG fractions using a thiol and sulﬁde quantitation kit
(Molecular Probes T-6060). Follow manufacturer’s instructions except reduce
all volumes ﬁvefold to run on a microplate. Include a known concentration
(20–80 µM) of Traut’s reagent and unthiolated IgG as controls.

3.5.2. Coupling Thiolated IgG (IgG-SH) to Ad/PEG
1. The following estimations have been determined for the number of PEG chains
coupled per virion following PEGylation (50). 1% Ad / PEG = 1000 PEG
molecules/virion, 5% Ad/PEG = 5000 PEG molecules/virion, 10% Ad/PEG =
12,000 PEG molecules/virion.
2. Add a 1⬊1 molar equivalent of IgG-SH to PEG molecules (not virions).
3. Invert 4–5 h at room temperature or overnight at 4°C.
4. Load onto a PBS-equilibrated Superdex 200 16/60 column (Pharmacia)
5. Volume loaded on column should be less than 2 mL.
6. Ad/PEG/IgG elutes in the void volume, uncoupled IgG elutes in the included
volume.
7. Collect 1 mL fractions across the Ad/PEG/IgG peak.
8. Add 100 µL of 50% sucrose to each 1 mL Ad/PEG/IgG fraction.
9. Quantitate concentration of Ad/PEG/IgG fractions using peak area as described
in Subheading 3.1.

3.5.3. Quantitation of IgG on Ad/PEG/IgG by ELISA
1. Dilute all standards and test articles in coating buffer (0.1 M sodium carbonate,
pH 9.4).
2. Serially dilute 400 ng/mL standard IgG down to 6.25 ng/mL in 0.1% BSA,
0.05% Tween-20 in PBS.
3. Using a 96-well ELISA plate, add 100 µL of standard or test article in duplicate/
well. Leave overnight at 4°C to allow coating of the plate.
4. Wash 1X with wash buffer (0.05% Tween-20 in PBS) and add 150 µL of blocking
buffer (1% BSA in PBS) for 1 h at 37°C.
5. Wash 3X with wash buffer (0.05% Tween-20 in PBS) and add 100 µL of
antimouse-HRP (1⬊5000 in dilution buffer) for 1 h at 37°C.
6. Wash 3X with wash buffer and add 100 µL of OPD substrate.
7. Incubate in dark for 10–25 min (until sufﬁcient color change).
8. Add 100 µL of 4.5 M H2SO4 and read absorbance at A490.
9. Calculate the number of IgG/virion using the IgG standard curve.

3.6. Generation of an Ad/PEG/Peptide Complex
Peptide of interest should be synthesized to include a terminal cysteine with a
free sulfhydryl. As a control, peptide should be synthesized in a scrambled version.
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1. Dissolve peptide in PBS buffer pH 7.0. Carefully monitor the pH of the peptide
in the solution and check that it remains at pH 7.0.
2. Flush buffer with N2.
3. Ratio of peptide to Ad/PEG is determined by adding a 100-molar excess of
peptide to PEG molecules (see Subheading 3.4.1.).
4. Incubate peptide with Ad/PEG at room temperature for 4 h.
5. Following conjugation, unreacted peptide is removed by gel ﬁltration chromatography using a Superdex 200 16/60 column (Pharmacia).
6. Pre-equilibrate the Superdex 200 16/60 column with PBS buffer pH 7.0.
7. Apply Ad/PEG/peptide reaction mixture to the resin and elute with PBS.
8. Ad/PEG/peptide elutes in the void volume, while free peptide elutes in the
included volume.
9. Eluted peak is collected in 1ml fractions and sucrose is added to a ﬁnal concentration of 5%.
10. Particle number of eluted peak is determined as described in Subheading 3.1.

4. Notes
1. Adenovirus should be diluted with a sodium phosphate buffer pH 7.0 before
the addition of TMPEG. At high concentrations of TMPEG, contaminating
TFSA and/or HCl in the TMPEG can lower the pH of the solution. Lowering
the pH below 6.5 promotes dissociation of the Ad particle into its constituent
polypeptides (68). The buffering capacity of PBS alone is insufﬁcient to maintain
pH during PEGylation at high concentrations of TMPEG.
2. Virus should be placed on ice for thawing and for short-term storage during
experiments. For long-term storage, virus should be kept at –80°C.
3. Do not vortex solutions containing virus. Gently tap or invert to mix.
4. Flush all buffers with N2 to remove dissolved O2.
5. TMPEG should be stored at –80°C under nitrogen in a vacuum pouch with
dessicant.
6. Equilibration of the Fractogel BioSec resin should be conﬁrmed by conductivity and pH measurement of the equilibration buffer after passing through
the resin.
7. The conductivity of the sample must not exceed that of the equilibration buffer.
The pH of the sample should equal, within 5%, the pH of the buffers used.
8. Volume of load sample should be ≤3% of column volume.
9. Void volume represents 25–30% of the total column volume.
10. For maximum separation of Ad/PEG from unreacted TMPEG, ﬂow rates of 0.5 to
1.5 mL/cm2 × min based on the cross-sectional area of the column, should be used.
11. The Fractogel BioSec resin is cleaned with 0.5 M NaOH and stored in 20%
ethanol, 0.15 M NaCl.
12. An excess of targeting ligand needs to be prepared to maximize the amount of
ligand coupled to PEG. Aim to add approx 1000-fold excess FGF2 over assumed
PEG concentration in the virus stock.
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13. If native FGF2 protein is used, there is the possibility that oligomers, particularly
dimers can form between Cys-78 and Cys 96 (66). If this is suspected, mild
reduction of these native FGF2 protein dimers is suggested, (i.e., 25 mM DTT for
30 min on ice). Rapid removal of DTT is suggested using a PD-10 GF column
(Pharmacia) followed by extensive dialysis. As DTT is a reducing agent, care
should be taken to avoid reduction of the FGF2 protein.
14. The Fractogel resin series from EM sciences has the preferred architecture for
separation of adenoviral virions. It is a tentacle-like design that reduces trapping
of the virus particle in the pores of the resin (69,70).
15. After packing the column, compress the column manually using the column
adapter and plunger to reduce the column volume by 30%. This compression
will allow for the best separation of proteins.
16. Equilibration of resin should be conﬁrmed by conductivity and pH measurement
of equilibration buffer after it has ﬂowed through the resin.
17. Fractogel DEAE column is cleaned with 1 CV 1 M sodium chloride and 0.01 M
hydrochloric acid, then 4 CV of 0.5 M NaOH.
18. Fractogel DEAE resin is stored in 20% ethanol and 0.1 M sodium chloride.
19. To ensure maximum receptor density during infection, cultures must not exceed
50% conﬂuency prior to infection. The FGF-receptor density decreases with
increased cell culture conﬂuency.
20. To ensure that the Ad/PEG/FGF2 vector no longer recognizes its native receptor
CAR, transduction assays should be performed on 293 or HeLa cells, which are
known to have a high density of the CAR receptor.
21. It is important that all transduction assays are performed on the basis of equal
particle number for modiﬁed and unmodiﬁed vectors.
22. Taqman is a very sensitive technique and virtually every precaution is necessary.
A small room or a section of the lab should be dedicated entirely for Taqman
analysis.
23. Change gloves often, to avoid contamination. Disinfect bench and cover working
areas.
24. All DNA work is performed in a hood.
25. Use the highest quality equipment and reagents (i.e., no DNase, RNase, or
protease activity).
26. Determining the optimal molar excess of Traut’s reagent to use depends on the IgG
being studied. Since Traut’s reagent is reactive with amine groups, it is advisable
to minimize the introduction of thiol groups onto the antigen binding sites.
27. Thiolated antibody should be screened in an antigen binding assay to ensure that
the antibody still recognizes its antigen following thiolation.

References
1. Bergelson, J. M., Cunningham, J. A., Droguett, G., Kurt-Jones, E. A., Krithivas,
A., Hong, J. S., et al. (1997) Isolation of a common receptor for Coxsackie
B viruses and adenoviruses 2 and 5. Science 275, 1320–1323.

108

O’Riordan, Song, and Lanciotti

2. Tomko, R. P., Xu, R., and Philipson, L. (1997) HCAR and MCAR: the human
and mouse cellular receptors for subgroup C adenoviruses and group B coxsackieviruses. Proc. Natl. Acad. Sci. USA 94, 3352–3356.
3. Zhang, Y., Chirmule, N., Gao, G. P., Qian, R., Croyle, M., Joshi, B., et al. (2001)
Acute cytokine response to systemic adenoviral vectors in mice is mediated by
dendritic cells and macrophages. Mol. Ther. 3, 697–707.
4. Morral, N., O’Neal, W. K., Rice, K., Leland, M. M., Piedra, P. A., Aguilar-Cordova, E.,
et al. (2002) Lethal toxicity, severe endothelial injury, and a threshold effect with
high doses of an adenoviral vector in baboons. Hum. Gene Ther. 13, 143–154.
5. Higginbotham, J. N., Seth, P., Blaese, R. M., and Ramsey, W. J. (2002) The release
of inﬂammatory cytokines from human peripheral blood mononuclear cells in vitro
following exposure to adenovirus variants and capsid. Hum. Gene Ther. 13, 129–141.
6. Raper, S. E., Yudkoff, M., Chirmule, N., Gao, G. P., Nunes, F., Haskal, Z. J., et al.
(2002) A pilot study of in vivo liver-directed gene transfer with an adenoviral
vector in partial ornithine transcarbamylase deﬁciency. Hum. Gene Ther. 13,
163–175.
7. Connelly, S., Gardner, J. M., McClelland, A., and Kaleko, M. (1996) High-level
tissue speciﬁc expression of functional human Factor VIII in mice. Hum. Gene
Ther. 7, 183–195.
8. Pastore, L., Morral, N., Zhou, H., Garcia, R., Parks, R. J., Kochanek, S., et al.
(1999) Use of a liver-speciﬁc promoter reduces immune response to the transgene
in adenoviral vectors. Hum. Gene Ther. 10, 1773–1781.
9. Bristol, J. A., Gallo-Penn, A., Andrews, J., Idamakanti, N., Kaleko, M., and
Connelly, S. (2001) Adenovirus-mediated factor VIII gene expression results in
attenuated anti-factor VIII-speciﬁc immunity in hemophilia A mice compared with
factor VIII protein infusion. Hum. Gene Ther. 12, 1651–1661.
10. Hartigan-O’Connor, D., Kirk, C. J., Crawford, R., Mule, J. J., and Chamberlain,
J. S. (2001) Immune evasion by muscle-speciﬁc gene expression in dystrophic
muscle. Mol. Ther. 4, 525–533.
11. Muruve, D. A., Barnes, M. J., Stillman, I. E., and Libermann, T. A. (1999)
Adenoviral gene therapy leads to rapid induction of multiple chemokines and acute
neutrophil-dependent hepatic injury in vivo. Hum. Gene Ther. 10, 965–976.
12. Roelvink, P. W., Lizonova, A., Lee, J. G., Li, Y., Bergelson, J. M., Finberg, R. W.,
et al. (1998) The coxsackievirus-adenovirus receptor protein can function as a
cellular attachment protein for adenovirus serotypes from subgroups A, C, D, E,
and F. J. Virol. 72, 7909–7915.
13. Ginsberg, H. S., ed. (1984) The Adenoviruses, Plenum, New York.
14. Wickham, T. J., Segal, D. M., Roelvink, P. W., Carrion, M. E., Lizonova, A., Lee,
G. M., et al. (1996) Targeted adenovirus gene transfer to endothelial and smooth
muscle cells by using bispeciﬁc antibodies. J. Virol. 70, 6831–6838.
15. Douglas, J. T., Rogers, B. E., Rosenfeld, M. E., Michael, S. I., Feng, M., and
Curiel, D. T. (1996) Targeted gene delivery by tropism-modified adenoviral
vectors. Nat. Biotechnol. 14, 1574–1578.

Adenovirus Vectors

109

16. Wickham, T. J., Lee, G. M., Titus, J. A., Sconocchia, G., Bakacs, T., Kovesdi, I.,
et al. (1997) Targeted adenovirus-mediated gene delivery to T cells via CD3.
J. Virol. 71, 7663–7669.
17. Goldman, C. K., Rogers, B. E., Douglas, J. T., Sosnowski, B. A., Ying, W., Siegal,
G. P., et al. (1997) Targeted gene delivery to Kaposi’s sarcoma cells via the
ﬁbroblast growth factor receptor. Cancer Res. 57, 1447–1451.
18. Rogers, B. E., Douglas, J. T., Ahlem, C., Buchsbaum, D. J., Frincke, J., and Curiel,
D. T. (1997) Use of a novel cross-linking method to modify adenovirus tropism.
Gene Ther. 4, 1387–1392.
19. Rancourt, C., Rogers, B. E., Sosnowski, B. A., Wang, M., Piche, A., Pierce, G. F., et al.
(1998) Basic ﬁbroblast growth factor enhancement of adenovirus-mediated delivery
of the herpes simplex virus thymidine kinase gene results in augmented therapeutic
beneﬁt in a murine model of ovarian cancer. Clin. Cancer Res. 4, 2455–2461.
20. Gu, D. L., Gonzalez, A. M., Printz, M. A., Doukas, J., Ying, W., D’Andrea, M.,
et al. (1999) Fibroblast growth factor 2 retargeted adenovirus has redirected
cellular tropism: evidence for reduced toxicity and enhanced antitumor activity in
mice. Cancer Res. 59, 2608–2614.
21. Blackwell, J. L., Miller, C. R., Douglas, J. T., Li, H., Reynolds, P. N., Carroll, W.
R., et al. (1999) Retargeting to EGFR enhances adenovirus infection efﬁciency of
squamous cell carcinoma. Arch. Otolaryngol. Head Neck Surg. 125, 856–863.
22. Doukas, J., Hoganson, D. K., Ong, M., Ying, W., Lacey, D. L., Baird, A., et al.
(1999) Retargeted delivery of adenoviral vectors through ﬁbroblast growth factor
receptors involves unique cellular pathways. FASEB J. 13, 1459–1466.
23. Yoon, S. K., Mohr, L., O’Riordan, C. R., Lachapelle, A., Armentano, D., and Wands, J.
R. (2000) Targeting a recombinant adenovirus vector to HCC cells using a bifunctional
Fab-antibody conjugate. Biochem. Biophys. Res. Commun. 272, 497–504.
24. Trepel, M., Grifman, M., Weitzman, M. D., and Pasqualini, R. (2000) Molecular adaptors for vascular-targeted adenoviral gene delivery. Hum. Gene Ther. 11, 1971–1981.
25. Tillman, B. W., Hayes, T. L., DeGruijl, T. D., Douglas, J. T., and Curiel, D. T.
(2000) Adenoviral vectors targeted to CD40 enhance the efﬁcacy of dendritic
cell-based vaccination against human papillomavirus 16-induced tumor cells in a
murine model. Cancer Res. 60, 5456–5463.
26. Reynolds, P. N., Zinn, K. R., Gavrilyuk, V. D., Balyasnikova, I. V., Rogers, B. E.,
Buchsbaum, D. J., et al. (2000) A targetable, injectable adenoviral vector
for selective gene delivery to pulmonary endothelium in vivo. Mol. Ther. 2, 562–578.
27. Ebbinghaus, C., Al-Jaibaji, A., Operschall, E., Schoffel, A., Peter, I., Greber, U. F.,
et al. (2001) Functional and selective targeting of adenovirus to high-afﬁnity Fc gamma
receptor I-positive cells by using a bispeciﬁc hybrid adapter. J. Virol. 75, 480–489.
28. Hoganson, D. K., Sosnowski, B. A., Pierce, G. F., and Doukas, J. (2001) Uptake
of adenoviral vectors via ﬁbroblast growth factor receptors involves intracellular
pathways that differ from the targeting ligand. Mol. Ther. 3, 105–112.
29. Grill, J., Van Beusechem, V. W., Van Der Valk, P., Dirven, C. M., Leonhart, A.,
Pherai, D. S., et al. (2001) Combined targeting of adenoviruses to integrins and

110

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

O’Riordan, Song, and Lanciotti

epidermal growth factor receptors increases gene transfer into primary glioma
cells and spheroids. Clin. Cancer Res. 7, 641–650.
Nettelbeck, D. M., Miller, D. W., Jerome, V., Zuzarte, M., Watkins, S. J., Hawkins,
R. E., et al. (2001) Targeting of adenovirus to endothelial cells by a bispeciﬁc
single-chain diabody directed against the adenovirus ﬁber knob domain and human
endoglin (CD105). Mol. Ther. 3, 882–891.
Israel, B. F., Pickles, R. J., Segal, D. M., Gerard, R. D., and Kenney, S. C. (2001)
Enhancement of adenovirus vector entry into CD70-positive B-cell lines by using
a bispeciﬁc CD70-adenovirus ﬁber antibody. J. Virol. 75, 5215–5221.
Smith, J. S., Keller, J. R., Lohrey, N. C., McCauslin, C. S., Ortiz, M., Cowan, K.,
et al. (1999) Redirected infection of directly biotinylated recombinant adenovirus vectors
through cell surface receptors and antigens. Proc. Natl. Acad. Sci. USA 96, 8855–8860.
Romanczuk, H., Galer, C. E., Zabner, J., Barsomian, G., Wadsworth, S. C., and
O’Riordan, C. R. (1999) Modiﬁcation of an adenoviral vector with biologically
selected peptides: a novel strategy for gene delivery to cells of choice. Hum. Gene
Ther. 10, 2615–2626.
Romanczuk, H., Galer, C. E., Zabner, J., Barsomian, G., Wadsworth, S. C., and
O’Riordan, C. R. (1999) Dressing up adenoviruses to modify their tropism. Hum.
Gene Ther. 10, 2575–2576.
Drapkin, P. T., O’Riordan, C. R., Yi, S. M., Chiorini, J. A., Cardella, J., Zabner, J.,
et al. (2000) Targeting the urokinase plasminogen activator receptor enhances gene
transfer to human airway epithelia. J. Clin. Invest. 105, 589–596.
Fisher, K. D., Stallwood, Y., Green, N. K., Ulbrich, K., Mautner, V., and Seymour,
L. W. (2001) Polymer-coated adenovirus permits efﬁcient retargeting and evades
neutralising antibodies. Gene Ther. 8, 341–348.
Wickham, T. J., Roelvink, P. W., Brough, D. E., and Kovesdi, I. (1996) Adenovirus
targeted to heparan-containing receptors increases its gene delivery efﬁciency to
multiple cell types. Nat. Biotechnol. 14, 1570–1573.
Wickham, T. J., Tzeng, E., Shears, L. L., 2nd, Roelvink, P. W., Li, Y., Lee, G. M.,
et al. (1997) Increased in vitro and in vivo gene transfer by adenovirus vectors
containing chimeric ﬁber proteins. J. Virol. 71, 8221–8229.
Hidaka, C., Milano, E., Leopold, P. L., Bergelson, J. M., Hackett, N. R., Finberg,
R. W., et al. (1999) CAR-dependent and CAR-independent pathways of adenovirus
vector-mediated gene transfer and expression in human ﬁbroblasts. J. Clin. Invest.
103, 579–587.
Gonzalez, R., Vereecque, R., Wickham, T. J., Vanrumbeke, M., Kovesdi, I.,
Bauters, F., et al. (1999) Increased gene transfer in acute myeloid leukemic cells by
an adenovirus vector containing a modiﬁed ﬁber protein. Gene Ther. 6, 314–320.
McDonald, G. A., Zhu, G., Li, Y., Kovesdi, I., Wickham, T. J., and Sukhatme, V.
P. (1999) Efﬁcient adenoviral gene transfer to kidney cortical vasculature utilizing
a ﬁber modiﬁed vector. J. Gene Med. 1, 103–110.
Bouri, K., Feero, W. G., Myerburg, M. M., Wickham, T. J., Kovesdi, I., Hoffman,
E. P., et al. (1999) Polylysine modiﬁcation of adenoviral ﬁber protein enhances
muscle cell transduction. Hum. Gene Ther. 10, 1633–1640.

Adenovirus Vectors

111

43. Gonzalez, R., Vereecque, R., Wickham, T. J., Facon, T., Hetuin, D., Kovesdi, I.,
et al. (1999) Transduction of bone marrow cells by the AdZ.F(pK7) modiﬁed
adenovirus demonstrates preferential gene transfer in myeloma cells. Hum. Gene
Ther. 10, 2709–2717.
44. Staba, M. J., Wickham, T. J., Kovesdi, I., Hallahan, D, E. (2000) Modiﬁcations
of the ﬁber in adenovirus vectors increase tropism for malignant glioma models.
Cancer Gene Ther. 7, 13–19.
45. Li, L., Wickham, T. J., and Keegan, A. D. (2001) Efﬁcient transduction of murine B
lymphocytes and B lymphoma lines by modiﬁed adenoviral vectors: enhancement
via targeting to FcR and heparan-containing proteins. Gene Ther. 8, 938–945.
46. Reynolds, P., Dmitriev, I., and Curiel, D. (1999) Insertion of an RGD motif into the
HI loop of adenovirus ﬁber protein alters the distribution of transgene expression
of the systemically administered vector. Gene Ther. 6, 1336–1339.
47. Roelvink, P. W., Mi Lee, G., Einfeld, D. A., Kovesdi, I., and Wickham, T. J.
(1999) Identiﬁcation of a conserved receptor-binding site on the ﬁber proteins of
CAR-recognizing adenoviridae. Science 286, 1568–1571.
48. Einfeld, D. A., Brough, D. E., Roelvink, P. W., Kovesdi, I., and Wickham,
T. J. (1999) Construction of a pseudoreceptor that mediates transduction by
adenoviruses expressing a ligand in ﬁber or penton base. J. Virol. 73, 9130–9136.
49. Nicklin, S. A., Von Seggern, D. J., Work, L. M., Pek, D. C., Dominiczak, A. F.,
Nemerow, G. R., et al. (2001) Ablating adenovirus type 5 ﬁber-CAR binding and
HI loop insertion of the SIGYPLP peptide generate an endothelial cell-selective
adenovirus. Mol. Ther. 4, 534–542.
50. O’Riordan, C. R., Lachapelle, A., Delgado, C., Parkes, V., Wadsworth, S. C., Smith,
A. E., et al. (1999) PEGylation of adenovirus with retention of infectivity and protection from neutralizing antibody in vitro and in vivo. Hum. Gene Ther. 10,
1349–1358.
51. Croyle, M. A., Chirmule, N., Zhang, Y., and Wilson, J. M. (2001) “Stealth”
adenoviruses blunt cell-mediated and humoral immune responses against the
virus and allow for signiﬁcant gene expression upon readministration in the lung.
J. Virol. 75, 4792–4801.
52. Croyle, M. A., Yu, Q. C., and Wilson, J. M. (2000) Development of a rapid method
for the PEGylation of adenoviruses with enhanced transduction and improved
stability under harsh storage conditions. Hum. Gene Ther. 11, 1713–1722.
53. Abuchowski, A., McCoy, J. R., Palczuk, N. C., van Es, T., and Davis, F. F. (1977)
Effect of covalent attachment of polyethylene glycol on immunogenicity and
circulating life of bovine liver catalase. J. Biol. Chem. 252, 3582–3586.
54. Abuchowski, A., Kazo, G. M., Verhoest, C. R., Jr., Van Es, T., Kafkewitz, D.,
Nucci, M. L., et al. (1984) Cancer therapy with chemically modiﬁed enzymes.
I. Antitumor properties of polyethylene glycol-asparaginase conjugates. Cancer
Biochem. Biophys. 7, 175–186.
55. Richter, A. W. and Akerblom, E. (1983) Antibodies against polyethylene glycol
produced in animals by immunization with monomethoxy polyethylene glycol
modiﬁed proteins. Int. Arch. Allergy Appl. Immunol. 70, 124–131.

112

O’Riordan, Song, and Lanciotti

56. Delgado, C., Patel, J. N., Francis, G. E., and Fisher, D. (1990) Coupling of
poly(ethylene glycol) to albumin under very mild conditions by activation with
tresyl chloride: characterization of the conjugate by partitioning in aqueous twophase systems. Biotechnol. Appl. Biochem. 12, 119–128.
57. Francis, G. E., Fisher, D., Delgado, C., Malik, F., Gardiner, A., and Neale, D.
(1998) PEGylation of cytokines and other therapeutic proteins and peptides: the
importance of biological optimisation of coupling techniques. Int. J. Hematol.
68, 1–18.
58. Armentano, D., Zabner, J., Sacks, C., Sookdeo, C. C., Smith, M. P., St George, J. A.,
et al. (1997) Effect of the E4 region on the persistence of transgene expression
from adenovirus vectors. J. Virol. 71, 2408–2416.
59. Yu, D., Wolf, J. K., Scanlon, M., Price, J. E., and Hung, M. C. (1993) Enhanced
c-erbB-2/neu expression in human ovarian cancer cells correlates with more severe
malignancy that can be suppressed by E1A. Cancer Res. 53, 891–898.
60. Graham, F. L., Smiley, J., Russell, W. C., and Nairn, R. (1977) Characteristics of
a human cell line transformed by DNA from human adenovirus type 5. J. Gen.
Virol. 36, 59–74.
61. Graham, F. L. and van der Eb, A. J. (1973) A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 52, 456–467.
62. Maizel, J. V., Jr., White, D. O., and Scharff, M. D. (1968) The polypeptides
of adenovirus. I. Evidence for multiple protein components in the virion and a
comparison of types 2, 7A, and 12. Virology 36, 115–125.
63. Green, M., Pina, M., Kimes, R., Wensik, P., Machattie, L., and Thomas, Jr., C.
(1967) Adenovirus DNA. I. Molecular weight and conformation. Proc. Natl. Acad.
Sci. USA 57, 1302–1309.
64. van der Eb, A. J., van Kesteren, L. W., and van Bruggen, E. F. (1969) Structural
properties of adenovirus DNA’s. Biochim. Biophys. Acta. 182, 530–541.
65. Lappi, D. A., Matsunami, R., Martineau, D., and Baird, A. (1993) Reducing
the heterogeneity of chemically conjugated targeted toxins: homogeneous basic
FGF-saporin. Anal. Biochem. 212, 446–451.
66. Zhang, J. D., Cousens, L. S., Barr, P. J., and Sprang, S. R. (1991) Three-dimensional
structure of human basic ﬁbroblast growth factor, a structural homolog of interleukin 1 beta. Proc. Natl. Acad. Sci. USA 88, 3446–3450.
67. Heid, C. A., Stevens, J., Livak, K. J., and Williams, P. M. (1996) Real time
quantitative PCR. Genome Res. 6, 986–994.
68. Prage, L., Pettersson, U., Hoglund, S., Lonberg-Holm, K., and Philipson, L. (1970)
Structural proteins of adenoviruses. IV. Sequential degradation of the adenovirus
type 2 virion. Virology 42, 341–358.
69. Huyghe, B. G., Liu, X., Sutjipto, S., Sugarman, B. J., Horn, M. T., Shepard, H. M.,
et al. (1995) Puriﬁcation of a type 5 recombinant adenovirus encoding human p53
by column chromatography. Hum. Gene Ther. 6, 1403–1416.
70. O’Riordan, C. R., Lachapelle, A. L., Vincent, K. A., and Wadsworth, S. C. (2000)
Scalable chromatographic puriﬁcation process for recombinant adeno-associated
virus (rAAV). J. Gene Med. 2, 444–454.

Adenovirus Gene Transfer in the CNS

113

6
Use of Recombinant Adenovirus
for Gene Transfer into the Rat Brain
Evaluation of Gene Transfer Efﬁciency, Toxicity,
and Inﬂammatory and Immune Reactions
Andres Hurtado-Lorenzo, Anne David, Clare Thomas,
Maria G. Castro, and Pedro R. Lowenstein
1. Introduction
Adenovirus (Ad) vectors have been used to successfully deliver genes into
a wide variety of non-central nervous system (CNS) tissues and organs in
animal models of human disease and in several human phase I clinical trials
(1–3). Adenoviruses are easily puriﬁed to the high titers required for in vivo
administration and they are efﬁcient in transducing terminally differentiated
cells such as neurons and glial cells, resulting in high levels of transgene
expression and spatially restricted transgene expression within the region of
virus administration. To date, most vectors utilized have been ﬁrst-generation
partially deleted vectors. The most commonly used have been E1/E3-deleted
vectors, or second- and third-generation vectors with further deletions in E2
or E4.
However, Ad vectors are immunogenic in the brain and in peripheral organs.
In the periphery, the immune response is biphasic and consists of an initial
innate response, which has been proposed to rapidly eliminate many transduced
cells, followed by adaptive cellular and humoral mechanisms. Cytotoxic
T-lymphocyte responses directed against transduced cells presenting vector
antigens on MHC class I molecules are thought to cause the decline in transgene
expression observed following adenovirus-mediated gene transfer to non-CNS
tissues such as the liver or lung (4,5).
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First-generation Ad vectors injected into the brain parenchyma cause acute
cellular (6–13) and cytokine-mediated inﬂammatory responses (14–16) and
do not allow stable and continued transgene expression in the presence of
anti-adenoviral immune responses (9,10,12,17). Ad vectors injected into the
brain parenchyma stimulate an inﬂammatory response. Brain microglia and
astrocytes are activated strongly and inﬂammatory and immune cells inﬁltrate
across the blood brain barrier to the site of brain infection (6–9).
Although low doses of Ad vectors injected into the brain parenchyma do
not elicit an effective systemic anti-adenoviral T-cell response, a strong T-cell
response can be stimulated by peripheral immunization with adenovirus.
Following such immunization, transgene expression in the brain declines
rapidly and is accompanied by severe inﬂammation, characterized by T-cell
and dendritic cell inﬁltration, intense microglial and astrocytic activation, and
cytotoxic demyelination (7,10). If animals are peripherally immunized against
adenovirus prior to injection of vector into the brain, transgene expression is
transient and is again accompanied by severe inﬂammation (18).
Many immune-mediated and toxic side effects resulting from the expression
of adenoviral genes are avoided by helper-dependent, high-capacity, “gutless”
adenoviral vectors (HC-Ad). HC-Ads are efﬁcient gene transfer vectors devoid
of all viral coding sequences (19–21). Consequently, they display reduced in
vivo and in vitro toxicity, have a large cloning capacity (up to a theoretical
value of approx 28–32 Kbp), comparable to the size of transgenic constructs
inserted so far into herpes simplex virus type-1 (HSV-1) derived amplicons
(approx 50 Kbp) (22), and provide long-term transgene expression (11,23–31).
HC-Ad vectors direct transgene expression in vivo with unsurpassed efﬁciency
among gene transfer vectors.
Experimental data using HC-Ad indicate that these vectors are able to
transfer larger constructs (>20 Kbp) into target brain cells, and are able to do
so, even in the presence of anti-adenoviral immune responses (11,31). The
large cloning capacity of HC-Ad, makes these vectors ideal for expressing
large transgenic constructs under the control of complex regulatory elements
(32,33). High-capacity vectors need to be grown in the presence of a helper
virus to provide in trans all necessary elements for replication and packaging.
Helper-virus contamination is then signiﬁcantly reduced through recombinasemediated excision of its packaging signal. To date, this has been done using
Cre recombinase expressed in 293 cells. Engineered helper viruses contain a
packaging site ﬂanked by loxP sites. Growth of such helper virus in 293-Cre
cells, removes the packaging signal from the majority of helper genomes.
HC-Ad genomes retain the packaging signal and can be packaged into adenoviral virions. The HC-Ad is initially generated by transfection of producer
cells with HC-Ad DNA, followed by infection with helper virus. The resulting
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HC-Ad is subsequently ampliﬁed in a series of helper-plus-HC-Ad co-infection
passages in Cre recombinase-expressing cells. Following CsCl density-based
separation of helper and HC-Ad, the levels of helper virus remaining in the ﬁnal
HC-Ad preparation are approx 0.1% (ratio of titers of helper virus (expressed
as plaque forming units [PFU]/mL), to titer of HC-Ad [e.g., blue forming units
(BFU)/mL]) (11,21,23–26,28,29,34).
We have developed a HC-Ad system, in which the helper virus packaging
site is eliminated through recombination using the yeast FLP recombinase.
FLP mediates maximum levels of excision close to 100%, in contrast to 80%
for Cre (35). As wild-type enzyme is not very active at 37°C, we utilized an
FLP mutant (FLPe) recently developed by in vitro evolution, which is active at
37°C (36). In this system, helper virus contamination of the ﬁnal preparation of
HC-Ad is <0.1% prior to density-based separation by ultracentrifugation (37),
allowing viral puriﬁcation by chromatographic methods. This new generation
of HC-Ad vectors are efﬁciently transduced into the rat brain after stereotaxic
injection at the level of the dorsal striatum (37).
In this chapter, we will present our routine methodology to monitor efﬁcient
expression of transgenes from recombinant adenovirus vectors injected into the
rat brain and the techniques used for the processing and analyzing the brains.
The production of Ad vectors is not discussed. We wish to emphasize that much
of experimental success depends on the quality control of the adenoviral vectors
employed, and the quality of the brain sections used in the histological analysis.
This is highlighted throughout the text and the Notes. Further emphasis is
given not only to the analysis of transgene expression, but also to the close
and careful monitoring of potential side effects of the gene transfer vectors
and the transgenes. These inﬂammatory effects can have important inﬂuences
on the experiments and need to be monitored in all settings. In addition, the
methodology to study the effect of Ad-encoded therapeutic transgenes in an
animal model of Parkinson’s disease is also presented. Further experimental
details from our laboratory on the generation of viral vectors and their in vitro
and in vivo use can be found in (38) and (39).
2. Materials
2.1. Stereotaxic Surgery
1. Adult rat of 250 g body weight (see Note 1).
2. Gas anesthetic trolley (induction chamber, halothane vaporizer, halothane
scavenger, halothane gas anesthetic, medical oxygen cylinder, medical nitrous
oxide cylinder).
3. Heat pad.
4. Stereotaxic frame (Stoelting, IL) with rat adaptor, blunt ear bars and rubber
balloon.
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5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Light microscope with a 0.4× lens (Leica, U.K.).
Fiber optic illuminator with twin goose-neck pipes (Leica).
Surgical shavers (Stoelting, IL).
Electric drill with 1.75 mm drill bit (Stoelting).
10 µL Hamilton syringe with needle (model 701RN, Fisher Scientiﬁc).
Scalpel and blades (Swann-Morton, Shefﬁeld, U.K.).
Cotton swabs.
Sterile gauze.
Chromic catgut absorbable sutures (Johnson & Johnson, Brussels, Belgium).
Skin retractors (Anetic Aid Ltd, Leeds, U.K.).
Curved and straight forceps (Anetic Aid Ltd.).
Holding scissors (Anetic Aid Ltd.)
Sharp scissors (Anetic Aid Ltd.).
1 mL syringes (Becton Dickinson, Madrid, Spain).
Sterile 23 or 25 gage hypodermic needles (Becton Dickinson, Drogheda, U.K.).
70% alcohol (DBH, Poole, U.K.).
Sterile saline (0.9% NaCl) or sterile phosphate-buffered saline (PBS) solution
(pH 7.4).
22. Viral vector.

2.2. Animal Model of Parkinson’s Disease
for Gene Therapy Studies
1. Same material as described for stereotaxic surgery (see Subheading 2.1.),
however, it is preferable to use adult rat of 200 g body weight.
2. 0.5 µL Syringe (SGE, Australia).
3. Fluorogold (Fluorochrome, Inc., USA).
4. 6-Hydroxydopamine-hydrochloride (6-OHDA-HCL) (Sigma, St. Louis, MO).
5. Ascorbic acid (Sigma).

2.3. Perfusion/Fixation
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Rat.
Pentobarbital (Animalcare Ltd., York, U.K.).
Perfusion equipment.
Tyrode’s solution: 132 mM NaCl, 1.8 mM CaCl2, 0.32 mM NaH2PO4, 5.56 mM
glucose, 11.6 mM NaHCO3, 2.68 mM KCl.
Heparin solution (1000 U/mL) (CP Pharmaceuticals Ltd., Wrexhan, U.K.).
4% paraformaldehyde solution (pH 7.4) (Sigma).
O 2.
CO2.
Scalpel blade (Swann-Morton, Shefﬁeld, U.K.).
Forceps (Anetic Aid Ltd.).
Scissors (Anetic Aid Ltd.).
Clamps (Anetic Aid Ltd.).
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2.4. Preparation of Brain Sections
1.
2.
3.
4.

Vibratome (e.g., model VT1000S, Leica).
Soft-bristled paintbrush.
Superglue.
6- or 12-well tissue culture plates (Greiner Labortechnik, Gloucestershire,
U.K.).
5. Rat brain.
6. PBS (Life Technologies, Paisley, U.K.).

2.5. Immunostaining
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.

Light or ﬂuorescence microscope (Olympus, U.K.).
Platform shaker.
Soft-bristled paintbrush.
6-well plates (Greiner Labortechnik, Gloucestershire, U.K.).
10 mL pipets and automated pipetor.
Glass Coplin jar.
Gelatin coated slides (Menzel-Glazer, Germany).
Coverslips (BDH, Poole, U.K.).
Brain sections.
Tris-buffered saline (TBS) solution: Tris-HCl 50 mM pH 7.4, 0.9% NaCl.
Triton X-100 (Fisons, Loughborough, U.K.).
H 2O 2.
Horse serum (HS) (see Note 2) (Life Technologies, Auckland, New Zealand).
Primary antibody (see Table 1 for details).
Biotinylated secondary antibody (Dako A/S, Denmark).
Avidin/biotinylated horseradish peroxidase (HRP) complex (Vecta stain ABC
Elite kit, Vector).
Sodium acetate 0.1 M, pH 6.0 (BDH, Poole, U.K.).
DAB staining solution: 725 mg ammonium nickel sulfate, 12 mg ammonium
chloride, 60 mg glucose, 15 mL sodium acetate 0.2 M pH 6.0, 15 mg diaminobenzidine, 1 mg glucose oxidase, 15 mL distilled water (Sigma).
Ethanol: 50%, 70%, 80%, 96%, and 100% (DBH, Poole, U.K.).
Xylene (Genta Medica, York, U.K.).
DPX mountant for microscope (DBH, Poole, U.K.).
Mowiol (Calbiochem, La Jolla, CA).

2.6. Detection of Vector Genomes in the Brain by PCR
1. Microfuge (Heraeus Instruments, U.K.).
2. Thermal cycler PCR machine (Perkin Elmer Applied Biosystems, USA).
3. Electrophoresis apparatus (Gel tank and generator) (BioRad Inc, Hempstead,
U.K.).
4. UV-trans-illuminator (Alpha Innotech Corporation, U.K.).
5. Sterile screw-cap 1.5-mL tubes (Greiner Labortechnik, Gloucestershire U.K.).
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Table 1
Antibodies Commonly Used in Our Laboratory
antibody

antigen

dilution

host
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal

Promega

mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
mouse
monoclonal
rabbit
polyclonal
mouse

Serotec

anti-β-gal

β-galactosidase

1⬊1000

anti-CD8

T-lymphocytes natural
killer (NK) cells
T lymphocytes

1⬊500

anti-CD8β
anti-CD4

1⬊200

anti-CD161

helper T-cells (and
microglia in rat brain)
all lymphoid and
myeloid-derived
cells, but not B-cells
NK cells

1⬊2000

anti-CD45RA

B cells

1⬊2000

OX-6

rat MHC class II

1⬊200

OX-18

rat MHC class I

1⬊200

OX-62

dendritic cells
γδ-T cells
perivascular microglia
activated endothelial cells
activated macrophages/
microglial cells
human MBP

1⬊20

anti-CD43

anti-ICAM-I
anti-ED1

antimyelin basic
protein (MBP)
antiglial ﬁbrillary
astrocytes
acidic protein (GFAP)
anti-neuN
neuronal nuclei

6.
7.
8.
9.

1⬊200
1⬊500

1⬊100
1⬊1000
1⬊2000
1⬊200
1⬊50

mouse
monoclonal

supplier

Serotec
Serotec
Serotec
Serotec

Pharmingen
Serotec
Serotec
Serotec
Serotec
Serotec
Dako
Roche
monoclonal
Chemicon

Sterile PCR tubes (Perkin Elmer Applied Biosystems).
Sterile pipet tips (Greiner Labortechnik, Gloucestershire, U.K.).
Single free-ﬂoating brain section.
Digestion buffer: 10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 25 mM ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate (SDS) 1%, 4 mg/mL
proteinase K (Sigma).
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11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
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Phenol⬊chloroform: IAA (25⬊24⬊1) (Sigma).
Sodium acetate pH 5.2 (BDH, Poole).
100% ethanol (DBH, Poole).
70% ethanol (DBH, Poole).
Deionized sterile ﬁltered water.
DNase-free RNase (Sigma).
Primers (Genosys) (e.g., this primer pair ampliﬁes a 687 bp fragment, corresponding to residues 4071-4757 [map units 11.31-13.21] of the adenovirus
type 5 genome:
forward primer sequence:
5′ AAGCAAGTGTCTTGCTGTCT 3′
reverse primer sequence:
5′ GGATGGAACCATTATACCGC 3′
dNTPs mixture (Promega, Madison, WI).
MgCl2 (Promega).
Taq buffer (Promega).
Taq DNA polymerase (Promega).
Agarose gel (1–2%).
DNA step ladder (Promega).
TAE 1X (stock solution 50X, 0.08 mM Tris-Base, 0.002 mM EDTA, pH 8.0).

2.7. Detection of Circulating Anti-Adenovirus
Neutralizing Antibodies
1. Blood serum sample.
2. 293 cells (human embryo kidney cells, low passage. Microbix Biosystems, Inc.,
Toronto, Canada).
3. Adenovirus containing a β-galactosidase transgene (Ad lacZ).
4. Minimal Essential Medium (MEM): 10 mM glutamine, 10–5 M nonessential
amino acids, 10 mM penicillin, 10 mM streptomycin (Life Technologies, Paisley,
U.K.).
5. Fetal calf serum (FCS) (Life Technologies, Auckland, New Zealand).
6. PBS (Life Technologies).
7. Paraformaldehyde solution: 4% paraformaldehyde in PBS (Sigma).
8. 5-Bromo-4-chloro-indolyl-D-galactoside (X-Gal) solution (potassium ferrycyanure, potassium ferrocyanure, MgCl 2, desoxycholate, NP-40, X-Gal)
(Sigma, St. Louis, MO).
9. 96-well plates (Grenier Labortechnik).
10. Petri dishes (Grenier Labortechnik).
11. 10-mL pipet (Grenier Labortechnik).
12. Automatic pipetor (Becton Dickinson, NJ).
13. Micropipet (Gilson, France).
14. Multipipet (Gilson).
15. Micropipet tips (Grenier Labortechnik).
16. Hematocytometer (Assistent, Germany).
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3. Methods
3.1. Stereotaxic Surgery
1. Position the stereotaxic frame relative to the light microscope and light box such
that the microscope is focused on the ear bars of the frame. Stretch a rubber
balloon over the mouthpiece of the stereotaxic unit and cut a small hole in the
end to allow insertion of the animal’s nose. Position the anesthetic trolley such
that the anesthetic tubing can be connected to the stereotaxic frame, and lay out
the drill, heat pad, and sterilized surgical tools next to the frame.
2. Dilute the adenovirus preparation with sterile saline solution or PBS such that
the required number of infectious units can be administered in the appropriate
volume. Store on ice in a microfuge tube until required (see Note 3).
3. Place the animal in the induction chamber and anesthetize with 4% halothane
gas, vaporized with an oxygen/nitrous oxide mix (66% oxygen/33% nitrous
oxide, i.e., O2 set at a ﬂow rate of 1500 mL min and nitrous oxide at a ﬂow
rate of 750 mL min).
4. When the animal is fully anesthetized, route the flow of halothane to the
stereotaxic unit, remove the rat from the induction chamber and quickly shave the
fur on top of the head. Open the mouth of the rat and ﬁt into the mouthpiece of
the stereotaxic frame such that the animal’s nose is entirely enclosed within the
rubber balloon mask. Reduce the halothane level to 1.5% of the carrier gas.
5. Slide the ear bars into each ear canal and tighten in place so that the head of
the animal is ﬁrmly positioned and does not wobble. Check that the top of the
head is lying horizontally. Place the heat pad underneath the animal to prevent
hypothermia during surgical anesthesia.
6. When satisﬁed that the animal is positioned ﬁrmly and correctly within the frame,
place a drop of sterile saline solution into each of the eyes and swab the surgical
site with a cotton swab dipped in 70% ethanol/isopropyl alcohol.
7. Ensure that the animal is fully anesthetized by checking the lack of responses
to footpad and tail pinching.
8. Using a scalpel, make a midline incision into the skin, from above the eyes to
the level of the ears. Use skin retractors to hold back the skin on either side
of the incision.
9. Remove the connective tissue covering the top of the skull by cleaning the
cranium with a cotton swab.
10. Load the Hamilton syringe with the adenovirus solution and expel a small amount
of the virus onto a cotton swab to check the needle is not blocked (see Note 4).
Clamp into position on the frame.
11. Direct the light beams from the ﬁber-optic light pipes onto the exposed skull and
focus the microscope onto bregma.
12. Position the syringe over the skull and tighten into place. While viewing the
brain through the microscope, position the needle using the 3 slide rules so that
the needle bevel is directly over bregma.
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13. Read the coordinates of bregma from the frame. Calculate the new coordinates of
the site of injection by adding or subtracting the appropriate lateral and anterior/
posterior values from bregma. Move the needle to these new coordinates.
14. Lower the needle at the new coordinates, so that it is just touching the surface of
the skull (be careful not to damage the needle point) and mark this position with a
small dot using a very ﬁne marker pen. Raise the needle to allow drilling.
15. Viewing the surface of the skull through the microscope, drill a small hole approx
2 mm in diameter most of the way through the skull at the position marked
by the small dot.
16. Stop drilling when the base of the hole becomes translucent. Perforate the
remaining thin layer of skull with a sterile needle and using a pair of sharp,
curved forceps, carefully remove this remaining layer of bone to expose the
dura matter.
17. Using a sterile, bent needle, carefully perforate the dura and remove as much of
the membrane as needed to expose the surface of the brain (see Note 5).
18. Lower the Hamilton needle into the hole until it just touches the surface of the
brain and read the vertical coordinate of this position. Calculate the new vertical
coordinate of the site of injection.
19. Lower the needle into the brain to the site of injection and wait 2–3 min before
slowly depressing the syringe plunger by 0.5 µL, over another minute. Wait one
minute for the virus solution to infuse into the brain. Further inject 0.5 µL of
virus and wait a further minute. Repeat until the entire 2 µL of virus has been
administered (see Note 6). Wait for 5 min after the ﬁnal administration.
20. Remove the needle from the brain very slowly and close the skin incision with
sutures.
21. Swab the sutured area with sterile saline, turn off the anesthetic and nitrous oxide
while maintaining oxygen ﬂow to the unit, and allow the animal to recover.

3.2. Animal Model of Parkinson’s Disease
for Gene Therapy Studies
For this protocol, the same general basic steps used for stereotaxic surgery
(see Subheading 3.1.) must be followed. This model allows the evaluation of
a protection paradigm against 6-hydroxydopamine (6-OHDA) neurotoxicity
using recombinant adenovirus.
1. Follow steps 1–14 described in Subheading 3.1. (see Note 7).
2. Drill 2 very small holes (1 mm) in the skull using the following stereotaxic
coordinates from bregma: anterior/posterior (AP): +1.0 mm, medial/lateral (ML):
+3.2 mm, dorsal/ventral (DV): -5.0 mm for the right hemisphere hole, and AP: +1.0
mm, ML: –3.2 mm, DV: –5.0 mm for the left hemisphere hole (see Note 8).
3. Using a 0.5-µL Hamilton syringe, inject into the right striatum a total volume
of 0.02 µL of the retrograde tracer ﬂuorogold (2% diluted in saline 0.9% w/v).
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First deposit 0.01 µL, wait for 1 min and add the remaining 0.01 µL (see Notes
9, 10). Allow the needle to stand for additional 5 min.
Retract the needle at a rate of 1 mm/min.
Inject 0.02 µL of ﬂuorogold into the left striatum following steps 3–4.
Change the 0.5-µL syringe for a new 10 µL Hamilton syringe and load the
required experimental viral particles of the recombinant adenovirus of interest
(see step 2 of Subheading 3.1.).
Inject adenovirus in one hemisphere only, preferentially the right hemisphere,
which was used for the ﬁrst injection of ﬂuorogold, at the same coordinates used
for the injection of the retrograde tracer, following steps 18 and 19 from protocol
described in Subheading 3.1.
Remove the needle from the brain at a rate of 1 mm/min.
After injection of the virus, suture the wound and take the animals to the
recovery room. Wait for 1 wk before induction of degeneration of the nigrostriatal
pathway.
One week after injection of ﬂuorogold and recombinant adenovirus, set up all the
conditions for the surgical procedure following basic steps 1–12 (except step 2)
from the basic protocol for stereotaxic surgery (Subheading 3.1.).
Once the animal is perfectly placed in the stereotaxic frame, reopen the wound
left from the last surgery (see Note 11).
Relocalize the hole drilled in the right hemisphere in the ﬁrst surgery. Adjust the
DV: –5 mm coordinate from the most apical surface of the brain as previously
indicated in basic protocol.
An aliquot of 6-hydroxydopamine-hydrochloride (6-OHDA-HCL) must be
resuspended in ascorbic acid 0.2 mg/mL (diluted in saline 0.9% w/v) to a ﬁnal
concentration of 8 µg/µL (see Note 12). The aliquot is kept on ice and protected
from light incidence at all time.
Load a 10-µL Hamilton syringe with 6-OHDA-HCL. Lower the needle to the
level of DV coordinate.
Slowly inject 1 µL of 6-OHDA-HCL during a period of 1 min and leave the
needle in place for an additional 1 min.
Slowly retract the syringe from 0.5 mm and add another 1 µL of 6-OHDA-HCL.
Wait for additional 5 min. After these two 1 µL injections, a total of 16 µg of
6-OHDA-HCL should had been deposited into the striatum in exactly the same
site of ﬂuorogold and adenovirus injection.
Slowly retract the needle at a rate of 1 mm/min.
Suture the wound.
Take the animal to recovery room.
Sacriﬁce the animals 4 wk after injection of 6-OHDA-HCL. Proceed to perfusion/
ﬁxation as described in Subheading 3.3. and cut serial brain sections of 25 µm
thick using a vibratome as described in Subheading 3.4.
If needed, brain sections can be processed for immunoﬂuorescence staining (e.g.,
detection of TH neurons in the substantia nigra) (see Note 13) using the protocol
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described in Subheading 3.5. (steps 1–9, 23–27). Fluorogold labeled neurons
in brain sections can be visualized under a microscope of ﬂuorescence using a
ultraviolet (UV) light ﬁlter.

3.3. Perfusion/Fixation
1. Prepare some fresh Tyrode’s solution. Brieﬂy, for 1 L, add 8 g NaCl, 1 mL of
26.5% CaCl2, 1 mL of 5% NaH2PO4, 1 g glucose, 1 g NaHCO3, 0.2 g KCl. Prior
to using, add 100 µL of heparin solution (1000 U/mL) to each L of Tyrode’s
solution and gas with 95% O2/5% CO2 for 30 min.
2. Prepare some fresh paraformaldehyde solution. Brieﬂy, for 1 L, add 500 mL
of formaldehyde 8%, 3.2 g NaH2PO4, 10.9 g Na2HPO4, 9 g NaCl, and 500 mL
H2O. Adjust pH to 7.4.
3. Prepare the perfusion/ﬁxation equipment.
4. Anesthetize the rat with an overdose of pentobarbital.
5. In a fume hood, open the abdomen wall along the mid-line and expose the heart.
6. Insert the probe into the apex of the heart, direct it into the aorta and make sure
it remains in place. Make an incision into the atriums.
7. Perfuse with Tyrode’s solution for 10 min.
8. Clamp the descending aorta just below the liver prior to starting with the
perfusion of ﬁxative to improve the ﬂow of ﬁx to the brain.
9. Perfuse with ﬁxing solution for 20 min.
10. Once the brain is ﬁxed, decapitate the rat and remove the brain from the skull.
Removal of the brain must be done very carefully to avoid damage of the brain
structure.
11. Post-ﬁx for 5 h (see Note 14).
12. Store in PBS/azide 0.02% at 4°C.

3.4. Preparation of Histological Brain Sections
1. Take a fresh 6-well tissue culture dish and add approx 4 mL of PBS to each
well (see Note 15).
2. Mount the region of brain containing the injection site on a cutting platform,
using superglue and slice the tissue at 20–70 µm intervals using a vibratome
according to the manufacturers instructions (see Note 16).
3. Place serial sections in consecutive wells of the six well plate (i.e., put the ﬁrst
section in well 1, the second in well 2, the seventh in well 1, the eighth in well
2, and so on), so that each well contains a similar representation of sections
throughout the injection site/area of interest.
4. Store the sections at 4°C (see Note 17).

3.5. Immunostaining
1. Using a soft-bristled paintbrush, transfer the brain sections into a fresh 6-well
plate containing approx 5 mL of TBS/Triton (0.1%). Wash the sections by
shaking at room temperature on a platform shaker for 5 min.
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2. Remove the TBS/Triton with an automated pipetor and 10-mL pipet and
discard.
3. Add 3 mL of 0.3% H2O2 to each vial and incubate, shaking for 15 min to
inactivate endogenous peroxidase.
4. Wash the sections 3× by incubating with 3 mL of TBS/Triton, shaking for
5 min for each wash.
5. Block nonspeciﬁc antibody binding sites and Fc receptors by incubating
the sections with 1 mL of TBS/Triton/10% HS for 45 min with shaking (see
Note 18).
6. Wash the sections once with TBS/Triton/1% HS for 5 min with shaking.
7. Incubate the sections with the primary antibody diluted to the required extent in
TBS/Triton/1% HS overnight with shaking.
8. Wash the sections 5× in TBS/Triton as in step 4.
9. Incubate with the secondary antibody. For immunochemistry techniques, follow
the protocol from step 10 to step 22, and for immunoﬂuorescence techniques,
go to step 23.
10. Incubate with the biotinylated secondary antibody diluted in the appropriate
amount of TBS/Triton/1% HS for 4 h with shaking.
11. Toward the end of the incubation period, prepare the avidin/biotinylated HRP
complex (solution AB) using the Vecta stain ABC Elite kit as follows: for each
vial, prepare 1 mL of solution AB by adding 10 µL of solution A (avidin) and
10 µL of solution B (biotinylated HRP) to 1 mL of PBS. Incubate with gentle
mixing for approx 60 min before using.
12. Wash ﬁve times in TBS/Triton as in step 4.
13. Incubate the sections for 4 h in 1 mL of solution AB, with shaking.
14. Wash 3× with 3 mL of PBS, for 5 min each time.
15. Wash 2× with 3 mL 0.1 M sodium acetate (pH 6.0) for 5 min each time.
16. Stain the sections by incubating with 1 mL of DAB staining solution while
shaking gently for 1–7 min (see Note 19).
17. Wash the stained sections 2× with 3 mL of sodium acetate and 2× with 3 mL
of PBS.
18. Using a soft-bristled paintbrush, transfer the sections into a clear container (e.g.,
glass Coplin jar) ﬁlled with PBS (see Note 20). Partially submerge a gelatincoated slide in the PBS and ﬂoat the sections onto the slide using the paintbrush.
Arrange the sections on the slide in anatomical order if possible (approx 6 rat
brain sections will ﬁt on each slide).
19. Allow the sections to air-dry for several hours so that they become ﬁxed onto
the gelatin-coated slides.
20. Dehydrate the sections by sequentially immersing the slides for 5 min in each
of the following dilutions of ethanol: 50, 70, 80, 96, and 100%, and in two
baths of xylene.
21. Mount with coverslips in DPX. Let the slides dry.
22. Visualize the staining with a light microscope.
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23. Incubate with the ﬂuorescent secondary antibody for 4 h with shaking in the dark.
24. Wash 3× with 3 mL of PBS, for 5 min each time.
25. Using a soft-bristled paintbrush, transfer the sections into a clear container (e.g.,
glass Coplin jar) ﬁlled with PBS. Partially submerge a gelatin-coated slide in
the PBS and ﬂoat the sections onto the slide using the paintbrush. Arrange the
sections on the slide in anatomical order if possible (approx 6 rat brain sections
will ﬁt on each slide).
26. Mount with coverslips in mowiol or dry, dehydrate and mount the sections in
DPX as described in steps 19 to 21.
27. Visualize under a ﬂuorescence microscope.

3.6. Detection of Vector Genome by PCR
from a Free-Floating Vibratome-Cut Brain Section
1. Transfer a single free-ﬂoating brain section from PBS into a sterile screw-cap
1.5-mL tube, using a sterile pipet tip or scalpel blade.
2. Add 100–200 µL of freshly prepared digestion buffer, ensure the tissue is
completely immersed, and screw the cap very tightly onto the tube.
3. Incubate the sample for 24 h in a shaking incubator at 37°C.
4. Inactivate the proteinase K by heating the sample at 95°C for 10 min.
5. Extract DNA by two rounds of phenol:chloroform:IAA extraction. Brieﬂy, add an
equal volume of phenol⬊chloroform⬊IAA (25⬊24⬊1), vortex to mix and separate
the aqueous phase from the organic phase by centrifugation at 10,000g for 2 min
at room temperature in a microfuge (see Note 21).
6. Precipitate the genomic DNA using 1/10th vol of sodium acetate pH 5.2 and
2 vol of 100% ethanol.
7. Centrifuge the sample for 10 min in a microfuge at 15,000g at room temperature,
discard the supernatant and wash the DNA pellet in 70% ethanol.
8. Air-dry the pellet and resuspend the DNA in 50 µL of deionized sterile water.
9. Use the DNA immediately for PCR, or store at –20°C with DNase-free RNase
at a concentration of 20 µg/mL.
10. Prepare PCR samples (see Note 22) in a reaction vol of 50 µL in appropriate
tubes. Each reaction should contain 100 ng of template DNA, 5 µL of Taq buffer
10X, 100 pmoles of each primer, 200 µM dNTPs, 2 mM MgCl2, and 1 unit of
Taq DNA polymerase.
11. Perform the PCR using a thermal cycler, programmed with the appropriate cycle
parameters for each primer pair. The conditions shown have been optimized for
the primers described in the Materials section.
Initial denaturation:
95°C
5 min
35 cycles of:
Denaturation:
95°C
30 s
Annealing:
56°C
30 s
Extension:
72°C
1 min
Final extension:
72°C
10 min
12. Run an electrophoresis to identify the ampliﬁed segments.
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3.7. Detection of Circulating Anti-Adenovirus
Neutralizing Antibodies
Day 0:
1. Prepare a 96-well plate with 4 × 104 293 cells/well.

Day 1:
1. Heat-inactivate the serum samples at 56°C for 30 min (see Note 23).
2. Dilute serially the samples twofold in MEM 2% FCS. The range of dilutions is
1⬊2–1⬊4096. Prepare 100 µL of each serum dilution.
3. Incubate 100 µL of each serum dilution with 106 iu Ad lacZ (in 10 µL) at 37°C
for 90 min.
4. Add the mix serum/Ad lacZ on the 293 cells plated the day before. A vol of
50 µL of each dilution is added per well (see Note 24).
5. Incubate the plate at 37°C for 1 h.
6. Add a further 50 µL of medium containing 10% FCS to each well.
7. Incubate at 37°C for 24 h.

Day 2:
1.
2.
3.
4.
5.

Remove the supernatant.
Rinse with PBS.
Fix with paraformaldehyde solution at room temperature for 20 min.
Rinse with PBS.
Stain with 5-bromo-4-chloro-indolyl-D-galactoside (X-gal) solution at 37°C
for 4 h.
6. Analyze the transduction efﬁciency under a light microscope.
7. The neutralizing antibody titer for each sample is given as the reciprocal of
the highest dilution of serum at which 50% of Ad lacZ-mediated transduction
is inhibited.

4. Notes
1. Rats of 200–350 g may be fitted into the frame, however, the stereotaxic
coordinates may not be accurate with larger or smaller animals, because standard
atlases illustrate the brain of 250 g rats.
2. Often, it is recommended to block nonspeciﬁc binding using serum from the
species within which the secondary antibody was generated, e.g., if the secondary
antibody is rabbit antimouse, then the sections may be blocked with rabbit serum
instead of HS. We have found, however, that HS provides the best blocking
for a wide range of antibody combinations irrespective of the origin of the
secondary antibody.
3. Careful consideration should be given to the dose of virus administered. High
doses of virus (e.g., above 108 infectious units) are generally associated with
transient transgene expression and severe inﬂammation, while low doses (below
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106 infectious units) result in minimal transduction (depending on promoter
strength). We ﬁnd administration of 107 infectious units of virus is optimal (when
using vectors expressing transgene from the major intermediate early human CMV
promoter) in terms of providing relatively stable transgene expression with minimal inﬂammation. Use of stronger promoters will allow doses to be reduced.
The volume of virus solution injected into the CNS will depend on the anatomical site. No more than 3 µL of virus solution should be injected into the brain
parenchyma, however, up to 30 µL of virus can be administered to the ventricles.
Vector purity should be assessed by calculating the ratio of absorbance at
260 nm to that at 280 nm (pure adenovirus type 5 has a 260⬊280 ratio of 1.3).
In addition to determining vector purity by optical absorbance, it is imperative
to ensure that the preparation is free of contamination from both replication
competent adenovirus (RCA) and lipopolysaccharide (LPS or endotoxin). LPS is
a component of the cell wall of gram-negative bacteria and is an extremely potent
stimulator of the mammalian immune system. Many studies have used injection
of LPS into the brain parenchyma to investigate inﬂammatory responses within
the CNS. Unfortunately, LPS is another frequent contaminant of adenoviral
vector preparations and it has been shown that its toxicity to primary cultures
of human cells is increased in the presence of adenovirus (Cotton et al., 1994).
The level at which contaminating LPS is toxic when administered in vivo with
adenovirus has not been determined, but we do not use virus stocks containing
more than 2 endotoxin units/mL for in vivo experiments.
The virus can be kept for several hours on ice. It is not advisable to refreeze
the diluted virus, as this can result in a drop in infectious unit titer.
Poor surgical technique can generate lesions within the brain that will jeopardize
the experiment, and which will certainly affect the quality of the data. It is,
therefore, essential to practice the procedure on dead animals to gain competence
before starting an experiment. The Hamilton needle should be examined under
the microscope before using, as bent needles can also cause lesions within the
brain. Always check that the needle is not blocked by depositing few drops of
the working suspension onto a tissue. Adopt this procedure as a routine before
and after each injection. For very precise injections, it may be desirable to grind
the tip of the needle to remove the bevel, or to use superﬁne glass needles ﬁxed
with wax to the tip of the Hamilton needle.
It is extremely important to distinguish between the dura (which is whitish,
opalescent, and elastic) and the brain itself (which is darker and more yellow in
color) to avoid lesioning the brain surface with the needle.
For large areas of the brain parenchyma, e.g., the caudate putamen, the needle
can be raised by 0.1 mm after each 0.5 µL injection to prevent build up of
pressure by injecting the entire volume of solution in one site only. For other
areas within the CNS, such as the substantia nigra (which is comparatively small)
or the ventricles, this is either not expedient or not necessary.
When bilateral injection is to be done, it is very important to place the rat in
the stereotaxic frame in a very symmetrical way. This is necessary to avoid

128

8.

9.

10.

11.

12.

13.

14.

Hurtado-Lorenzo et al.
inclination of the head to one speciﬁc side. If the coordinates differ from one site
to another, the ﬂuorogold will not be injected in the same area of the striatum.
Any inequality can result in a very different distribution of the tracer at the level
of the substantia nigra when contralateral and ipsilateral sides are compared.
In order to optimize the duration of surgery when bilateral injections are needed,
ﬁrst adjust the coordinates for the contralateral site (left hemisphere) and make a
little mark in the skull using the drill or a marker pen, then determine the coordinates of the ipsilateral site (right hemisphere), drill a hole and make the
corresponding injection of ﬂuorogold. During the 5-min period when the needle is
left in place, drill the hole of the contralateral site using the mark previously
made.
As ﬂuorogold is light sensitive, it is advisable to store the working aliquot
in a microcentrifuge tube covered with aluminum foil. Also, while injecting
ﬂuorogold into the striatum, work in the minimal optimum light intensity, in
which the brain is still visible.
The original protocol of the 6-OHDA animal model of Parkinson’s disease using
ﬂuorogold, use a dose of 0.2 µL (40). Here, we use a lower dose of 0.02 µL
with the aim of labeling the same neurons that contain the retrograde-transported
Ad and/or therapeutic protein. This approach is useful if both secreted and
nonsecreted proteins are going to be tested. However, if the researcher wants
to study a larger subpopulation of dopaminergic neurons within the substantia
nigra, 0.2 µL of ﬂuorogold can be used instead.
Generally, this second incision is accompanied with a profuse bleeding. To
minimize the bleeding, add few drops of saline solution and apply pressure with
a sterile gauze on the adjacent connective tissue. In our experience, working with
the illuminator lights close to the skull also reduces the bleeding.
Make aliquots of 6-OHDA-HCL upon its arrival to the laboratory and store them
at –20°C. Owing to the fast oxidation of 6-OHDA-HCL once in solution, it must
be resuspended immediately before its injection in surgery. Always resuspend
the toxin in ascorbic acid which acts as an antioxidant agent. It is also a good
practice to keep the aliquots on ice during the surgery and to protect them with
aluminium foil. In order to obtain consistent and reproducible results using
this model of Parkinson’s disease, a fresh aliquot of 6-OHDA-HCL must be
used every 2 h.
If the conditions of the experimental design require in situ detection of proteins,
indirect immunoﬂuorescence reactions can be carried out in brain sections
labeled with ﬂuorogold. In contrast, if an immunohistochemistry technique is
used (e.g., DAB detection), the ﬂuorogold will be washed out.
Underﬁxing the brains can make subsequent sectioning very difﬁcult, whereas
overﬁxing can lead to the masking, or destruction of epitopes, to be detected by
immunohistochemical analysis, or nucleic acids for molecular analysis. Because
the paraformaldehyde leaches out from the ﬁxed brains into the PBS/azide, it
is advisable to change the storage solution at regular intervals if the brains are
to be kept at 4°C for long periods of time before processing. The duration of
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postﬁxing required will depend upon the quality of initial ﬁxation. If the brains
are to be frozen for cryostat sectioning, then inﬁltration with sucrose is required.
Sucrose inﬁltration is not required for vibratome sectioning.
Six wells will facilitate analysis of the brain using six different immunohistochemical markers, allowing a reconstruction of patterns of transgene expression
and inﬂammatory and immune cell inﬁltrates throughout the brain. If required,
the brain can be sectioned more thinly and collected into a greater number of
wells using a 12-well tissue culture plate. Each well should contain approx 10
sections to obtain a good representation of a large area of the striatum.
It should be possible to generate good quality intact vibratome sections as thin as
20–30 µm from properly ﬁxed material, using a high quality vibratome. Underﬁxed tissue will disintegrate during sectioning. Reﬁxing the brains for 2–3 h
in 4% paraformaldehyde will generally ameliorate the problem, however it is important not to overﬁx the material as this will compromise the quality of the subsequent processing by immunohistochemistry and PCR. Lesions within the brain
also tend to disintegrate during sectioning; in these cases it may be necessary to
cut thicker sections necessary to preserve the integrity of the lesioned area.
If the sections are to be stored for more than 1 wk, it is essential to add sodium
azide (to a ﬁnal concentration of 0.02%) to each of the wells to prevent microbial
growth. Sodium azide degrades spontaneously and needs to be replenished at
regular intervals (e.g., every couple of months). Caution! It is highly toxic and
can cause death if ingested or injected.
Often, it is recommended to block nonspeciﬁc binding using serum from the
species within which the secondary antibody was generated, e.g., if the secondary
antibody is rabbit antimouse, then the sections may be blocked with rabbit serum
instead of HS. We have found, however, that HS provides the best blocking
for a wide range of antibody combinations irrespective of the origin of the
secondary antibody.
Carefully monitor the development of the stain; the sections will become faintly
purple/black throughout. Speciﬁc staining of cells will sometimes be visible
only under the microscope, after mounting, dehydration, and coverslipping. To
avoid overdeveloping, stain only one or two vials at a time (the other sections
can be left in sodium acetate until required), but ensure that all sections stained
at different times are developed for the same length of time.
Caution: the staining solution is toxic and the DAB should be precipitated
and inactivated with bleach before discarding.
The sections can be stored at 4°C for several days before mounting on glass slides.
Centrifugation at 10,000g will allow separation of the aqueous and phenol⬊
chloroform⬊IAA phases without spinning down the high molecular weight
genomic DNA.
Remember to include negative controls. These should consist of a reaction
sample prepared without template DNA and a further sample prepared with
template DNA extracted from a noninfected brain. This latter sample should
be positive for β-actin, but negative for adenoviral genome. Where possible,
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a positive control for adenoviral genome should also be included (this can be
prepared with DNA extracted from cesium chloride-puriﬁed virus stock).
23. The serum samples can be heat-inactivated in advance and then stored at –20°C.
24. It is necessary to analyze at least 2 wells/dilution (duplicate), however, one
might want to increase the number of wells per dilution, and the volumes then
need to be adapted.
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7
Generation of Adenovirus Vectors Devoid
of All Viral Genes by Recombination
Between Inverted Repeats
Hartmut Stecher, Cheryl A. Carlson, Dmitry M. Shayakhmetov,
and André Lieber
1. Introduction
Adenovirus (Ad) vector-mediated gene transfer is useful in applications
where transient, high-level transgene expression is required. In contrast to
onco-retroviral vectors, Ad vectors efﬁciently infect nondividing cells. Most
recombinant Ad vectors currently used for in vitro and in vivo gene transfer are
usually deleted for the E1 and/or E3 region (ﬁrst-generation Ad vectors) and
are based on serotype 5 (Ad5). First-generation Ad vectors can be produced
and purified at high titers. Disadvantages of these gene transfer vehicles
include their episomal nature that only allows for short-term gene expression,
cytotoxicity from expressed viral proteins, and elicitation of immune responses.
In order to circumvent these problems, new recombinant Ad vectors devoid
of all viral genes have been developed (1). These “gutless” Ad (∆Ad) vectors
show signiﬁcantly less cytotoxic and immunogenic side effects.
Here, we provide the methodology for creating Ad vectors devoid of all viral
genes through directed homologous recombination (2).
1.1. Ad Structure and Genetics
The genome of Ad5 is a double-stranded linear DNA molecule, approx 36 kb
in length with an inverted terminal repeat (ITR) sequence of 102 bp on each
end. The genome is functionally divided into two major overlapping regions,
early (termed E) and late (termed L) (see Fig. 1). The proteins encoded within

From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ

135

136

Stecher et al.

Fig. 1. Schematic representation of the 36-kb Ad5 genome. The genome length is
given in map units with each map unit corresponding to 360 bp. E regions indicate early
Ad transcripts, whereas L regions mark transcripts encoded by the late regions.

the early regions E1A and E1B mediate viral replication by trans-activating
viral gene expression and deregulating the cell cycle (3). Although firstgeneration Ad vectors deleted for E1A and E1B are replication-deﬁcient in
normal cells in vivo (4,5) a number of cultured cells allow for viral DNA
replication after infection with high multiplicity of infections (MOIs) (6). Two
hundred ninety-three cells (human embryonic kidney cells) harboring the left
11% of the Ad 5 genome, are used for generation and ampliﬁcation of E1
deleted Ad vectors (7).
1.2. Ad Replication
Adenoviruses have a unique mechanism of DNA replication, involving
single-stranded replication intermediates. Ad DNA replication takes place in
two steps. In the ﬁrst step, DNA synthesis is initiated by preterminal protein
(pTP) that binds as a heterodimer with Ad polymerase to speciﬁc sites within
the ITRs. Replication begins on both ends of the linear genome resulting
in a displacement of the parental strand with the same polarity. The second
step involves replication of the displaced parental strand (8,9). This replication strategy, involving single-stranded replication intermediates, allows for
genomic rearrangements if repetitive homologous sequences (inverted repeats,
termed IRs) are inserted into the Ad vector genome (2).
1.3. Homologous Recombination
Repetitive sequences are a common feature of prokaryotic and eukaryotic
genomes. IRs are associated with DNA recombination processes (10–12). The
replication of a ﬁrst-generation Ad vector containing IRs ﬂanking a transgene
cassette inserted into the E1-deleted region, results in the formation of a small
viral genome that is devoid of all Ad genes (termed ∆Ad.IR, see Fig. 2) (2).
These genomes contain only the transgene cassette ﬂanked on both sides
by precisely duplicated IRs, Ad packaging signals, and Ad ITRs. Particles
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containing this small genome are efﬁciently formed and packaged. All functions
for ∆Ad.IR replication and packaging are provided by the full-length genome
(termed FL-Ad.IR) that is ampliﬁed in the same cell. The efﬁcient formation
of ∆Ad.IR genomes requires Ad DNA replication and involves recombination
between the homologous inverted sequences. This genomic rearrangement
process could involve a Holliday structure whose formation and stabilization
could be supported by the Ad DNA binding protein, which is known to enhance
intermolecular interactions (13). The Holliday structure could be resolved by
classical isomerization mediated by cellular recombination enzymes (14,15;
see Fig. 2). However, other mechanisms for the formation of ∆Ad.IR genomes
cannot be excluded.
1.4. Advantages Over First-Generation
and Helper Dependent Vectors
First-generation Ad vectors that are deleted for the E1 and/or E3 regions,
are widely used for gene therapy applications. Because all other viral proteins
can be still expressed, toxicity is caused within transduced cells. Some of these
proteins have pro-apoptotic activity or induce cell cycle arrest (16,17). The
possible development of immune responses to these viral proteins also results
in toxicity and viral clearance. ∆Ad.IR does not express any viral proteins,
thus showing no cytotoxic side effects.
High-capacity, or “gutless” Ad vectors from which almost the entire Ad
genome has been deleted have been shown to mediate stable transgene expression in mouse liver without associated toxicity (18). However, the generation
and ampliﬁcation of these vectors is labor-intensive and requires several serial
passages in the presence of helper virus. In contrast, production of ∆Ad.IR is
more straightforward and involves only one round of large-scale infection.
1.5. Disadvantages of ∆Ad.IR
∆Ad.IR vectors are produced at a lower yield than FL-Ad.IR. The ratio of
FL-Ad.IR to ∆Ad.IR particles is 5⬊1 to 10⬊1 after the ﬁrst CsCl centrifugation,
because the packaging of the small genomes is 2.5- to 5-fold less efﬁcient than
that of full-length genomes. Although ∆Ad.IR virions are clearly separated
from FL-Ad.IR particles based on their lighter buoyant density, technical
problems in the puriﬁcation process might yield ∆Ad.IR vectors that are
contaminated with up to 0.1% of ﬁrst-generation virus. Separation of ∆Ad.IR
particles from empty/defective particles is complicated if the length of the
∆Ad.IR genome is less than 5 kb.
The transduction efﬁciency of ∆Ad.IR vectors seems to be cell-line dependent. For example, although human liver endothelial cells (SKHep1) were
transduced with ∆Ad.IR vectors at an efﬁciency comparable to ﬁrst-generation
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vectors, the transduction efﬁciency of human leukemic cells (Mo7e cells) (19)
with a ∆Ad.IR vector is about 100 times less efﬁcient than infection with a
full-length vector (20). We can exclude that this is caused by a less efﬁcient
attachment to cells (Shayakhmetov, unpublished observation). We speculate
that intracellular trafﬁcking of ∆Ad.IR particles or the stability of ∆Ad viral
genomes in nuclei of transduced cells is different from that of ﬁrst-generation
vectors. However, because cells transduced with ∆Ad.IR do not express
cytotoxic viral proteins, these vectors can be applied at very high MOIs to
increase the transduction rate without the associated cytotoxicity seen with
ﬁrst-generation Ad vectors.
Transgene expression from ∆Ad.IR vectors is only transient due to the
instability of deleted genomes within transduced cells (2).
1.6. Potential Applications of ∆Ad.IR Vectors
The potential for highly efﬁcient gene transfer, together with the fact that
the ∆Ad.IR vector genomes lack viral genes, make ∆Ad.IR vectors important
practically. For example, transient transgene expression would be sufﬁcient
for a variety of cell biology or cell cycle studies, which require efﬁcient gene
transfer and the absence of side effects associated with the expression of
adenoviral proteins. For instance, transient expression from ∆Ad.IR vectors
in bone marrow derived stem cells could be employed to express cytokines,
cytokine receptors, or transcription factors to manipulate stem cell self-renewal
or differentiation during ex vivo expansion for bone marrow transplantation. We
have recently used an ∆Ad.IR vector for transient expression of the ecotropic
retrovirus receptor (ecoR) in human hematopoietic progenitor cells (20).
Expression of ecoR conferred susceptibility to subsequent retroviral infection.
The absence of viral genes in the ∆Ad.IR vector allowed for infection without
associated toxicity and expansion of sequentially transduced cells. In contrast,
transduction with a capsid-modiﬁed, ﬁrst-generation (E1/E3-deleted) Ad vector
Fig. 2. (see opposite page) Schematic representation of the formation of Ad
vectors devoid of all viral genes that contain a transgene expression cassette. (A)
The homologous elements (inverted repeats, IR) are provided by one parental vector
(FL-Ad.IR). The transgene cassette is inserted into the E1 region of an E1/E3 deleted
Ad5. During viral DNA replication in 293 cells a hypothetical mechanism involving
homologous recombination leads to the formation of ∆Ad.IR genomes. These genomes
include Ad packaging signals (ψ) that mediate the packaging of these genomes
into functional adenoviral capsids originated by the full-length genomes. (B) The
homologous elements are provided by two parental vectors. Recombination between
the two parental vectors at the IRs forms the deleted progeny vector, similar to (A).
(ITR: inverse terminal repeat; E1–E4: early regions.)
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used to provide ecoR expression resulted in cytotoxicity and loss of transgene
expressing cells over time.
Furthermore, we utilized AAV elements in combination with the ∆Ad.IR
vectors to mediate transgene integration as a means of vector stabilization
allowing for stable transgene expression (21) (see Subheading 5.1.).
2. Materials
2.1. Cloning
1. Ad shuttle plasmids p∆E1sp1 (22), pJM17 (23), or pBHG10/11 (22), all available
from Microbix, Toronto, Canada.
2. pHM3 and pAdHM4 (24), both available from Clontech, Palo Alto, CA.
3. QIAGEN Plasmid Maxi kit (QIAGEN, Valencia, CA).
4. Standard cloning reagents and equipment.

2.2. Cell Culture
1. 293 cells (Microbix, Toronto, Ontario, Canada). Cells are split at a ratio of 1/6
every 3–4 d with Trypsin-EDTA. Cells for transfection should be low passage
(<p40). Cells for early stage virus ampliﬁcation (ampliﬁcation steps 1–3) should
be <p45. Cells for large scale virus ampliﬁcation can be high passage (>p45).
2. Growth medium for 293 cells: Dulbecco’s modiﬁed Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
penicillin G, 100 µg/mL streptomycin sulfate, and nonessential amino acids
(GIBCO, Grand Island, NY).
3. 293 cells for transfection: Low passage cells (<p40) at 95% conﬂuency in 10-cm
diameter tissue culture dishes.
4. Overlay media for virus production after transfection: 2X minimum essential
medium (supplemented with 25% FBS, 4 mM L-glutamine, 200 U/mL penicillin
G, 200 µg/mL streptomycin sulfate. This medium is prewarmed to 37°C and
supplemented with an equal volume of 1% UltraPURE agarose at 45°C (GIBCO).
5. 293 cells for ampliﬁcation step 1 after harvesting of virus plaques: 20,000
low passage cells (<p45) per well in 24-well culture plates (Costar®, Corning
Inc., NY).
6. 293 cells for ampliﬁcation step 2: 200,000 low passage cells (<p45) per well in
12-well culture plates (Costar®).
7. 293 cells for ampliﬁcation step 3: 2 × 106 low passage cells (<p45) per 6-cm
diameter tissue culture dish.
8. 293 cells for ampliﬁcation steps 4–6: 95% conﬂuent dishes (10-cm and 15-cm
diameter) with high passage cells (>p50).

2.3. Generation of Recombinant Virus: Calcium
Phosphate Co-Precipitation
1. 10-µg viral shuttle plasmid (CsCl-puriﬁed preparation), linearized by digestion
in a 40-µL reaction volume (see Subheading 3.1.).
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2. CaCl2 (2.5 M), ﬁlter sterilized and stored at –20°C.
3. 2X HEPES-buffered saline (HBS): 274 mM NaCl, 9.9 mM KCl, 2.8 mM
Na2HPO4, and 42.0 mM N-2-Hydroxyethyl-piperazine-N′-2-ethanesulfonic
acid (HEPES), adjusted to a pH of 6.7 with NaOH. Filter sterilized and stored
at 4°C.

2.4. Isolation and Puriﬁcation of Recombinant Virus
1. Phosphate-buffered saline (PBS, GIBCO).
2. DNase I (Boehringer Mannheim, Germany) in H2O, 10 mg/mL, stored in aliquots
at –20°C.
3. RNase A (Roche Diagnostics GmbH, Mannheim, Germany) in H2O, 10 mg/mL,
stored in aliquots at –20°C.
4. Pronase stock: 5 mg/mL pronase (Roche, Indianapolis, IN) in 10 mM Tris-HCl
(pH 7.5). Incubate at 56°C for 15 min followed by 37°C for 1 h. Store in aliquots
at –20°C.
5. Pronase buffer: 10 mM Tris-HCl (pH 7.4), 10 mM ethylenediaminetetraacetic
acid (EDTA) (pH 8.0), and 1% sodium dodecyl sulfate (SDS). Store at room
temperature.
6. TE pH 8.0: 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA (pH 8.0). Store at room
temperature.
7. Phenol⬊Chloroform⬊Isoamyl Alcohol (25⬊24⬊1, v/v), (GIBCO).
8. Glycogen, 20 mg/mL (Boehringer Mannheim).
9. Dialysis buffer: 10 mM Tris-HCl (pH 7.5), 10% glycerol, and 10 mM MgCl2.
Store at 4°C.
10. 3 M Sodium acetate (NaOAc), pH 5.3, store at room temperature.
11. MgCl2 in H2O, 2 mM, ﬁlter sterilized and stored at 4°C.
12. CsCl solutions: 1.32 g/mL and 1.25 g/mL, ﬁlter sterilized and stored at 4°C.
13. Polypropylene Conical Tubes, sizes 15 mL and 50 mL (Falcon, Becton Dickinson).
14. Polypropylene Round-Bottom Tubes, sizes 5 mL and 14 mL (Falcon).
15. Ultra-Clear centrifuge tubes 14 × 89 mm (Beckman, Palo Alto, CA).
16. Clinical centrifuge for low-speed centrifugation.
17. Ultracentrifuge capable of 150,000g with SW 41 Titanium rotor (Beckman,
Palo Alto, CA).
18. Liquid nitrogen in thermos box and water bath at 37°C for freezing/thawing
of virus.

3. Methods
3.1. Cloning
Two principle methods can be employed in order to create FL-Ad.IR vectors
(see Note 1).
3.1.1. Cotransfection and Recombination in 293 Cells (see Fig. 3A)
1. Insert the desired combination of homologous regions, transgene, and regulatory
elements into p∆E1sp1A/B employing standard molecular biology techniques.
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Fig. 3. (A) Generation of full-length Ad vectors using p∆E1sp1A/B as the left-hand
shuttle plasmid for recombination in 293 cells with pJM17 or pBHG10/11 as the
right-hand shuttle plasmid. The plasmid p∆E1sp1A (p∆E1sp1B is the same except the
multicloning sites (MCS) is in the reverse orientation) can be used to construct Ad 5
vectors with inserts in the early region E1. (IR: Inverted repeat; ITR: inverse terminal
repeat; ψ: packaging signal).

The formation of ∆Ad.IR genomes does not depend on the sequence within or
adjacent to the inverted homology elements. We have successfully employed a
variety of sequences between 500 and 3000 bp long.
2. Cotransfect 10 µg of this linearized left-end shuttle plasmid together with 14 µg
right-end shuttle plasmid (pJM17 or pBHG10/11) into 293 cells as described
later.

3.1.2. Direct Cloning into the Ad Genome (see Fig. 3B)
1. Insert the desired combination of homologous regions, transgene, and regulatory
elements into pHM3 employing standard molecular biology techniques.
2. Clone the I-CeuI/Pi-SciI fragment of pHM3, containing the transgene cassette,
into the corresponding sites of pAdHM4.
3. Transfect 10 µg of this linearized Ad genome into 293 cells as described later.
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Fig. 3. (B) Cloning of full-length Ad vectors using direct ligation into the Ad
genome. The desired expression cassette, ﬂanked by two inverted repeats (IR), is
inserted into the MCS of pHM3. The PI-Sce I/I-Ceu I fragment of the resulting plasmid
is directly cloned into the E1 -region of the adenoviral plasmid pAdHM4 (ITR: inverse
terminal repeat).

3.2. Transfection
A modiﬁcation of the standard calcium phosphate co-precipitation method
is used for transfection (25).
1. Replace the medium in a 10-cm dish with 95% conﬂuent low passage 293 cells
(<p40) with 10 mL of fresh medium 3 h prior to transfection.
2. Linearize 10 µg of CsCl-puriﬁed left end shuttle plasmid (see Method 3.1.1.)
within the plasmid backbone with an appropriate restriction enzyme or 10 µg of
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CsCl-puriﬁed shuttle plasmid (see Method 3.1.2.) with PacI in a total volume of
40 µL at 37°C for 4 h (see Note 2).
3. Heat-inactivate the digestion mixture for 20 min.
4. Method 3.1.1.: Mix 10 µg of the linearized left-end shuttle plasmid with 14 µg of
the right-end shuttle plasmid and add H2O (ﬁlter sterilized) to a ﬁnal volume of
450 µL. Method 3.1.2.: Mix 10 µg of the linear shuttle plasmid with H2O (ﬁlter
sterilized) to a ﬁnal volume of 450 µL.
For both methods continue as described below.
5. Add 50 µL of 2.5 M CaCl2.
6. Add 500 µL of 2X HBS dropwise while vortexing.
7. Incubate at room temperature for not longer than 2 min (solution should appear
slightly turbid).
8. Add the precipitate dropwise to the 95% conﬂuent low passage 293 cells (<p40)
in the 10-cm dish.
9. Replace the medium 6 h after transfection with 10-mL fresh and prewarmed
medium.

3.3. Overlay with Agarose-Containing Medium
1. Overlay the transfected 293 cells carefully with 15 mL overlay medium 24 h
posttransfection (see Note 3).
2. Overlay the cells again with 10 mL 4 d after the ﬁrst overlay was done.
3. Overlay the cells a third time with 10 mL 3 d after the second overlay was done.
4. Wait until plaques appear, which usually happens between 7–21 d after transfection.

3.3. Viral Ampliﬁcation (see Scheme 1)
In general, 10 plaques should be analyzed per virus to be generated:
1. Mark plaques (if possible, check for marker gene expression, i.e., GFP) on the
bottom of the 10-cm dish before picking plaques.
2. Pick plaques by sucking up agarose and cell layer above the marked regions with
pipet tips. Cut the bottom of the pipet tips so that the diameter of the tip is close
to the diameter of the marked plaque region.
3. Transfer the agarose/cell plaque mixture to 1 mL medium in a 5-mL polypropylene tube.
4. Freeze the cells by placing the polypropylene tubes in a bath of liquid nitrogen.
5. Thaw the cells by placing the polypropylene tubes in a water bath of 37°C.
6. Repeat the freezing/thawing cycle three times in order to lyse the cells and
release the virus.
7. Add the cell lysate to 2 × 104 293 cells (low passage, <p45, seeded 12 h prior in
a 24-well plate) after the medium has been removed.
8. Incubate until cytopathic effect (CPE) appears (usually 2–5 d).
9. Collect medium with cells and freeze/thaw four times as described earlier.
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10. Add the cell lysate together with 0.5 mL fresh medium to 2 × 105 293 cells (low
passage, <p45, seeded 12 h prior in a 12-well plate).
11. Incubate again until CPE appears and amplify the virus in another round of
freezing/thawing and infection of 2 × 106 293 cells (low passage, <p45, seeded
12 h prior in 6-cm dishes). Add the cell lysate together with 1 mL fresh medium
to the cells.
12. After the development of CPE, 1 mL of the cells/medium is used for DNA
analysis (see Subheading 3.5.1.). After the correct genomic structure is veriﬁed
by restriction analysis, the rest of a correct sample (in the meantime frozen at
–80°C) is used for further viral ampliﬁcation.
13. Freeze/thaw the selected sample four times and use the lysate for infection of a
95% conﬂuent 6-cm dish of high passage 293 cells (>p50) in a total volume of
6 mL medium. Wait for CPE development and freeze/thaw as described earlier.
14. For the next ampliﬁcation step, use the lysate from step 13 for infection of two
95% conﬂuent 10-cm dishes of high passage 293 cells (>p50) in a total volume
of 10 mL medium for each dish. Wait for CPE development and freeze/thaw
as described earlier.
15. For the next ampliﬁcation step, combine the lysates from step 14 for infection
of four 95% conﬂuent 15-cm dishes of high passage 293 cells (>p50) in a
total volume of 15 mL medium for each dish. Wait for CPE development and
freeze/thaw as described earlier.
16. Centrifuge the lysate for 5 min at 500g.
17. For the last ampliﬁcation step, use three-fourths of the combined lysates from
step 16 to infect 30 95% conﬂuent 15-cm dishes of high passage 293 cells (>p50)
in a total volume of 15 mL medium for each dish. Store the rest of the lysate
for future ampliﬁcation at –80°C.
18. Remove the media 20 h after infection and replace with 15 mL fresh and
prewarmed medium for each dish (see Note 4). Wait for CPE-development
(usually 24 to 30 h after medium was changed).
19. Collect the media with cells in 10 50-mL tubes and centrifuge for 10 min at
500g.
20. Discard the supernatant and resuspend each pellet in 2 mL PBS. Combine two
resuspended pellets in one 14-mL polypropylene tube. And add MgCl2 to a ﬁnal
concentration of 10 mM.
21. Freeze/thaw four times as described earlier.
22. Centrifuge the lysate for 10 min at 1000g.
23. Add 150 µL RNase A and 300 µL DNase I to the supernatants to reach a ﬁnal
volume of 5.0 mL in each tube. If necessary add PBS to reach the ﬁnal volume
of 5.0 mL.
24. Incubate for 30 min at 37°C.

3.4. Viral Puriﬁcation
1. Form a CsCl step gradient by layering 3.5 mL 1.25 g/mL CsCl on top of 3.5 mL
1.32g/mL CsCl in an ultraclear centrifuge tube (see Note 5).
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Scheme 1. Schematic representation for the ampliﬁcation of ∆Ad.IR and Ad.IR starting from a viral
plaque.
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2. Layer 5 mL of the lysate from step 24 (see Subheading 3.3.) on top of the CsCl
gradient and ultracentrifuge for 4 h at 210,000g (for a radial distance of 158 mm,
that equals 35,000 rpm with a SW41 rotor) and 14°C.
3. Collect the bands containing the deleted virus (∆Ad.IR) and (optional) the fulllength virus (Ad.IR; see Fig. 4) from each of the ﬁve tubes. Combine the bands
containing ∆Ad.IR and mix them with 1.32 g/mL CsCl up to a total volume of
12 mL. (Optional: combine the bands containing the full-length virus (Ad.IR)
and mix them with 1.35 g/mL CsCl up to a total volume of 12 mL).
4. Ultracentrifuge the ∆Ad.IR (optional: full-length virus) in the equilibrium
gradient of 1.32 g/mL CsCl for 22 h at 210,000g (for a radial distance of 158 mm,
that equals 35,000 rpm with a SW41 rotor) and 14°C.
5. Collect the viral band again and dialyze against 1 L dialysis buffer at 4°C in the
dark. Replace the dialysis buffer after 6 h and proceed for another 12 h.
6. Store the virus in aliquots at –80°C (see Note 6).
7. Analyze the viral DNA according to Subheading 3.5.1.

3.5. Characterization
3.5.1. DNA Analysis
1. Centrifuge the cells from step 12 (see Subheading 3.3.) at 10,000g for 2 min,
and discard all but 200 µL of the supernatant. Alternatively, start with a volume
of 100 µL dialyzed virus plus 100 µL of serum-free medium.
2. Add cells or virus to the same volume of pronase solution (200 µL pronase stock
diluted 1⬊5 in pronase buffer to a ﬁnal concentration of 0.5 mg/mL).
3. Incubate for at least 3 h at 37°C.
4. Extract the sample with an equal volume of phenol⬊chloroform⬊isoamyl alcohol
and discard the organic phase.
5. Extract the aqueous phase with the same volume of chloroform to remove traces
of phenol.
6. Add 1/10 volume sodium acetate (NaOAc, 3 M, pH 5.3) and 3 vol ethanol and
precipitate DNA at –80°C for >20 min.
7. Centrifuge the precipitate at 10,000g for 10 min at 4°C.
8. Wash the DNA pellet with 0.5 mL 70% ethanol, remove ethanol, and air-dry
the pellet for about 5 min.
9. Dissolve the pellet in 50 µL TE and analyze 10 µL with an appropriate restriction
enzyme (i.e., Hind III).

3.5.2. Titer

The standard way to titer ∆Ad.IR vectors is by a quantitative Southern blot
to determine the number of genomes/mL:
1. Run 10 µL, 5 µL, 2.5 µL, and 1.25 µL of extracted DNA (see Subheading 3.5.1.)
on an agarose gel against a standard DNA curve from 1 to 15 ng.
2. Perform a Southern blot, hybridize with the appropriate probe, and quantify by
using standard phosphorimaging techniques.
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Fig. 4. Puriﬁcation of particles containing packaged ∆Ad.IR genomes after large
scale ampliﬁcation in 293 cells (A) Separation of ∆Ad.IR and Ad.IR by ultracentrifugation in a step CsCl gradient. Band 1 represents empty and defective viral particles.
Band 2 contains ∆Ad.IR particles and band 3 contains full-length adenoviral particles.
(B) Undigested viral DNA from puriﬁed particles was analyzed in a 0.8% agarose gel.
Lane 2 shows DNA isolated from 20 µL of banded ∆Ad.IR (“deleted genome”), lane 3
shows DNA isolated from 5 µL of banded Ad.IR (“full length genome”).
3. Calculate the genome number by comparison with the standard curve applying
Avogadro’s number. Correct for the loss during DNA extraction, which is
estimated to be about 15%. (Avogadro’s number: 6.022 × 1023; average molecular
weight of one DNA basepair: 6.50 × 1011 ng).

3.5.3. Contamination of ∆Ad.IR with Full-Length Virus

In order to assess the contamination rate with full-length virus, plaques from
overlaid low passage 293 cells infected with different dilutions of virus should
be counted. The amount of plaques represents the amount of contamination
with full-length virus since ∆Ad.IR is unable to form plaques.
1. Prepare virus dilutions in the range of 10–5 to 10–10.
2. Infect low passage 293 cells (<p45) in 95% conﬂuent 6 well plates in duplicate
for each virus solution. Remove the old medium and replace with 1 mL of
prewarmed virus dilution medium.
3. Incubate for 24 h at 37°C, 5% CO2.
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4. Overlay the cells as described in Subheading 3.3., steps 1–3). Use 3 mL for the
ﬁrst overlay, and 1 mL each for the second and third overlay.
5. Count plaques 10 d and 14 d postinfection.

3.6. Future Directions
3.6.1. Integrating ∆Ad.AAV Hybrid Vectors

The properties of ∆Ad.IR vectors can be changed by adding elements from
other viruses or bacteria. For example, the addition of adeno-associated viral
ITRs (AAV ITRs) as homologous elements forms an integrating ∆Ad.IR
vector (21). This hybrid ∆Ad.AAV vector stably transduced cultured cells with
efﬁciencies comparable to rAAV. Because cells transduced with ∆Ad.AAV did
not express cytotoxic viral proteins, hybrid viruses could be applied at very
high MOIs to increase transduction rates.
3.6.2. Capsid Modiﬁcation

Recent studies have shown that adenovirus serotype 35 emerged as a variant
with a higher tropism for CD34+ hematopoietic stem cells. Chimeric vectors,
containing the short-shafted Ad35 ﬁber incorporated into an Ad5 capsid, for
example, possess the same transduction properties as Ad35 (27). In order to
increase the transduction efﬁciency of a variety of cell types and to decrease
toxic side effects at the same time, ∆Ad.IR genomes in chimeric capsids can
be produced (20).
4. Notes
1. The size of the transgene cassette is limited to 8 kb (for E1/E3-deleted vectors
based on pBHG10) or approx 5.5 kb (for pJM17-based vectors). For example, by
using the 1.2 kb HS-4 insulators of the β-chicken globin locus (26) as homology
elements, expression cassettes up to 5.6 kb can be used. By decreasing the
homology regions to 500 bp and using two parental vectors, the capacity can be
increased to 15 kb. Notably, decreasing the length of homology regions decreases
the yield of ∆Ad.IR production. Depending on the length of the homology region,
we have observed yields from approx 50 packaged ∆Ad.IR genomes per cell (two
parental vectors with 500 bp of homology (1 × 104 genomes per mL in puriﬁed
∆Ad.IR preparations) to approx 1 × 104 ∆Ad.IR genomes produced per cell
(approx 2 × 1013 genomes per mL). The contamination of ∆Ad.IR preparations
with full-length virus is generally less than 0.01%.
2. For transfection, it is not necessary to linearize the plasmid, but viral plaques
appear earlier and at a higher yield than with circular plasmids.
3. To overlay transfected 293 cells, the temperature of the overlay medium should be
only 5–10°C higher than the gelling temperature of agarose to avoid cell damage.
4. For the last ampliﬁcation step, it is not necessary to replace the medium with 15 mL
fresh medium after 20 h (see Subheading 3.3., step 18), although this step helps
to boost viral replication and improves the yield of deleted virus.
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5. Depending on the size of the expected deleted virus, the CsCl gradient might
have to be modiﬁed. The gradient described here is suitable for a transgene
cassette of approx 7–11 kb in size.
6. Multiple passaging of the original virus stock should be avoided because Ad.IR
vectors can become rearranged and/or deleted.
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8
Packaging Cell Lines for Generating ReplicationDefective and Gutted Adenoviral Vectors
Jeffrey S. Chamberlain, Catherine Barjot, and Jeannine Scott
1. Introduction
Gene transfer using adenovirus (Ad) can be a highly efﬁcient method for
transducing cells and tissues. Wild-type Ad has a 36-kb double-stranded linear
genome that encodes numerous overlapping open reading frames (1). Because
wild-type Ad is infectious to humans, vectors used in the laboratory generally
contain a deletion of one or more genes to limit their growth and replication on
nonpermissive cells. One drawback to Ad vectors is that infection of a target
cell results in transfer not only of the desired transgene of interest, but also
of the Ad genes. Expression of these other genes can be toxic, or in vivo, can
elicit a potent host-immune response against transduced cells. Consequently,
methods have been developed by many labs to engineer Ad vectors that display
greatly reduced expression of viral genes except in speciﬁcally generated
packaging cell lines designed for propagation of the vectors. In general, two
types of alterations are made to the Ad genome. In the ﬁrst, individual genes,
or combinations thereof, are deleted from the Ad genome and placed into a
packaging cell line under control of a constitutive or inducible promoter. In
the second method, all viral genes are removed from the Ad vector, and vector
growth is regulated by coinfection with a helper virus. The fully deleted, or
gutted, Ad vectors must then be puriﬁed away from helper virus prior to use.
Both of these strategies can also be combined, whereby one uses a multiply
deleted Ad vector in a specialized complementing cell line as a helper virus to
grow gutted vectors. This chapter will discuss methods to modify Ad packaging
cell lines, test their ability to complement deleted Ad vectors, and provide an
overview of their use in growing gutted Ad vectors.
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ

153

154

Chamberlain, Barjot, and Scott

1.1. Ad Packaging Cell Lines
The most commonly used Ad packaging cell lines are 293 cells or their
derivatives. Frank Graham isolated the 293 cell line following transfection of
human embryonic kidney cells with fragments of the Ad genome (2). The utility
of these cells is that they express gene products of the Ad early region 1 (E1a and
b), which are required for expression of most other early region genes (E2–E4)
and subsequent Ad replication. Because replication is required for activation of
the Ad major late promoter, E1-deleted vectors express very low levels of viral
proteins in vivo. Unfortunately, even these low levels can elicit a potent immune
response in host animals, which has presented an enormous obstacle to the use
of E1-deleted Ad vectors in gene therapy protocols. As a result, additional
gene deletions have been engineered to render the Ad genome replicationdefective, such as removal of portions of the E2 region. Our lab has generated
Ad vectors deleted for two E2b genes, encoding the Ad DNA polymerase and
the preterminal protein (pTP). Either of these deletions renders the Ad vector
replication defective and is associated with a several log decrease in viral protein
expression compared with E1-deleted vectors. We have described the isolation
of a 293-based packaging cell line that expresses POL and pTP that we named
C7 (3). These cells allow growth and puriﬁcation of E1, and E2b-deleted Ad
vectors, and are particularly useful for growing gutted Ad vectors.
1.2. Gutted Ad Vectors
Gutted adenovirus vectors lack all viral genes but retain the inverted terminal
repeats and the packaging signal [the only cis-acting elements required for
replication and packaging of the viral genome; (4,5)]. Gutted vectors are
prepared as plasmids, and are grown in the presence of a conventional Ad
vector, which supplies all the required viral proteins for replication and
packaging in trans. As a result, propagation of a gutted Ad vector results in
production of both the gutted and helper virus, so methods must be available to
enable puriﬁcation of gutted vectors with minimal quantities of contaminating
helper virus. Because methods are not yet available to eliminate 100% of the
helper, it can be beneﬁcial to use a multiply deleted Ad vector as helper.
2. Materials
1.
2.
3.
4.

Low-passage 293 cells (Microbix Biosystem, Toronto, Canada).
pFG140 (Microbix Biosystem, Toronto, Canada).
Tissue culture plates (24 well, 60 mm, 100 mm, and 150 mm).
DMEM+FBS: Dulbecco’s modiﬁed Eagle’s medium (DMEM plus glutamine)
supplemented with 10% fetal bovine serum (FBS) and 100 µg/mL each penicillin
G and streptomycin (all from Gibco/BRL, Rockville, MD).
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5. DMEM plus 2% FBS.
6. 2X DMEM media (DMEM plus glutamine [without phenol red] plus 4% FBS
and 25 mM MgCl2).
7. Hygromycin (Gibco/BRL).
8. G418 (Gibco/BRL).
9. Hirt lysis buffer [0.6% sodium dodecyl sulfate (SDS), 10 mM ethylenediaminetetraacetic acid (EDTA)].
10. Pronase (5 mg/mL).
11. RNase A (10 mg/mL).
12. DNase I (10 mg/mL).
13. CaCl2, 2 M.
14. Chloroquine, 100 mM.
15. CsCl solutions, 1.3 and 1.4 g/mL.
16. TE: 10 mM Tris-HCl, 1 mM EDTA, adjust final pH to desired level with
1 M HCl.
17. HBS (HEPES-buffered saline): 20 mM HEPES, 150 mM NaCl, pH 7.4. Filter
sterilize through a 0.4-µM ﬁlter.
18. 20 mM HEPES, pH 7.4.
19. 20 mM HEPES, pH 7.4, 5.0% sucrose.
20. 15% glycerol in 1X HBS.
21. 1.6% noble agar in H2O.
22. Neutral red.

3. Methods
3.1. Generation of Modiﬁed Adenoviral Packaging Cell Lines
For the purposes of these examples, we discuss generating and using cell
lines derived from human 293 cells. However, other cell lines have been
described by many authors that could be used instead. Because 293 cells
express the adenoviral type 5 early region 1 (E1A and B) genes, they support
growth of vectors deleted for the E1 region. Generation and growth of Ad
vectors that contain deletions of other essential genes, such as the E2B genes,
requires that these gene products be introduced into 293 cells, and that a stable
cell line be selected and tested for the ability to support growth of the defective
virus. For this purpose, one must prepare an expression plasmid that contains
the gene (or cDNA) to be introduced into the cells, together with appropriate
gene regulatory elements and a selectable marker gene, such as for resistance
to hygromycin or G418. Another common modiﬁcation for packaging cell lines
is the introduction of a DNA modifying enzyme, such as cre recombinase, to
facilitate growth and puriﬁcation of gutted Ad vectors. In this Subheading, we
describe general methods to isolate, test, and use modiﬁed 293 cells using a
plasmid containing a neomycin gene.
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1. Low-passage 293 are plated onto 100-mm tissue culture dishes at a density of
approx 3 × 106 cells/dish in 10 mL DMEM+FBS. Grow the cells overnight to
a conﬂuency of 80%. See Note 1.
2. Linearize the expression plasmid with a restriction endonuclease so as not to
disrupt any critical genes.
3. Dilute 10 µg digested plasmid to 220 µL of 0.1X TE, pH 8.0.
4. Add 250 µL of 2X HBS. Mix gently by pipeting with a truncated tip. See Note 2.
5. Slowly add 31 µL of 2 M CaCl2, mixing slowly and continuously. Let sit for
20 min at room temperature.
6. Add the DNA drop by drop to the cell culture. Gently rock the plate.
7. Add 5.5 µL of 100 mM chloroquine and mix gently. Incubate at 37°C for
4.5 h in a tissue culture incubator.
8. Aspirate the medium from the cells then layer 1.5 mL of 15% glycerol in 1X
HBS onto the plates. After 40 s, remove the HBS plus glycerol, rinse the plates
with 10 mL DMEM, then re-feed with fresh DMEM+FBS. Incubate 8–24 h at
37°C in a tissue culture incubator.
9. Replace the media with DMEM+FBS plus 1 mg/mL G418 and refeed the cells
every 2–3 d with fresh DMEM+FBS plus 1 mg/mL G418. Isolated clones should
be visible after 12–15 d.
10. When clones have grown to a size of about 64 cells, they are individually
isolated and replated into 24 well plates in DMEM+FBS plus 1 mg/mL G418.
See Note 3.
11. Expand the cells to 70–80% conﬂuency and then passage onto a 60-mm dish.
Continue expansion until at least 1 × 106 cells are available, at which time they
can be passaged and frozen in aliquots of 1–2 × 106 cells/mL. One aliquot is
replated onto a new dish for further expansion and testing (see protocols in
Subheading 3.2. for examples of testing such cell lines).
12. After testing and selection of the clones, one or more are expanded for routine
use by growth in DMEM+FBS plus 1 mg/ml G418. See Note 4.

3.2. Growth of Adenoviral Vectors on C7-cre Cells
The previous section described a general method to modify 293 cells. In the
example provided, a single vector was transfected into the cells. More than one
plasmid can be used at a time. In addition, one can also sequentially transfer
genes into a cell line as long as different selectable markers are used each
time. One of the most useful modiﬁcations of 293 cells made in our lab was
to generate the C7-cre cell line that expresses the Ad DNA polymerase (POL),
Ad pTP, and cre-recombinase genes. This line was ﬁrst made by transfecting
293 cells with expression vectors for POL and pTP followed by selection
with hygromycin (6). Subsequently, the C7 cells were transfected with a
cre recombinase vector and selected with G418 (Barjot et al., manuscript in
preparation). In both cases, subclones of the selected cells were tested using
a variety of methods. In this Subheading, we provide an example of testing
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individual clones of C7-cre cells. These tests are useful not only for initial
screening of transfected cells, but also for retesting subcloned cells after many
passages to isolate a vigorous clone.
3.2.1. Efﬁciency of Converting Plasmid Vectors
into Replicating Viruses on C7 Cells

In this assay, a plasmid version of an E1- Ad vector, e.g., pFG140 (7) is used to
transfect C7-cre cells. The plasmid pFG140 will convert to a replicating and packagable adenovirus after transfection into 293 cells. Conversion of plasmid vectors
into replicating Ad virus has been shown to be greatly facilitated by expression
of POL and pTP (5). This assay compares this efﬁciency to identify optimal
subclones of C7 cells. Note that the identical assay can also be used to test for
the ability of any packaging cell line to support growth of any Ad vector. Thus,
this same assay can be used to test the ability of an Ad vector deleted for the
replication gene POL in C7 cells, which express the Ad POL gene (8,9).
1. Plate individual C7 or C7-cre cell subclones into 60-mm dishes at a density of
approx 1 × 106 cells/dish in 5 mL DMEM+FBS. Grow the cells overnight to a
conﬂuency of 80%. See Note 1.
2. Dilute 2 µg supercoiled plasmid pFG140 to 220 µL of 0.1X TE, pH 8.0.
3. Transfect the cells as described in Subheading 3.1., steps 4–8.
4. On the day after transfection (day 2) the plates are overlayed with agar: Melt
100 mL of 1.6% agar in a microwave oven, then cool in a 65°C water bath. Mix
with an equal volume of 2X DMEM prewarmed to 37°C, store at 42°C (this is
the agar overlay media).
5. Aspirate medium from transfected cells, overlay gently with 5 mL agar using a
pipet. Allow plates to remain in the tissue culture hood with the lids ajar until
solidiﬁed. Place in 37°C incubator.
6. Feed plates with 5 mL agar overlay media at day 5, then stain on day 8–12 with
5 mL agar overlay media containing 33 µg/mL neutral red. Plaques should be
visible as an unstained patch on a red background under the agar by the next day.
Select the subclone with the greatest yield of plaques per plate. See Note 5.

3.2.2. Plaque Puriﬁcation of a Virus on C7 Cells

Subheading 3.2.1. can also be used to rescue a pure isolate of a new virus
on a packaging cell line. For example, if a new deletion has been introduced
into a plasmid version of adenovirus (see Subheading 3.3.1.) and one wishes
to test the ability to rescue virus by transfecting the corresponding cell line,
follow this protocol.
1. Follow the steps in Subheading 3.2.1.
2. Count the number of plaques, and compare to the number obtained using a control
adenoviral plasmid such as pFG140. The relative plaque number will give an
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estimate of the efﬁciency with which the packaging cell line can transcomplement
the deletion introduced into the viral genome. For examples, see (5).
To isolate a single plaque for large scale growth, pick a well-isolated plaque by
coring the agar through to the bottom of the dish using a sterile cotton-plugged
Pasteur pipet. Put the agar plug into 1 mL of 1X DMEM media. Freeze/thaw
three times to release virus. Store at –70°C until use.
Plate individual packaging cell subclones into 60-mm dishes at a density of
approx 1 × 106 cells/dish in 5 mL DMEM+FBS. Grow the cells overnight to a
conﬂuency of 80%. See Note 6.
Aspirate media from 60-mm plates, and then add 250 µL of the plaque solution
from step 3 to each plate. Tilt the plate back and forth to wet the entire surface.
Incubate at 37° for 1–2 h, tilting plate to rewet the entire surface every 15 min.
Feed the cells with 5 mL DMEM+FBS. Refeed the cells every 5 d with fresh
DMEM+FBS. CPE should be visible after 5–10 d. Harvest virus when the cells
display approx 50% CPE as in Subheading 3.3.1. See Note 7.

3.2.3. Efﬁciency of Viral Production Determined
by a One-Step Burst Assay on C7-cre Cells

The number of plaques obtained by transfecting a packaging cell line as
described in Subheading 3.2.2. provides a rough estimate of the ability of the
cell line to grow a virus. A useful quantitative assay is the one-step burst assay,
which enables determination of relative viral yield in a deﬁned period of growth.
This assay should be performed in parallel with a control plasmid (e.g., pFG140)
and a control packaging cell line (e.g., 293 cells) to provide a reference point
for comparison of yield. In this example, we describe a test of C7-cre cells for
their ability to grow an adenovirus vector with a deletion of the E2b gene POL
(Ad5∆E1∆PolAP; Fig. 1a). The starting point for this method is a puriﬁed CsCl
banded viral preparation, obtained as described below in Subheading 3.3.1.
1. C7-cre cells are plated onto a 100-mm tissue culture dish at a density of approx
3 × 106 cells/dish in 10 mL DMEM+FBS. Grow the cells overnight to a conﬂuency of 80%. See Note 6.
2. Dilute the puriﬁed virus to a titer of 3 × 107 particles per 500 µL DMEM+2%
FBS.
3. Aspirate media from the plates, and then add 500 µL of the virus to each plate.
Tilt the plate back and forth to wet the entire surface. Incubate at 37° for 1–2 h,
tilting plate to rewet the entire surface every 15 min.
4. Feed the cells with 10 mL DMEM+FBS. Incubate in the tissue culture incubator
for exactly 24 h.
5. Collect the cells by scraping the plates with a rubber policeman into their growth
medium, then centrifuge at 130g in a clinical centrifuge for 10 min at 4°C.
6. Resuspend the pellet into 2 vol of 10 mM Tris-HCl, pH 8.0, 1 mM MgCl2 (see
Note 8).
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7. Disrupt the cell membranes by three rounds of freeze/thaw (alternating between
a dry-ice/ethanol bath and a 37°C water bath), followed by three rounds of
sonication (1 min each, level 5, on ice).
8. Clear the lysate by centrifugation (6000g, 10 min, 4°C), and transfer the virus
containing supernatant to a new tube.
9. Determine the viral yield by measuring the total number of plaque forming units
(PFU) obtained from the plate as in the next two steps.
10. Dilute 100 µL of the lysate from step 8 into 500 µL DMEM+2% FBS. Infect
a 100-mL plate of the packaging cell line as described in steps 1, 3, and 4 of
Subheading 3.2.3.
11. Determine the number of plaques as described in steps 1 and 2 of Subheading 3.2.2.

3.2.4. Biologic Assays for cre Recombinase Activity in C7-cre Cells

Ad packaging cell lines that express useful levels of cre recombinase will
efﬁciently excise DNA sequences from ﬂoxed-Ad genomes following virus
infection of the cells (a ﬂoxed genome contains loxP sites ﬂanking a region to be
conditionally excised by cre recombinase). A useful application of this method
is to reduce helper virus levels from gutted adenoviral preparations by creloxP-mediated excision of the helper virus packaging signal (see Subheading
3.4.). We describe here a method to assay the cre recombinase activity of
packaging cell lines prepared by transfecting 293 or similar cells with a cre
recombinase expression plasmid (see Subheading 3.1.). Figure 1B displays
the general structure of the virus Ad5loxP∆E1∆PolAP, a ﬂoxed, E1-, E2b-virus
used for these tests.
3.2.4.1. EFFICIENCY OF VIRUS PRODUCTION FROM FLOXED GENOMES
C7-CRE CELLS

ON

1. Grow and purify virus Ad5loxP∆E1∆PolAP starting with the plasmid shown in
Fig. 1B using 293 cells as described in Subheading 3.3.1.
2. C7-cre cells and 293 cells are plated onto 100-mm tissue culture dishes at a
density of approx 3 × 106 cells/dish in 10 mL DMEM+FBS. Grow the cells
overnight to a conﬂuency of 80%. See Note 6.
3. Infect the two cell lines from step 2 with the virus prepared in step 1 (above),
then titer the virus produced, all as described in Subheading 3.2.3., steps
2–11. The efﬁciency at which the cre cells prevent production of ﬂoxed virus is
calculated by dividing the PFU obtained on 293 cre cells by the PFU obtained on
293 cells. A good cre expressing cell line will reduce viral yield by >99%.

3.2.4.2. SOUTHERN ANALYSIS OF CRE-LOXP RECOMBINATION IN VIRAL VECTORS
1. This assay is similar to Subheading 3.2.4.1., except that the efﬁciency of creloxP mediated excision of the DNA sequences between the LoxP sites is assayed
by direct analysis of the viral genome.
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Fig. 1. Plasmid vectors for production of replication-defective and gutted adenoviral
vectors. Each plasmid contains an FseI cloning site, from which the 1.8-kb plasmid
backbone can be excised away from the viral genomes. The plasmid sequences are not
indicated, but lie outside the shown FseI sites. (A) pAd5∆E1∆PolAP. This plasmid
was prepared from an Adenovirus type 5 backbone, and contains deletions of the entire
E1 region, and portions of the E2b region [within the DNA Polymerase gene (POL)]
and portions of the E3 region. The extent of the deletions is given in map units (1 mu
equals approx 360 bp). Also shown are the location of the inverted terminal repeats
(ITR), the packaging signal (ψ) and the approximate extents of the E4, E2a and E2b
transcripts (dotted line represents intron) and the major late promoter (MLP), which
directs synthesis of all the structural and late genes of Ad. An expression cassette
for the human placental alkaline phosphatase (AP) gene has been cloned into the
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2. Purify the ﬂoxed virus as described in Subheading 3.2.4.1.
3. C7-cre cells are plated onto a 100-mm tissue culture dish at a density of approx
3 × 106 cells/dish in 10 mL DMEM+FBS. Grow the cells overnight to a conﬂuency of 80%. See Note 6.
4. Add the virus from step 1 onto the cells from step 2 as described in Subheading
3.2.3., steps 2–5. Step 5 can be performed after 24 or 48 h, or both.
5. Isolate viral genomic DNA from the infected cells using a Hirt extraction
(steps 6–10).
6. Isolate the infected cells by scraping the plates with a rubber policeman into
their growth medium, followed by centrifugation at 130g in a clinical centrifuge
for 10 min at 4°C.
7. Remove the media and resuspend the cells in 500 µL PBS. Transfer to 15-mL
centrifuge tube.
8. Add 5 mL Hirt lysis buffer, 220 µL Pronase (5 mg/mL), and 200 µL RNase A
(10 mg/mL). Incubate 1 h at 37°C.
9. Add 1.43 mL 5 M NaCl. Incubate at 4°C overnight to precipitate debris.
10. Centrifuge 30 min at 15,000g.
11. Transfer the supernatant to a new tube. Ethanol precipitate the DNA and dissolve
in 100 µL TE, pH 8.0.
12. Digest the viral DNA with an appropriate diagnostic restriction enzyme that will
reveal whether or not the DNA between the loxP sites has been excised.
13. Analyze the digested DNA by Southern blot, probing with a DNA fragment that
will detect a restriction fragment spanning the loxP sites.
14. Quantitate the relative intensity of the hybridized bands that have and have not
undergone cre-loxP excision. This method can be done by autoradiography or
using a phosphorimager.
15. The cre cell subclone displaying the best excision efﬁciency is selected for
future use. A useful clone for preparing gutted adenoviral vectors will display an
excision efﬁciency greater than 99% by this assay.

Fig. 1. (continued) E3 region. This AP gene is regulated by the inducible ecdysone
promoter. (B) pAd5loxP∆E1∆PolAP. This vector produces a virus essentially identical
to the one shown in (A), except that the packaging signal is ﬂoxed with two loxP
sites. In the presence of cre recombinase, the sequences between the loxP sites are
excised via homologous recombination. Viral genomes without a packaging signal can
replicate and produce viral proteins, but are not packaged into an infectious particle.
(C) p∆Ad-Mdys. Shown is a gutted viral genome expressing mouse dystrophin from
the muscle creatine kinase (MCK) enhancer/promoter fragment, which also contains
the ﬁrst intron and second exon of MCK (11). Also shown are the locations of the
SV40 polyadenylation signal, and a stuffer fragment derived from the genomic region
immediately ﬂanking the 3′ end of the human dystrophin gene. Gutted adenoviral
vectors expressing full-length dystrophin can be produced by using the helper virus
shown in (B) and growing on C7-cre cells.
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3.3. Generation and Growth of Adenoviral Vectors on C7-cre Cells
3.3.1. Generation and Growth of Replication-Defective E2b-Deleted
Adenoviral Vectors on C7-cre Cells

The C7 series of packaging cell lines allow growth and puriﬁcation of Ad
vectors that are replication defective due to deletion of E2b genes (9). We
provide here a general method to grow these replication-defective Ad viruses on
the C7-cre cells. Similar protocols can be adapted to grow any new adenoviral
vector with deletions that can be complemented by an appropriate packaging
cell line. We prefer to generate Ad vectors in plasmids using homologous
recombination in Escherichia coli (10). This protocol assumes one has prepared
their desired viral vector and wishes to obtain a high titer stock on the
appropriate packaging cell line.
1. Transfect 100-mm dishes of the packaging cell line with 10 µg plasmid-based
vector after excision of the Ad genome as described in Subheading 3.1.,
steps 1–8.
2. Refeed the cells with 10 mL DMEM+FBS. Refeed the cells every 2–3 d with
fresh DMEM+FBS. CPE should be visible after 5–10 d. Harvest virus when the
cells display approx 80% CPE.
3. Virus is harvested by scraping the cells into their growth medium and disrupting
the cell membranes by three rounds of freeze/thaw (alternating between a dry-ice/
ethanol bath and a 37°C water bath).
4. Transfer the lysed cells onto 3–150-mm dishes of the packaging cell line (this
is approx a 1/10 dilution of cells from the original plate onto the new plates).
See Note 6.
5. Repeat steps 2–4 until the desired number of plates, or the appropriate titer, is
obtained. Harvest virus as described in Subheading 3.3.2. See Note 9.

3.3.2. Puriﬁcation of Ad Vectors by Sedimentation
on CsCl Density Gradients

Virus can be harvested and puriﬁed when an appropriate titer is obtained,
generally about 1011 genomes per 150-mm plate. When cells from the ﬁnal
serial passage show widespread CPE and approx 50% are left attached, virus
is puriﬁed as follows. See Note 7.
1. Collect the cells by scraping the plates with a rubber policeman into their growth
medium, then centrifuge at 130g in a clinical centrifuge for 10 min at 4°C.
2. Resuspend the pellet into 2 vol of 10 mM Tris-HCl, pH 8.0, 1 mM MgCl2 (see
Note 8).
3. Disrupt the cell membranes by three rounds of freeze/thaw (alternating between
a dry-ice/ethanol bath and a 37°C water bath), followed by three rounds of
sonication (1 min each, level 5, on ice).
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4. Clear the lysate by centrifugation (6000g, 10 min, 4°C), and transfer the virus
containing supernatant to a new tube. To increase yield, resuspend the pellet and
sonicate again; pool the supernatants.
5. Add DNase I and RNase A to 50 µg/mL and incubate for 30 min at 37°C to
eliminate genomic DNA and RNA from the packaging cells.
6. Add CsCl to a ﬁnal density of 1.1 g/mL (add 0.135g CsCl to each mL of viral
suspension). Clarify the suspension by centrifugation at 6000g for 10 min at
room temperature.
7. Overlay 20 mL of the suspension on a CsCl step gradient in an SW28 ultracentrifuge tube or equivalent (see Note 10). The gradient is composed of 6 mL 1.4 g/mL
CsCl layered below 12 mL of 1.3 g/mL CsCl. Centrifugation is performed at
20,000 rpm (53,000g) for 4 h at 5°C.
8. Collect the viral band from the interface between the CsCl layers by piercing the
side of the tube with an 18-gage needle.
9. Dialyze the viral band against 20 mM HEPES, pH 7.4, with three changes of buffer.
However, for the third change, add sucrose to 5% to act as a cryopreservative.
10. Remove an aliquot for titering, and store the rest of the virus in aliquots at –70°C
until use. See Note 11.

3.4. Generation and Growth of Gutted Adenoviral
Vectors on C7-cre Cells
Our preferred method for producing gutted Ad vectors is to cotransfect
packaging cells with plasmid version of both the gutted and helper Ad genomes,
after linearizing each with a restriction endonuclease. The helper virus should
contain a ﬂoxed packaging signal (e.g., pAd5loxP∆E1∆PolAP; Fig. 1B). The
structure of a plasmid used to make a dystrophin expressing gutted Ad virus is
shown in Fig. 1C (p∆Ad-Mdys).
1. The day before transfection, plate approx 106 Cre-negative cells (293, C7, or
equivalent) in 60-mm plates using 5 mL of medium per plate. At transfection,
cells should be approx 80% conﬂuent at the time of transfection. See Note 1.
2. Linearize 5 µg each of gutted and helper plasmid DNA. Phenol/chloroform
extract the digests, ethanol precipitate, and dissolve in 220 µL 0.1X TE,
pH 8.0.
3. Transfect the cells as described in Subheading 3.1., steps 4–8.
4. Viral cytopathic effect (CPE) will ﬁrst become evident after approx 5 d.
5. Harvest the cells when CPE is complete, usually after 8 to 12 d. See Note 7.
6. Prepare a viral lysate by scraping the cells into their growth medium and disrupting the cell membranes by three rounds of freeze/thaw (alternating between a
dry-ice/ethanol bath and a 37°C water bath).
7. Plate the lysate onto 3–100-mm dishes of C7-cre cells. Refeed the next day with
10 mL DMEM+FBS.
8. Harvest the cells when CPE is complete, usually after 4–6 d. See Note 7.
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9. Prepare a viral lysate by scraping the cells into their growth medium and disrupting the cell membranes by three rounds of freeze/thaw (alternating between a
dry-ice/ethanol bath and a 37°C water bath).
10. Plate the lysate onto 3–100-mm dishes of C7-cre cells. Immediately add fresh
helper virus at 20 transducing units per cell (approx 200 particles per cell).
Refeed the next day with 10 mL DMEM+FBS. See Note 12.
11. Continue expanding the number of infected cells as in steps 8–10, using a
5–10-fold increase in cells at each stage of the expansion.
12. Harvest and purify virus when sufﬁcient titer is obtained. See Note 13.
13. Collect the cells and purify virus over a CsCl step gradient as described in
Subheading 3.3.2.
14. Add the viral band to a solution of 1.34 g/mL CsCl. Gutted virus is then puriﬁed
from residual helper virus on a self-forming gradient by ultracentrifugation in a
heat-sealable tube at approximately 320,000g for 12 h followed by 73,000g for
12 h at 4°C (e.g., in a Beckman NVT65 rotor).
15. Isolate the gutted virus (and helper if desired) from the gradient using an 18-gage
needle (be sure to ﬁrst pierce the top of the tube with another needle to prevent
formation of a vacuum).
16. Repurify the gutted virus on a second equilibrium gradient as in step 14.
17. Dialyze the viral band against 20 mM HEPES, pH 7.4, with three changes of
buffer. However, for the third change, add sucrose to 5% to act as a cryopreservative.
18. Remove an aliquot for titering, and store the rest of the virus in aliquots at –70°C
until use. See Note 11.

4. Notes
1. The cells should be uniformly dispersed and approx 80% conﬂuent at the time
of transfection. Transfections should be performed within 24 h of cell plating.
Cells at too high a density will not transfect well, whereas too low of a density
can result in toxicity during transfection.
2. We ﬁnd that commercial preparations of 2X HBS often work poorly, so it should
be made in the lab and used within 6 mo.
3. Clones can be isolated in a variety of ways. Generally, we simply use a micropipetor carrying a 20-µL pipet tip to gently scrape the cells in a clone off the dish
and immediately aspirate then into the pipet tip.
4. It is important to avoid letting the cells reach greater than 80% conﬂuency. We
routinely split cells 1/6–1/10 for routine growth. Cells being expanded for long
term use should be grown with the appropriate selection antibiotic(s), although
if a vial of cells is being expanded for use only to grow a virus the antibiotic is
not needed. An aliquot of cells should be tested periodically for viral growth.
After 30–50 passages many cell lines no longer support high titer viral growth. In
this case, the line can often be rescued by plating at low density and subcloning,
then testing several of the subclones (as in Subheading 3.2.).
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5. Expect to obtain in the range of eight plaques per 60-mm dish with 293 cells,
and at least 20–40-fold more with C7 cells.
6. Uniform distribution of the cells is important for achieving synchronous infection/
lysis. If the plates have dense areas interspersed with sparse areas, then the
sparse areas will lyse and ﬂoat off the plate before the dense areas begin to show
CPE, reducing viral yield.
7. We consider CPE complete when essentially all the cells are rounded and
detached from the plate. Cells are collected together with the media and can
be stored at –70°C.
8. Cells may be frozen at this point without loss of viral yield.
9. Some plasmids poorly convert to virus, especially if the complementing cell line
is inefﬁcient or the recombinant virus has a replicative disadvantage. In these
cases, one can pellet cells after 5–10 d even if no CPE is visible, concentrate
them by freeze thaw, and replate them onto a new 100-mm dish. This can be
repeated until a robust CPE is obtained.
10. An SW28 tube holds 38 mL, so use 7 mL 1.4g/mL + (31-X) mL 1.3g/mL + X mL
1.1g/mL (containing virus). The maximum volume of viral lysate per tube should
be 20 mL. The gradient is most easily established by putting the 1.3 g/mL
solution into the tube ﬁrst, pipeting the 1.4g/mL solution under it, and then
layering the 1.1 g/mL viral solution slowly on top.
11. Avoid freeze-thawing the virus, as the titer will drop each time. The size of the
aliquots for freezing will thus depend on the volume of viral solution one expects
to use in a typical experiment.
12. The trickiest part of these growths is estimating the titer of the gutted and helper
viruses. Helper titer, measured as PFU/mL, can be determined as described in
Subheading 3.2.4.1. Particle counts are determined using standard methods (1).
The simplest method to use requires that the gutted and/or helper viruses each
contain a reporter gene, so that the number of transducing units in a given lysate
can be measured by infecting 293 cells and staining for the reporter gene (5). For
example, the viruses in Fig. 1A and B contain an alkaline phosphatase reporter
gene expressed under control of the inducible ecdysone promoter. If the virus
does not carry a reporter gene, estimate its concentration, either by Southern
analysis or real-time PCR. Alternatively, one can often use an estimate as
described in the text.
13. A typical large scale gutted virus preparation will utilize 100–150-mm tissue
culture dishes. An ideal titer is about 1011 genomes per 150-mm plate, although
yields 10-fold lower are not uncommon. Generally, it is difﬁcult to obtain a
visible gutted viral band on CsCl gradients from less than 20 plates.
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Improving the Transcriptional Regulation
of Genes Delivered by Adenovirus Vectors
Semyon Rubinchik, Jan Woraratanadharm, Jennifer Schepp,
and Jian-yun Dong
1. Introduction
The effectiveness of gene therapy is essentially governed by the ability of the
vector to reach the relevant tissue, and once there, to facilitate the expression
of appropriate quantities of the gene product. Over the course of evolution,
viruses have developed highly specialized and successful methods to achieve
those goals. For this reason, advances in gene therapy have mainly focused on
the development of viral systems such as adenovirus (Ad), retrovirus, adenoassociated virus, herpes virus, and others. This approach has been successful,
as demonstrated by the recent proliferation of publications and human gene
therapy trials involving various virus-based vectors. In particular, ﬁrst generation replication-defective adenoviral vectors based on human serotypes from
subgroup C (such as types 2 and 5) have been and continue to be very popular
as vehicles for delivery and expression of foreign genes. However, each virus
has evolved to optimize its own life cycle and consequently endows vectors
based on it with properties and limitations that affect their suitability as choices
for various gene therapy applications. These properties need to be understood
and taken into account in order to design vectors with improved characteristics,
such as Ad vectors with improved regulation of transgene transcription.
1.1. Basic Properties and Life Cycle of Adenovirus
The effectiveness of Ad vectors derives from the properties of the Ad itself.
Overall, there are close to 50 Ad serotypes in six subgroups found in humans,
most of which cause benign respiratory tract or gastrointestinal infections
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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(1). All Ad virions have a similar structure—they are nonenveloped particles
60–90 nm in diameter that have icosahedral symmetry and are composed of
252 capsomers: 240 hexons and 12 pentons at vertices of icosahedron (2).
A thin trimeric glycoprotein ﬁber protrudes from the center of each penton,
terminating in a bulbous “knob” (3). Initial interaction between the virion and
the cell occurs when the knob of the ﬁber binds to a cellular receptor, which
in the case of subgroup C viruses is the coxsackievirus-adenovirus receptor
(CAR) (4). The penton base protein then binds to the integrin family of cell
surface heterodimers via an RGD motif (5). CAR and integrins are widely, but
differentially, expressed by many cell types, and the efﬁciency with which the
virus can infect a cell varies in correlation with those expression patterns. In
vitro, cells lacking one or the other of the two receptors can still be transduced,
but only at very high virion to cell ratios (6).
Association of the penton base with integrins on the cell surface is followed
by internalization via clathrin-mediated endocytosis (7), after which the
partially disrupted virion ruptures the vesicle membrane and escapes into the
cytoplasm. Further uncoating occurs as the virus core migrates to the nucleus
where it enters through nuclear pores, attaches to the nuclear matrix and is
converted into a DNA-histone complex (8–10). Adenoviruses contain a linear
double-stranded DNA genome of approx 35 kb, which is maintained and
replicated as an episomal element in the nucleus. There are inverted terminal
repeats (103 bp in Ad5) at the left and right ends of the genome, with specialized
terminal protein covalently bound to each. Integration into the host genome
occurs extremely infrequently and consequently there is very little risk of
insertional mutagenesis. A general structure of the genome of Adenovirus type
5 (Ad5) is shown in Fig. 1. There is an immediate-early transcription unit
(E1), three early units (E2, E3, and E4), and major and minor late transcripts
(MLP, IX, and IVa). E1 proteins (E1a and E1b) interact with both cellular and
viral components and have many regulatory functions, among which is the
activation of transcription of the other early genes (11). E2 proteins are required
for virus DNA replication, which typically initiates 6 to 8 h postinfection
(12). E3 contains the virus “toolkit” for modulation and evasion of the host’s
immune response, prevention of untimely cell death through apoptosis, and
efﬁcient cell lysis once new particle assembly is complete (13–15). E4 reading
frames are involved in virus RNA metabolism and transport (in association with
E1b proteins), preferential down regulation of host-cell protein synthesis and
enhancement of virus DNA replication (16,17). Large amounts of structural
proteins begin to appear 12–16 h postinfection, and virus assembly (which
occurs primarily in the nucleus) is complete in 24–36 h and typically culminates
with cell lysis and release of newly synthesized particles. A packaging site (ψ)
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Fig. 1. Schematic of the Adenovirus Type 5 (Ad5) genome. Location of the ITRs,
the packaging signal, and the relative locations of early (E1, E2, E3, and E4) and late
(pIX and MLP) Ad5 transcripts are indicated. Direction of transcription is indicated
by the arrows. Checked bars indicate location of regions (E1 and E3) deleted from
ﬁrst-generation replication-defective vectors. Striped bars indicate location of regions
deleted from E4 in vectors we use (E4 ORF6 is retained, allowing vector propagation
in 293 cells). MLP—major late promoter.

is located between the left ITR and the E1 region, and is essential for localization
of replicated virus DNA into the preassembled capsids (see Fig. 1).
1.2. Ad Vectors as Gene Transfer Vehicles
Researchers quickly realized that deletion of the E1 region resulted in a
mutant that was essentially incapable of self-replication, because the expression
of the other early genes, as well as the MLP, were severely impaired in the
absence of E1a activity (18). Such deletion mutants made excellent vectors,
once a helper cell line that provided Ad5 E1 proteins in trans was established
[human fetal kidney cells, line HEK293 (19)]. E3 region (which does not
provide functions necessary for virus propagation in vitro) has subsequently
also been deleted (see Fig. 1). Such E1/E3 deleted genomes contain approx 6 kb
of cloning space and are known as ﬁrst-generation vectors. These vectors can be
propagated efﬁciently in 293 cells, puriﬁed and concentrated to titers exceeding
1011 infectious U/mL, and have good storage stability. They demonstrated
very efﬁcient in vivo gene delivery, which was limited to approx 2 wk in
immunocompetent animal models and humans. This transience was attributed
to a very robust immune response generated to these vectors, which in part
was the result of low-level DNA replication and expression of undeleted viral
proteins (mainly E2, E4, and MLP-derived). Subsequently, second-generation
vectors were developed with impaired E2 (20–22) or E4 (23,24) activity. They
offered somewhat increased cloning capacity, reduced expression of viral
proteins in target cells, decreased levels of immune response in animal models,
and improved persistence of transgene expression (20,24). However, these
vectors require specialized cell lines that provide additional viral proteins in
trans. Recently, helper-dependent or “gutless” vectors have been developed
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that contain only the ITRs and a packaging sequence of the adenovirus, all
the necessary viral genes being provided in trans by a ﬁrst-generation helper
vector and a packaging cell line (25,26). These vectors demonstrated signiﬁcant
improvements in cloning capacity (>30 kb) as well as in persistence of vector
DNA and transgene expression (27,28).
Currently, ﬁrst-generation replication-defective adenoviral vectors are used
as effective vehicles for delivery and expression of foreign genes in those cases
where long-term transgene expression is not required. They are particularly
well suited to cancer therapy, where the aim is to expeditiously eliminate the
cell transduced by the vector.
1.3. Why Regulate Gene Expression?
Current gene therapy approaches strongly emphasize the need for gene
delivery vectors that can efﬁciently introduce and control expression of foreign
genes. For example, treatment of certain disorders requires a highly speciﬁc
range or dose of the therapeutic protein to achieve a successful outcome (29–31).
Regulation of the transgene expression will also be advantageous in clinical
applications, if it can be used to maintain protein concentrations within the
therapeutic window or to modulate it in response to disease progression. In
addition, development of adenovirus vectors expressing cytotoxic proteins for
use in cancer therapy presents a special challenge to researchers. On the one
hand, high levels of expression are often desired in the target cells, especially if
the vector is required to kill the cells it infects as efﬁciently as possible. On the
other hand, high levels of cytotoxic gene expression may be strongly deleterious
to the packaging cell line in which the vector is developed and propagated.
High-level transgene-related cytotoxic activity can place a strong selective
pressure on the replicating adenovirus vector to reduce or eliminate that activity.
As a result, wild-type revertants as well as vector variants with mutations and
small or large-scale rearrangements in the transgene expression cassette can
arise, all of which will have a replicative advantage over the desired vector.
Several approaches can be taken to solve this problem, one of them being the
use of transcriptional regulation. With the use of target cell speciﬁc promoters,
transgene expression can be suppressed to very low levels in packaging cells,
but is activated to therapeutically sufﬁcient levels in target cells.
1.4. Basic Types of Promoters Used in Gene Transfer
1.4.1. Constitutively Active Promoters

Most of the currently applied gene therapy systems rely on strong viral
promoters to drive high levels of expression in a wide range of tissues.
Frequently used promoters include the human cytomegalovirus immediate
early enhancer/promoter (hCMVie) and the Rous sarcoma virus long terminal
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repeat promoter (RSV). These viral promoters contain binding sites of many
different transcription factors in their regulatory regions and are therefore
intended to generate high transcription rates in various cell types. In addition,
these promoters are typically compact (between 0.4 and 1 kb), which makes
them particularly attractive when cloning capacity is limited. Their activity in
adenovirus vectors may result in overexpression of some proteins, which can
cause cellular toxicity. Activity of the viral promoters such as hCMVie is
often subject to downregulation, either through enhanced immune response
to the transgene or by a less well-understood mechanism known as promoter
silencing (32,33).
Another group of constitutively active promoters—those of “housekeeping” genes—is currently gaining popularity in gene therapy applications.
Appropriately modiﬁed promoters of genes involved in maintaining the basic
machinery of all cells, such as ubiquitin (34) or EF1α, can deliver high
transcription rates in virtually all types of cells and are less susceptible to
silencing.
1.4.2. Cre/loxP “Switch”

Cre is a 38-kDa site-specific recombinase from bacteriophage P1 that
mediates recombination between DNA sequences at speciﬁc loci known as
loxP sites (35). These sites consist of two 13-bp inverted repeats separated
by an 8-bp spacer region that provides directionality to the recombination
reaction. These properties can be utilized to construct a highly efﬁcient gene
expression switch in mammalian cells (see Fig. 2A). The transgene is ﬂanked
by two loxP sites in opposing orientations and placed behind a (typically)
strong constitutive promoter in an antisense orientation. In the absence of Cre
activity, this arrangement results in a complete block of transgene expression
and possibly expression of a short nonsense peptide. Cre activity in target cells
drives recombination events between the two loxP sites, as the result of which
the orientation of the transgene reading frame is inverted back and forth and
its expression can proceed at a high rate (36)—but only about half of the
time (see Fig. 2A). Another disadvantage is the requirement for Cre activity,
which usually requires the use of an additional vector and may be deleterious
to cell viability. A similar switch can be constructed from the yeast FLP
recombinase/frt site (37). This type of system generates very efﬁcient activation
of transcription, but does not provide for modulating transgene expression
once the “switch” is ﬂipped.
1.4.3. Cell Type-Speciﬁc Promoters

In addition to a set of “housekeeping” genes common to all cells, each
differentiated cell type has a unique “ﬁngerprint” of transcripts speciﬁc to it
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Fig. 2. Synthetic transcription regulation systems. (A) Cre/loxP system. One
variation of the Cre/loxP switch. The gene is cloned in antisense orientation relative to
a strong promoter and between two loxP sites inverted relative to each other. Cre activity
results in a reversible recombination event (see central box) that ﬂips the gene into
correct orientation roughly 50% of the time. (B) Repressible system. Operator elements of highly speciﬁc bacterial repressors such as TetR and LacR are cloned into
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alone. Although the majority of proteins in that category are found in more
than one tissue at various levels of expression, some are uniquely associated
with a speciﬁc cell type. Similarly, many types of tumor cells overexpress
proteins found at low levels in normal cells, or express fetal proteins normally
downregulated in an adult organism (38–40). One of the current challenges
in gene therapy is the application of promoters of such cell and tumor type
speciﬁc proteins to target transgene expression to speciﬁc sites in the organism.
This not only applies to the treatment of systemic diseases, such as metastatic
cancer, but also to local gene and cancer therapy, whose efﬁcacy and safety
can be improved by the use of cell type-speciﬁc promoters, which keep the
expression of the therapeutic gene in nontarget cells at a minimum. For
these reasons, many experimental gene therapy protocols make use of these
promoters. These include the α-fetoprotein (AFP) promoter [liver cancer cells
(41)], the tyrosinase promoter [melanocytes and melanoma cells, (42)], the
myeloid basic protein promoter [glial cells and gliomas (43)], and the prostatespeciﬁc antigen promoter [prostate and prostate cancer cells (44)]. Some of
these promoters appear to be ideally suited for gene therapy because they
combine strong transcriptional activity with a high degree of specificity.
Frequently, however, speciﬁc promoters are inefﬁcient activators of transcription which severely limits their applicability.
1.4.4. Endogenous Regulated Promoters

Originally, regulatable systems were based on natural cellular inducible
promoters, such as those responding to hormones (estrogen, thyroid, and so
on), cell-cycle regulating factors, heavy metals, or heat shock proteins (45).
Other than a few special cases, these systems were found to be unsuitable

Fig. 2. (continued) the eukaryotic promoter region in such a way that repressor
binding to those elements interferes with RNA polymerase II binding or initiating
transcription. In the presence of high repressor concentrations, the expression of gene X
is essentially shut off. In the absence of repressor expression, or in the presence of an
efﬁcient inducing agent that prevents repressor—operator binding high levels of gene X
expression are obtained. (C) Inducible systems. Highly speciﬁc bacterial, phage or
yeast operator sequences are placed upstream of a minimum eukaryotic promoter that
drives expression of the desired gene. A fusion transactivator protein containing a
DNA binding domain (DBD) speciﬁc for the operator sites, a regulator domain (R) that
controls DBD-operator binding based on the presence or absence of a small molecule
drug, and a strong transcription activating domain (A) is constitutively expressed in
the same cell. Based on the concentration of regulating drug, the transactivator binds
to the operator region and activates expression of gene of interest. In the absence of
transactivator binding, no or very little transcription occurs.
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for gene therapy applications owing to generally high basal expression, weak
induction of transgene expression, and pleiotropic effects generated by the
inducing agents.
1.4.5. Synthetic Transcription Regulation Systems

Experience with natural regulatable promoters led to the formulation of a set
of requirements for an “ideal” regulatable gene expression system suitable for
gene therapy applications. These requirements include an inducible promoter
with unique regulatory DNA sequences, an effector protein that efﬁciently
recognizes and binds to those sequences (and to no other sites in the genome),
and regulatability of that effector protein by a small-molecule inducing drug
that can be safely and repeatedly administered. In addition, none of these
components should interact or interfere with any endogenous cellular processes,
and should not elicit an immune response from the host. Although an ideal
regulatory system does not yet exist, some very good approximations have
been recently developed.
1.4.5.1. “REPRESSION OF PROMOTER” SYSTEMS TETR AND LACR

These systems make use of prokaryotic repressor proteins such as tetR and
lacR to suppress the transcriptional activity of a strong constitutive promoter
by exploiting the speciﬁcity of these repressors for their operator sequences.
They are straightforward adaptations of the regulation mechanisms of the
tetracycline resistance and lac operons of Escherichia coli to eukaryotic
transcription regulation. The operator sites are cloned into the eukaryotic
promoter in such a way that the binding of the repressor to those sites will
interfere with RNA polymerase II binding to the promoter or initiation of
transcription (46). This method is particularly advantageous in regulating
cytotoxic gene expression in vector packaging cell lines, because those can
be engineered to stably express the desired repressor (47), thus ensuring low
expression levels of toxic proteins during vector production. In the absence
of the repressor in target cells, high level of expression is achieved (see Fig. 2B).
This model does not allow for true regulation, being more analogous to the Cre/
loxP activation system (see Subheading 1.4.2.). However, the tetR system has
been developed for effective transcription regulation by co-delivering the tetR
gene to the target cells and modulating the extent of tetR binding to the promoter (and therefore the extent of transcription suppression) by varying the
cellular levels of tetracycline (48).
1.4.5.2. ACTIVATION OF PROMOTER SYSTEMS: RU486, ECDYSONE, AND TET

At least three synthetic systems have been developed that use drug-modulated
transactivator binding to activate basal promoter activity. These transactivators
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are chimeric fusion proteins that combine functional domains from prokaryotic,
eukaryotic, and viral proteins (49,50). Regulation is most commonly achieved
by transactivator binding to speciﬁc DNA sites immediately upstream of the
TATA region of the promoter in the presence (or absence) of a signal delivered
by a chemical or hormonal inducing agent (see Fig. 2C). The uninduced
or background activity of such promoters is typically very low, but once
transactivator binding occurs, very high expression levels can be reached.
Transgene expression activation of three to four orders of magnitude has been
reported for all three systems discussed here, but their ability to effectively
and safely regulate gene expression in animal models and humans, as well
as possible host immune responses to system components, have not yet been
established.
RU486: In this system, the transactivator consists of a herpes simplex
virus VP16 transactivation domain, the ligand-binding domain of a human
progesterone receptor with a mutation that makes it recognize RU486 and not
natural progestins, and the yeast GAL4 DNA-binding domain. Low concentrations of RU486 (but not natural hormones such as progesterone) effectively
activates the transactivator by promoting the dimerization and binding of
GAL4 DNA-binding domain to its consensus elements present upstream of
a minimum promoter (51).
Ecdysone-inducible system: The ecdysone system (ERS) is based on the
insect hormone ecdysone and its functional receptor EcR. Its transactivator
is assembled when a chimeric EcR derivative EcR/VP16 forms a heterodimer
with retinoid X receptor (RXR-α) in the presence of muristerone A, which is a
synthetic analog of ecdysone (52). This hybrid receptor recognizes a modiﬁed
DNA element consisting of ecdysone and glucocorticoid response element halfsites (52). Recently, improved ERS were developed that do not require RXR-α
overexpression (53). Although promising, the safety of ERS components
have not been fully characterized in animal or human models. In particular,
administration of muristerone A or other ecdysone-like drugs may have some
unforeseen effects in mammals (54).
Tetracycline-inducible system: Chimeric tetracycline-repressed transactivator (tTA) was generated by fusing VP16 to the COOH terminus of the tetR
protein (55). In the absence of tetracycline, the tetR domain of tTA binds
selectively and tightly to a regulatory region comprising seven repeats of tetO
that were placed upstream of a minimal hCMV promoter. Once bound, the
VP16 domain transactivates the target gene expression to very high levels (see
Fig. 3A). Binding of tetracycline or other tet-like drugs such as doxycycline
(dox) to tetR results in a conformational change and loss of tetR binding to
the operator. Very high afﬁnity of tetracyclines for tetR allows the use of these
drugs at low concentrations that do not cause negative effects in transgenic
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Fig. 3. Tet-regulated systems. (A) tTA (tet-off) system. (B) rtTA (tet-on) system.
(C) rtTA/tTS system. tTA and tTS are fusions of the original TetR gene with VP16
transcription activator and kid-1 transcription repressor, respectively. These proteins
bind to tetO sites in the TRE region in the absence of tetracycline or doxycycline and
their binding can be antagonized by these antibiotics in a dose-dependent manner. rtTA
is also a fusion with VP16, but it is based on the TetR mutant that requires dox to bind to
tetO, and is unable to bind in its absence. Typically, all regulator proteins are expressed
using a strong hCMVie promoter. Co-expression of rtTA and tTS in the same cell allows
for a dox-mediated suppression to activation switch of the TRE promoter.
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animals or cultured cells (56). A “mirror image” system was developed when
tetR mutations conferring a reverse phenotype were isolated (57). In contrast to
wild-type tetR, the reverse mutant requires dox to bind tet operator sequences
and fails to do so in the drug’s absence. The reverse tet transactivator (rtTA)
activates gene expression in the presence of dox (see Fig. 3B), rendering the
system more suitable for therapeutic applications.
In the absence of transactivator, only very low “basal” expression levels are
generated (see Fig. 3A and B). However, this activity may be sufﬁciently high to
generate undesired toxicity in the case of especially potent cytotoxic agents (58).
Recently, the TRS has been improved by incorporating tetracycline regulated
transsuppressors (59,60) to reduce background expression (see Fig. 3C).
1.5. Development of Complete Transcription Regulation Systems
Delivered in a Single Ad Vector
By far the most common approach for constructing first- and secondgeneration vectors is to replace the E1 region of Ad genome with the transgene
expression cassette (see Fig. 1). Occasionally, the E3 region is used for that
purpose instead (61). As the consequence of this standard vector design,
delivery of regulatable expression systems to target cells usually involves a
binary vector system, with one Ad vector delivering the transgene under the
control of the inducible promoter while the other delivers the regulating
protein (usually constitutively expressed). We were interested in developing
an Ad vector construction strategy that would allow us to deliver all of the
elements of a regulatable expression system in a single vector, but with minimal
interference of the constitutive promoter elements and viral enhancer sequences
(described in detail in the next subsection), with the activity of the inducible
promoter that regulates transgene expression.
Many successful strategies for construction of Ad vectors have been
described (62–69). We decided to use an in vitro ligation reaction to assemble
Ad vector genomes, which are then transfected into packaging cells for
replication. Preassembly of Ad vectors prior to their introduction into 293
cells has an advantage of not requiring recombination to occur in 293 cells.
Consequently, it is often unnecessary to screen plaques to obtain pure vector
stocks. Another advantage of this method is the ability to insert sequences
in both left and right ends of the Ad5 genome. Cloning the transgene near
the right ITR allows the vector to avoid negative selection pressure against
cytotoxic genes in packaging cells. Deleterious effects of genotoxic stress on
cell viability can give a very strong selective advantage to those vectors that
are able to get rid of the transgene or reduce its activity. If the transgene is
cloned into the E1 region of Ad5, a recombination event can occur between
vector sequences and wild-type Ad5 sequences incorporated into the DNA of
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293 cells. Such an event would replace transgene sequence with wild-type Ad5
sequence, creating a replication-competent “revertant.” These recombinations
occur with all Ad vectors propagated in 293 cells at a low frequency, but in the
absence of selective pressure, revertant titers remain very low. If the transgene
is cytotoxic and is expressed (even at low levels), revertants have a strong
replicative advantage and will quickly come to dominate the culture. If the
transgene is cloned near the right ITR, revertants can still arise as the result
of recombination with the left end, but because they are not able to get rid
of the transgene, they have no advantage over the desired vector. Therefore,
in our strategy transgene expression cassettes containing cytotoxic genes are
cloned in that location.
In order to insert foreign sequences in both left and right ends of Ad genome,
we have constructed two shuttle vectors, pL-Ad.CMV and pR-Ad.6MCS (70).
The shuttle vector for the insertion of transgenes into the E1 region of the
adenoviral genome, pL-Ad.CMV, was constructed using PCR primers ITR-F
(5′ AATTCATTTAAATCATCATCAATAATATACCTTAT 3′) and the ITR-R
(5′ GGATCCTCTAGAGTCGACTGACTATAAATAATAAAACGCC 3′), and
contains nucleotides (nt) 1 to 450 of Ad5 sequence, which includes the left
ITR and the packaging signal of Ad5 (see Fig. 4). The plasmid also has
hCMVie enhancer/promoter and a multiple cloning site (MCS) derived from
pcDNA3 (Invitrogen). Immediately preceding the ITR is the SwaI cleavage
site, introduced by the ITR-F primer (underlined). At the 3′ end of the MCS
is the “adaptor” element, which contains XbaI, Avr2, and SpeI cleavage sites,
any one of which can be used to attach pL-Ad.CMV sequences to Ad5 genome
(see Fig. 4).
The shuttle vector for the insertion of transgenes between the E4 region and
the right ITR of Ad5 was constructed to contain Ad5 sequences from nt 27,331
to nt 35,935, with a MCS inserted at nt 35,825. This region has been proposed
as a potential transgene cloning site by Frank Graham (62), but not previously
utilized for that purpose. The E3 region (nt 28,592-30,470) and all E4 ORFs
with the exception of ORF6 were deleted from this construct, which was
named pR-Ad.6MCS. The right ITR is followed by a SwaI cleavage site, again
introduced by PCR primer. EcoRI cleavage site is used to attach R-Ad sequence
to the rest of rAd vector genome.
Transgene expression cassettes are cloned into the MCS sites of either
pL-Ad or pR-Ad, or both plasmids. Puriﬁed vectors are then cleaved with SwaI
and either EcoRI for pR-Ad plasmid, or one of the sites in the adaptor for the
pL-Ad plasmid. The middle section of the Ad genome, containing most of the
Ad5 sequence, is derived from the genome of an Ad5 variant, Ad5-sub360SR,
which contains an XbaI site at nt 3180 and an EcoRI site at nt 27,331 (see Fig. 4).
Puriﬁed virus DNA is digested with these enzymes, the large 26-kb fragment is
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Fig. 4. In vitro construction of an Ad vector genome to deliver rtTA and tTS
coregulated expression of gene of interest. Following cloning of transgene elements
into pL-Ad.CMV and pR-Ad.6MCS shuttle plasmids, pL-Ad plasmids are digested
with SwaI and Avr2 while pR-Ad is digested with SwaI and EcoRI. The appropriate
DNA fragments are gel puriﬁed (see Subheading 3. for more detailed explanation).
To prepare the middle fragment containing most of Ad5 genome, Ad5-sub360SR viral
DNA is puriﬁed from virus lysate, digested with XbaI and EcoRI and treated with CIP.
The large 26-kb fragment is gel puriﬁed away from the end fragments. Plasmid and
virus fragments are ligated together to form a complex Ad vector genome, with the
appropriately sized ligation products gel puriﬁed and transfected into 293 cells.
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puriﬁed and ligated to L-Ad and R-Ad fragments (see Fig. 4). Ligation products
are transfected into 293 cells to generate replicating vectors.
The resulting vectors have the cloning capacity of 7.5 kb, are E1/E3 deleted,
and have most of E4 open reading frames eliminated with the exception of
ORF6. ORF6 activity is sufﬁcient to fully support Ad5 vector replication in
293 cells (71).
1.5.1. E1 Enhancer Interference With Cloned Promoter Activity

Numerous studies have described successful application of cell-type speciﬁc
and inducible promoters cloned into the E1 region of Ad vectors. However,
performance of some promoters became degraded when they were placed in
the context of adenoviral genome (72–74). A hypothesis was advanced that
enhancer elements and/or cryptic transcription start sites within the adenoviral
sequences surrounding the transgene expression cassette were interacting with
the promoter elements to activate “illicit” transcription in nontarget cells.
Enhancer activity has been reported for several Ad5 sequences, including
the ITRs, E2 and E4 promoters, the pIX promoter, and the E1 enhancer (see
Fig. 1 for locations of these sequences). Among the Ad sequences suspected
of promoter interference, the activity of the E1a enhancer is by far the best
characterized (75–78). For example, previous studies have shown that this
enhancer (nt 190–320) is active in most cell types tested and stimulates
transcription of E1a (as well as other adenoviral early genes) three-to ﬁvefold.
In addition, the region appears to contain “cryptic” transcription initiation sites
which may contribute signiﬁcantly to promoter interference (79). The E1a
enhancer overlaps the sequences required for packaging of Ad5 and therefore
cannot be easily removed (80).
Using our Ad vector construction strategy, we evaluated the performance
of the tet-regulated (TRE) promoter and a synthetic prostate speciﬁc promoter
ARR2PB (81) when they were cloned either into the E1 region or near the right
ITR of Ad5 genome. We have conﬁrmed that a small but signiﬁcant enhancer
effect exists near the packaging signal of Ad5 and interacts with the regulatory
transcription elements cloned in its vicinity. The data indicated that placing
a promoter in close proximity to the E1a enhancer resulted in a several fold
increase in transgene expression as compared to the cloning site near the right
ITR (82). Interestingly, the basal activity of the TRE promoter was affected by
the choice of location to a signiﬁcantly greater extent than that of ARR2PB,
suggesting that some if not most of cell-type speciﬁc promoters may contain
additional regulatory elements that act to minimize external enhancer interference. As the result of these ﬁndings, we currently clone the transgenes with
regulatable promoters into the region near the right ITR, whereas constitutive
or tissue-speciﬁc promoters may be cloned into the E1 region.
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1.5.2. Tet-OFF and Tet-ON Vectors

Both the original and the reverse tetracycline regulated expression systems
deliver tightly regulated gene expression in a precise, reversible, and quantitative manner. We constructed Ad vectors with either the tTA (70) or the rtTA
gene under the control of the CMV promoter cloned into the left end, and the
proapoptotic FasL-GFP fusion protein driven by the regulatable TRE promoter
cloned near the right ITR (see Fig. 5). Protein expression can be rapidly and
quantitatively measured as a function of the ﬂuorescence of the GFP moiety.
These vectors were assembled by ligation of their components and transfected
into a 293 cell line constitutively overexpressing the anti-apoptotic CrmA
protein (70). Virus vectors were generated, puriﬁed to high titers and shown
to be free of wild-type revertant contamination. These vectors are able to
efﬁciently deliver the FasL-GFP gene to cells in vitro, and the expression level
and function of the fusion protein can be modulated by the concentration of
dox in culture (see Table 1). However, both systems were found to express low
levels of FasL-GFP when not induced.
1.5.3. Combining Cell-Type Speciﬁcity and Tet Regulation

Tet regulatory systems can be made even more effective by combining them
with a tissue-specific expression pattern (83–85), and we are interested in
developing this concept for Ad-mediated delivery. Essentially, the system is
modiﬁed by replacing the strong constitutive promoter (i.e., hCMVie) normally
driving the expression of tTA or rtTA with a cell type- or cancer-speciﬁc promoter.
We are interested in the possibility of combining high activity levels of tet
inducible expression with a tumor cell-speciﬁc expression pattern to generate
Ad vectors for cancer therapy that are both safe and highly effective. We have
used the prostate-speciﬁc ARR2PB promoter to drive the expression of FasLGFP protein in prostate cancer-derived cells, and incorporated this expression
cassette in the right end cloning site of the Ad/FasL-GFPPS vector (see Fig. 5). Our
experiments have demonstrated that this vector delivered FasL-GFP expression
speciﬁcally to prostate cancer-derived LNCaP cells, with no expression detected
in other cell types such as A549 (see Table 1). However, maximum expression
levels reached were signiﬁcantly less than those achieved with our tet-regulated
vectors, with correspondingly reduced cytotoxic activity. Next, we constructed
the combined regulation vector Ad/FasL-GFPPS/TR by placing the tTA gene under
the control of ARR2PB promoter in the E1 region, whereas the FasL-GFP gene
and the TRE promoter that drives it were cloned near the right ITR (see Fig. 5). In
LNCaP cells (or in any cell with active androgen receptor), tTA is expressed and
binds to TRE to activate high levels of expression of FasL-GFP. In nonprostate
cells, no tTA is made, and only background level of FasL-GFP expression occurs.
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Fig. 5. Schematic structures of Ad vectors expressing FasL-GFP with different
regulation strategies. Ad/FasL-GFPrtTA regulates FasL-GFP with reverse tet regulatory
system. A similar vector (Ad/FasL-GFPtTA, not shown here) has tTA gene in place
of rtTA. Ad/FasL-GFPrtTA/tTS codelivers both rtTA and tTS for improved regulation
of FasL-GFP expression. Prostate-speciﬁc expression pattern is achieved by Ad/FasLGFPPS, which uses ARR2PB promoter to drive FasL-GFP. That expression becomes
both regulated and ampliﬁed with the use of Ad/FasL-GFPPS/TR vector, which combines
prostate speciﬁcity with tet regulation.

Similarly, FasL-GFP expression can be regulated in prostate-derived cells by the
addition of dox, which binds to tTA and prevents its interaction with the tetO
sequences in the TRE promoter.
When compared to Ad/FasL-GFPPS, Ad/FasL-GFPPS/TR generated up to
sevenfold more FasL-GFP expression (see Table 1) and substantially higher
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Table 1
Regulation of Ad-Mediated FasL-GFP Expression in LNCaP
and A549 Cell Lines
Vector

Cell line

Induced

Uninduced

Fold induction

Ad.FasL-GFPrtTA

LNCaP
A549
LNCaP
A549
LNCaP
A549
LNCaP
A549

19677
13327
22263
13295
12820
nd
18330
11626

1015
1538
1120
1172
na
na
1875
1587

1119.4
1116.2
1113.2
1145.8
na
na
1120.9
1111.1

Ad.FasL-GFPrtTA/tTS
Ad.FasL-GFPPS
Ad.FasL-GFPPS/TR

Cells were seeded in 24-well plates at 1 × 105 cells/well in the presence of 10 nM
5α-dihydrotestosterone to stimulate androgen receptor binding to ARR2PB. The following day,
cells were infected with viral vectors at MOI of 100. Dox (1 gm/L) was added to culture media
or withheld to induce or suppress different tet regulating systems. 48 h postinfection, cells were
collected, washed with PBS, resuspended in 150 µL PBS and lysed by freezing and thawing
three times. Cell lysates were transferred to a 96-well black plastic plate (BMG Labtechnologies)
and relative GFP ﬂuorescence was measured using FLUOstar™ dual ﬂuorescence/absorbance
plate reader (BMG Labtechnologies). Background cell ﬂuorescence from mock-infected wells
was subtracted from all samples. Reported values are adjusted relative ﬂuorescence units.
na, not applicable;
nd, not detectable.

levels of apoptotic activity in LNCaP cells. However, it generated low but
measurable background expression levels in nonprostate cells that were not
regulated with dox (see Table 1) and were found to be associated with the basal
activity of the TRE promoter. This low level of activity did not signiﬁcantly
downgrade the safety proﬁle of this vector, as was demonstrated by systemic
delivery studies in mice. All mice injected with 109 IP control vector with
CMV driven FasL-GFP died in less than 24 h, whereas mice injected with similar
doses of either rAd/FasL-GFPPS or rAd/FasL-GFPPS/TR survived with no
observable negative effects. Histological examination of liver sections and
apoptosis-detecting in situ TUNEL assay indicated that these vectors generated
no detectable changes in liver morphology and no or minor increases in the
levels of apoptosis in liver cells.
1.5.4. Inclusion of Tet Trans-Suppressor for Improved Performance
of the Tet System

Tight control of gene activity has been achieved in cells and transgenic
organisms using the tet regulatory systems. However, as was mentioned in
the previous two subsections, transient expression studies indicated that an
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intrinsic residual transcription is associated with the TRE promoter and which
can differ in intensity among different cell types (86–88). This activity is in
part due to the basal transcription of the minimal CMV promoter and in part to
the presence of cryptic transcription factor binding sites in the 7 × tetO element
itself (89). Recently, steps were taken to efﬁciently repress this background
activity by generating tetracycline controlled transcriptional silencers (tTS)
that bind promoters responsive to rtTA in absence of the effector (dox) (60,90).
Addition of dox serves to both prevent binding of tTS and to promote binding of
rtTA, thereby switching the promoter from an actively repressed to an activated
state (see Fig. 3C). Based on these ﬁndings, we proceeded to incorporate tTS
into our Ad vector-delivered tet regulated gene expression system. The tTS
expression cassette using an hCMVie promoter was cloned in tandem with the
rTA cassette in the pL-Ad.CMV shuttle plasmid (see Fig. 4). Resulting Ad
vectors, such as Ad/FasL-GFPrtTA/tTS (see Fig. 5), are efﬁciently generated in
293CrmA cells, where the tTS activity results in improved titers of proapoptotic
vectors. Dox induces FasL-GFP expression in a concentration-dependent
manner in cells transduced with vectors both with and without tTS activity, and
maximum expression activity is comparable between the vectors (see Table 1).
However, tTS-containing vector generates signiﬁcantly lower background
expression levels, which results in an expression range of over three orders of
magnitude in some cell lines (see Table 1).
2. Materials
1. Agarose and low-melt agarose (OmniPur from EM Science, Gibbstown, NJ,
or other providers).
2. 50X TAE buffer: 2 M Tris base, 0.05 M ethylenediaminetetraacetic acid (EDTA),
adjust to pH 8.0 with glacial acetic acid. Stable at room temperature.
3. Restriction endonucleases with appropriate buffers, calf intestinal phosphatase
(CIP), T4 ligase and β-agarase. Composition of NEB EcoR1 buffer: 50 mM
NaCl, 100 mM Tris-HCl, 10 mM MgCl2, 0.025% Triton X-100, pH 7.5 (New
England Biolabs (NEB), Beverly, MA, or other providers).
4. Phenol (TE-saturated, pH 8.0), chloroform, 20% (w/v) sodium dodecyl sulfate
(SDS), 3 M sodium acetate, pH 7.5, isopropanol, ethanol, glycerol, bromophenol
blue dye (1% w/v), ethidium bromide (Available from Fisher Scientiﬁc, Suwanee,
GA, or other providers).
5. DNase I (10 mg/mL in H2O), proteinase K (10 mg/mL in H2O), DNase-free
ribonuclease A (1 mg/mL in H2O). Available from Sigma, St. Louis, MO, or
other providers. Stored in aliquots at –20°C.
6. 5 mM Tris-HCl, pH 8.0; TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0).
7. NucleoSpin Plasmid Miniprep Kit and DNA Gel Extraction Kit (Clontech, Palo
Alto, CA).
8. Plasmid Midi Kit from Qiagen, Valencia, CA.

Improving the Transcriptional Regulation

185

9. 1 Kb Plus DNA ladder and DNA/Hind3 Fragments (Gibco BRL Life Technologies, Rockville, MD).
10. Dulbecco’s modiﬁed Eagle’s medium (DMEM) with 4.5 gm/mL glucose and
glutamine (Mediatech, Herndon, VA).
11. Culturing medium: DMEM containing 10% (v/v) Cosmic Calf Serum (CCS;
from HyClone, Logan, UT), 100 U/mL penicillin, 100 µg/mL streptomycin.
Stored at 4°C. Penicillin and streptomycin are purchased as a 100X working
concentration stabilized solution (Sigma).
12. Infection medium: DMEM plus 5% (v/v) CCS, 100 U/mL penicillin, 100 µg/mL
streptomycin. Stored at 4°C.
13. 15- and 10-cm cell culturing dishes, 6- and 96-well tissue culture plates (Greiner,
Frickenhausen, Germany).
14. Phosphate buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na2HPO4,
0.025% KH2PO4 (all w/v), pH 7.2; ﬁlter sterilized. Stored at ambient temp.
15. 20- and 200-µL ﬁlter-tip pipet tips (USA Scientiﬁc, Okala, FL).
16. Trypsin solution: PBS containing 0.05% (v/v) trypsin (Mediatech) and 1 mM
EDTA. Stored at 4°C.
17. HEPES buffered saline (HBS): 21 mM HEPES, 140 mM NaCl, 5 mM KCl,
0.75 mM Na2HPO4, and 0.1% (w/v) dextrose. Adjust pH with NaOH to 7.5.
Filter sterilized and stored at 4°C.
18. Dry ice/ethanol bath.
19. CsCl. High purity powder available from several providers.
20. Beckman Ultra Clear centrifuge tubes (14 × 89 mm) from Beckman Instruments.
21. dNTP mix (2.5 mM each of dATP, dCTP, dGTP, and dTTP), 10X Pwo buffer
with 15 mM MgSO4, Pwo polymerase (2.5 U/µL). Roche Diagnostics Corp.,
Indianapolis, IN.
22. 50- and 15-mL screw-cap polypropelene centrifuge tubes; 2 mL Cryotubes; 1.5-,
2-, and 0.7-mL microcentrifuge tubes; 0.2-mL thin-wall PCR tubes with domed
caps. USA Scientiﬁc or other providers.

3. Methods
3.1. Cloning of Foreign Sequences into Shuttle Plasmids
Construction of the two shuttle plasmids pL-Ad.CMV and pR-Ad.6MCS
has been described elsewhere (70,82). These plasmids are puriﬁed (see Note 1)
and treated with appropriated restriction endonucleases (see Note 2). pL-Ad.CMV
contains hCMVie promoter (see Fig. 4) and the gene of interest can be cloned
directly into the MCS. If a different promoter is desired, hCMVie can be
removed by the use of a unique Sal1 site upstream. If the transgene is
cloned in the orientation of the hCMVie promoter, an additional polyadenylation signal may be omitted since the E1b signal may be utilized for
that purpose once the Ad vector genome is assembled (see Fig. 4). For
pR-Ad.6MCS, appropriate promoter, enhancer and polyadenylation signals

186

Rubinchik et al.

must be included, and the expression cassette can be cloned in either orientation
(see Note 3). Once the correct plasmid structures have been constructed and
veriﬁed, they should be prepared in a large scale and extensively puriﬁed
(see Note 1).
3.2. In Vitro Assembly of Recombinant Ad Vectors
3.2.1. Preparation of DNA Fragments From Shuttle Plasmids

Shuttle plasmid DNA concentrations are determined by measuring OD260
with a spectrophotometer (1 OD260 = 50 µg/mL puriﬁed DNA).
1. Digest 10 µg of each plasmid with Swa1 (10 µg DNA, 20 U Swa1, 1X NEB buffer
3 and BSA in 200 µL reaction) overnight at ambient temperature (benchtop)
in 1.5-mL tubes.
2. Add CIP (10 U) to each reaction, followed by an hour at 37°C. CIP reactions are
stopped with EDTA (5 µL of 0.5 M stock, pH 8.0).
3. Purify DNA with NucleoSpin Plus columns and elute in 88 µL of 5 mM TrisHCl, pH 8.0.
4. pL-Ad DNA is cut with Xba1, Avr2, or Spe1 (20 U enzyme, 10 µL 10X NEB
buffer 2), depending on which is unique (see Note 2). pR-Ad is cut with EcoRI
(20 U EcoR1, 10 µL 10X NEB EcoR1 buffer). Digests are placed in a 37°C
water bath for 2 to 4 h.
5. Each reaction is mixed with 50 µL of gel-loading buffer (50% (v/v) glycerol,
0.1% (w/v) bromophenol blue) and resolved on 0.5% (w/v) agarose gels (0.5 g
of agarose in 100 mL of 1X TAE buffer) which are run in 1X TAE buffer at 7 V/cm
of the distance between the electrodes.
6. The gels are soaked for 10 min in H2O with 0.3 µg/mL ethidium bromide. The
DNA bands are visualized under long-wavelength UV light (330 to 360 nm
transilluminator, see Note 3) and the appropriate fragments are excised by razor
blade or scalpel and placed inside preweighed 2-mL centrifuge tubes.
7. DNA fragments are puriﬁed with NucleoSpin Gel Extraction Kit (see Note 4)
and eluted in 50 µL of 5 mM Tris-HCl, pH 8.0, and their quality and quantity
are determined by running 1 µL of each on a diagnostic 0.5% agarose gel with
appropriate size and MW DNA markers. Recovery of 1 to 2 µg of each fragment
is required for the next step.

3.2.2. Preparation of Ad5 Genomic Fragment
1. High-concentration Ad5-sub360SR clariﬁed lysate is obtained (see Subheading
3.4.1.) from 10 to 20 15-cm culture dishes.
2. The lysate is treated with DNase I (100 µg/mL ﬁnal concentration) and RNase
H (100 µg/mL ﬁnal concentration) for 30 min at 37°C.
3. SDS, EDTA, and proteinase K are added to the lysate to 0.5% (v/v) SDS, 20 mM
EDTA, and 125 mg/mL proteinase K final concentrations. The reaction is
incubated at 37°C for 16 to 20 h.
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4. The reaction is extracted twice with 1X volume of phenol/chloroform (50⬊50 v/v)
and once with 1X volume of chloroform.
5. The DNA is precipitated with 0.1X volume of 3 M sodium acetate and 1X volume
of isopropanol, and pelleted in a microcentrifuge (16,000g for 30 min at 4°C).
The pellet is washed with 70% ice-cold ethanol and dried in an open tube on the
benchtop. Virus DNA is dissolved in 100 µL of TE, pH 8.0.
6. DNA concentration is determined by OD260 measurement. Typically, between
5 and 10 µg of virus DNA is recovered.
7. Virus DNA is digested with EcoR1 and Xba1 in a 200-µL reaction volume
(5 µg DNA, 20 U each enzyme, 20 µL 10X NEB EcoR1 buffer) for 12 to 16 h
at 37°C.
8. The reaction is treated with CIP (10 U) for an additional hour at 37°C.
9. The digested material is resolved on a preparative 0.7% (w/v) low-melt agarose
gel in 1X TAE buffer overnight at 1.4 V/cm.
10. The gel is soaked in ﬁve gel volumes of 10 mM Tris-HCl, pH 7.0, containing
0.3 µg/mL ethidium bromide for 30 min. The DNA bands are visualized under
long-wavelength UV light (330 to 360 nm) and the largest band (26 kb) is excised.
The gel slices are placed in one or more 2-mL microcentrifuge tubes.
11. DNA-containing gel tubes are placed at 65°C for 5 to 10 min, until the agarose
has completely melted.
12. The tubes are transferred to a 40°C water bath and β-agarase is added to a ﬁnal
concentration of 1 U/mL molten agarose.
13. The samples are mixed (by ﬂicking and inversion, not vortex) and incubated
at 40°C for 16 h.
14. 0.1X volume of 3 M sodium acetate is added and the tubes are placed on ice
for 20 min.
15. Undigested agarose is precipitated by 16,000g centrifugation for 20 min at 4°C.
The supernatants are transferred to new 2-mL tubes.
16. DNA is precipitated with isopropanol as described in step 5. The pellets are
dissolved in a combined volume of 50 µL of 5 mM Tris-HCl, pH 8.0. Fragment
quality and quantity is checked as described in Subheading 3.2.1.

3.2.3. In Vitro Ligation to Assemble Ad5 Vector Genome
1. The ligation reaction is set up by combining 1 to 2 µg of the Xba1/EcoR1
Ad5-sub360SR fragment with 1 to 2 µg of the pL-Ad Swa1/Xba1 fragment
and 1 to 2 µg of the pR-Ad Swa1/EcoR1 fragment with 15 µL of 10X NEB T4
ligase buffer and 800 U of T4 ligase from NEB in a 150-µL reaction volume.
This generates approximate molar ratios between pL-Ad, sub360, and pR-Ad
of 20⬊1⬊10.
2. The reaction is placed at 15°C for 16 h.
3. Ligation products (DNA bands in the 33- to 37-kb range) are resolved on a 0.7%
low-melt agarose gel, excised, and puriﬁed with β-agarase digest as described
in Subheading 3.2.2.
4. After 70% ethanol wash, pellets are dissolved in 40 µL of TE, pH 8.0.
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3.3. Isolation and Titration of Primary Vector Stocks
3.3.1. General Cell Culture

The 293CrmA cell line (see Note 6) has been previously described (70).
These cells can be split 1/5 every 3 d, and are grown in culturing medium.
They are less adherent than the low passage 293 cells, so care must be taken
not to dislodge them prematurely.
1. Old medium is removed from 80% conﬂuent dishes by aspiration, and trypsin
solution (warmed to room temperature) is added at 5 mL per 10-cm dish or 12 mL
per 15-cm dish.
2. Dishes are gently rocked once or twice to ensure uniform cover with trypsin.
Progress of cell detachment from dish surface is monitored with inverted
microscope.
3. When cells assume a rounded shape, but before they detach completely, trypsin
solution is aspirated. Immediately, cells are dislodged by a sharp slap of a hand
against the side of the dish.
4. Culturing medium is added at 5 mL per 10-cm dish or 10 mL per 15-cm dish.
Cells are further dispersed by repeatedly aspirating the medium into and out of a
10-mL culture pipet with its tip ﬁrmly pressed to the bottom of the dish.
5. New dishes are seeded with cell suspension and culturing medium is added
(9 and 20 mL per 10-cm and 15-cm dishes, respectively) and the cells are evenly
dispersed by a gentle rocking motion.
6. Dishes are placed in an incubator at 37°C and 5% CO2.

3.3.2. Transfections

We ﬁnd the SuperFect (Qiagen) reagent to efﬁciently and reliably transfect
293CrmA, but other reagents, such as LipofectAMINE (Gibco BRL) and
FuGENE 6 (Roche Diagnostics) have also been used successfully.
1. Cells are seeded in 6-well plates at 1 × 105 per well with 2 mL of culturing medium, and typically generate the desired 40% to 60% monolayers after
20 h.
2. The transfection reactions are set up in the laminar ﬂow hood by adding gelpuriﬁed ligation products (20 µL) to a 1.5-mL Eppendorf tube.
3. 70 µL ambient temperature DMEM is added to the tube to bring the total volume
to 90 µL.
4. The contents of the tube are mixed by gentle vortexing.
5. SuperFect reagent (10 µL) is added to the tube, which is again gently vortexed
to mix the contents.
6. The reaction is incubated at ambient temperature for 15 to 30 min.
7. The old medium is removed from the well of a 6-well plate, and immediately
replaced with 1 mL of fresh culturing medium prewarmed to 37°C (see Note 7),
added slowly so that the cells are not dislodged.
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8. One mL of DMEM is added to the reaction and mixed well. The mixture is added
drop by drop to the well and mixed by gentle rocking of the plate.
9. The plate is placed in 37°C CO2 incubator.
10. After 12 to 24 h, the transfection medium is replaced with warm culturing
medium (see Note 7).
11. Transfection efﬁciency is determined at 48 h by observing GFP ﬂuorescence
with Axiovert 25 inverted microscope with ﬂuorescent lamp attachment (Zeiss
Optical Systems Inc., Thornwood, NY) and FITC excitation / emission ﬁlter set
(Chroma Technology Corp, Brattleboro, VT).

3.3.3. Primary Vector Lysates
1. Three to four days post-transfection, cells from each well are passed to a 15-cm
dish with 25 mL of culturing medium (see Note 7).
2. Dishes are monitored once a day for evidence of vector replication. Typically,
replicating centers are ﬁrst observed with ﬂuorescent microscope as clusters
of cells glowing faint or bright green between 7 and 10 d post-transfection,
with plaques composed of cells showing cytopathic effects (CPE) visible with
brightﬁeld microscopy a day or two later.
3. If cells reach high confluency (85–95%) without vector replication being
observed, they are split 1 to 3 to new 15-cm dishes for several additional days
of development (see Note 8).
4. Cells are collected when approximately 50% or more of them show CPE. If
some cells remain attached, they can be washed or scaped off the bottom of
the dish with pipet tip.
5. Dish contents are collected into 50-mL centrifuge tubes and centrifuged at 800g
for 10 min.
6. Supernatants are aspirated and 1 mL (per 15-cm dish) of DMEM is added to
each pellet.
7. Cells are resuspended and transferred to 1.5-mL microcentrifuge tubes.
8. The tubes are placed in a dry ice/ethanol bath for 3 min, then transferred to a
37°C water bath for 3 min.
9. Step 8 is repeated two more times.
10. The tubes containing the lysates are centrifuged at 5000g for 1 min.
11. The supernatants containing virus vector particles are transferred to labeled 2 mL
Cryotubes and stored at –70°C or in a liquid nitrogen storage container.

3.3.4. Determination of Infectious Particle (IP) Titers
of Ad Vector Stocks

We take advantage of GFP ﬂuorescence generated by our vectors in successfully transduced cells to rapidly and accurately determine IP titers of primary
lysates, large scale lysate stocks and puriﬁed vector stocks.
1. On the day of the assay, 293CrmA cells are trypsinized, dispersed, and diluted
with culturing medium (see Note 9) to approx 5 × 104 cells/mL.
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2. A multichannel pipetor (either 12 or 8-channel) is used to deliver 90 µL of cell
suspension to each well of a 96-well culture plate.
3. 10 µL of each vector stock is delivered to a well on row “A” of the plate. Primary
lysates are measured directly, whereas large scale lysates and puriﬁed vector
stocks are typically prediluted 10- to 100-fold. Usually, each stock is tested in
triplicate, so that four different vectors can be tested per plate. Pipet tips with
ﬁlters are used to prevent contamination of the pipetor and cross-contamination
of vector stocks.
4. A 12-channel pipetor is used to mix the contents of row “A”, withdraw 10 µL
from each well of that row and deposit the samples to corresponding wells of
row “B”, achieving a 10-fold dilution of vector particles.
5. Step 4 is repeated, going from “B” to “C” and so on until the last row of wells
receives diluted vector samples.
6. The plate is placed in an incubator and examined with the inverted ﬂuorescent
microscope 48 h postinfection.
7. At higher dilutions, a 293CrmA cell exhibiting GFP ﬂuorescence is considered
to be the result of an infection with a single infectious particle. The IP titers are
determined according to the formula:
IP per mL of stock =
predilution factor × # of ﬂuorescent cells per well × 10 (row # + 1)
For example, if the stock was prediluted 10-fold, and 12 ﬂuorescent cells were
seen in row “D”, the titer is 10 × 12 × 10(4+1) or 1.2 × 107 IP/mL.
8. Typically, titers from all wells where accurate cell numbers can be determined
are obtained, and average value is calculated. Values from replicate dilution
series are also used to determine average titer. Multiple measurements of the
same sample are typically within 20% of each other.

3.4. Large Scale Preparation and Puriﬁcation of Ad Vectors
3.4.1. Ampliﬁcation of Ad Vector Stocks
1. Titers of primary or ampliﬁed vector stocks are determined as described in
Subheading 3.3.4.
2. 293CrmA cells are seeded at 3 × 106 cells per 15-cm dish with 20 mL of complete
medium.
3. When cells reach 70–80% conﬂuency, medium is aspirated and replaced with
20 mL of warmed infection medium (see Note 7) containing 1 × 107 IP/mL of
desired virus vector. This results in vector IP to cell ratios of between 20 and 30.
4. Dishes are placed in the incubator.
5. After 36–48 h, cells exhibit CPE and are either already detached or can be easily
detached by pipeting.
6. Cells are collected into 50-mL tubes and centrifuged 10 min at 800g and 4°C.
7. The supernatant is aspirated and DMEM is added to pellets at 0.5 mL per 15-cm
dish culture.
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8. Cell suspensions are transferred to 2 mL snap-cap tubes and cells are lysed by
freeze-thaw technique and clariﬁed by centrifugation as described in Subheading
3.3.3.
9. The lysates are titrated as described in Subheading 3.3.4. and stored at –70°C.

For procedures such as DNA extraction, lysates can be further concentrated
and partially puriﬁed as follows:
1. The lysates are centrifuged at 16,000g for 30 min at 4°C.
2. The supernatants are carefully decanted, and the loose gel-like pellets containing
virus vector particles are resuspended in small volume of TE or PBS (see Note 10).

3.4.2. Puriﬁcation of Ad Vectors
1. Large-scale clariﬁed lysates are prepared as described in above.
2. Lysates are collected in 15-mL centrifuge tubes at 10-mL lysate per tube.
3. 4.8 g of solid CsCl is added to each tube and completely dissolved. This results
in a solution with density of 1.34 gm/mL.
4. CsCl-containing lysates are placed in clear ultracentrifuge tubes and the volumes
are adjusted to recommended levels with ﬁlter-sterilized HBS plus 0.48 g/mL
CsCl.
5. The tubes are loaded in a SW41.1 swing-bucket rotor (Beckman) and CsCl
gradients are developed for 16–24 h at 151,000g at 4°C in a Beckman L8-80M
ultracentrifuge (see Note 11).
6. Vector particles form a cloudy off-white band across the middle of the tube which
is collected by carefully puncturing the wall of the tube just under the band
using a 5-mL syringe with 19-gage needle and slowly withdrawing the opaque
band ﬂuid.
7. Collected material (1.5 to 2.5 mL) is placed in a new ultracentrifuge tube which
is ﬁlled with ﬁlter-sterilized HBS plus 0.48 g/mL CsCl.
8. Vectors are rebanded and reextracted by repeating steps 4–6.
9. To remove CsCl, a PD-10 desalting column is equilibrated with 25 mL of HBS,
and loaded with 2.5 mL of double-banded material.
10. Once the ﬂowthrough containing vector particles is collected, the column is
reequilibrated with 25 mL HBS, and the sample is reloaded.
11. The ﬂowthrough from the second column run is the puriﬁed desalted vector
stock, and it is aliquoted into 2-mL Cryotubes at 250 µL/tube and stored in
liquid nitrogen.
12. Vector titers are determined as IP/mL (described in Subheading 3.3.4.) and also
as total particles by diluting the samples 1 to 20 in HBS and measuring OD260.
One OD260 unit equals approx 1012 particles/mL.

3.4.3. Detection of Wild-Type Revertants in Vector Preparations

We use PCR to determine if our primary lysates are contaminated with
wild-type revertants (see Note 12).
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1. Vector DNA is prepared from crude or puriﬁed stocks as described in Subheading 3.2.2.
2. Presence of wild-type sequences is detected using PCR (91). Primers E1A-1
(5′ATTACCGAAGAAATGGCCGC3′) and E1A-2 (5′CCCATTTAACACGC
CATGCA3′) amplify the region between Ad5 nt 590 and nt 1656. Primers E2B-1
(5′TCGTTTCTCAGCAGCTGTTG3′) and E2B-2 (5′CATCTGAACTCAAAGC
GTGG3′) amplify the region between Ad5 nt 3955 and nt 4815, which is present
in both wild-type and vector DNA. This serves as a control for total vector DNA.
3. PCR reactions contain 5 µL of 10X Pwo buffer with MgSO4, 2 µL of dNTP
mix, 5 µL each of forward and reverse primers (20 pmol/µL), 100 ng vector
DNA (equivalent to 2.6 × 109 particles), and 2.5 U Pwo polymerase in 50 µL
reaction.
4. Reactions are placed in 0.2 µL thin-wall PCR tubes with domed caps (USA
Scientiﬁc), which are loaded into Perkin-Elmer 9600 thermocycler.
5. Samples are heated at 97°C for 1 min, then cycled 30× (97°C for 30 s, 56°C
for 30 s, 72°C for 1 min).
6. 10-µL volumes are taken from each sample and resolved on a 0.5% agarose gel.
DNA from Ad5-sub360SR is used as a positive control.

Wild-type E1 sequences generate a band of 1066 bp, whereas PCR of the
E2 region results in a band of 860 bp. If a PCR has no detectable 1066 bp
band, the sample DNA is serially diluted in 10-fold steps and PCR is repeated,
until the dilution at which the 860 bp band also disappears is determined.
The maximum possible contamination level with wild-type revertants is then
calculated based on this dilution factor. For example, if the lowest dilution at
which the 860 bp band is detected is 104 fold, then there is one or less wild-type
revertants per 104 vector particles.
4. Notes
1. Quality of DNA is very important for cloning of fragments into shuttle vectors
and even more important for the success of in vitro ligation and cell transfection
steps. For cloning purposes, we had good success using Clontech NucleoSpin
Plus Miniprep and Gel Extraction Kits for purifying plasmids and restriction
fragments out of agarose gels, respectively. For fragments to be used in in vitro
Ad genome assembly, plasmid DNA is puriﬁed using Qiagen Tip-100 columns
according to manufacturer’s instructions, with yields of between 50 and 100 µg
of very pure DNA.
2. Occasionally, cloned sequences in pL-Ad or pR-Ad contain the sites necessary
for fragment preparation. In the rare case when Swa1 site is present, it is advisable
to remove it by whatever means, up to site-directed mutagenesis. In the case
of EcoRI or Xba1-compatible sites, partial digests may be sufﬁcient. In that
case, DNA amounts at the beginning of the process are doubled. Xba1 or EcoR1
partial digest reactions are assembled as described in Subheading 4.2.1., but
the DNA is digested for only 10 min at 37°C and the reaction is stopped with
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EDTA (20 mM ﬁnal concentration). Relevant fragments are then extracted from
the 0.5% gel as described.
Short-wave UV must be avoided. The time DNA is subjected to UV illumination
should be kept to a minimum. If a record photo is desired, it should be taken
after the band has been excised from the gel (sufﬁcient material will remain to
indicate band positions).
Other methods of purifying DNA from gels are acceptable, but the use of
phenol/chloroform should be avoided, as it may interfere with the ligation step.
Owing to the fragility of low-melt agarose gels, we found it useful to place the
gel in the mold at 4°C for up to 1 h following the original setting. This makes
comb removal much easier.
We use these cells for vectors both with and without pro-apoptotic FasL activity.
For nontoxic transgene vectors, regular low passage 293 cells (American Type
Culture Collection, Manassas, VA, catalog number CRL-1573) are also suitable.
If the vector contains tet regulatory system with tTA controlling the expression
of a cytotoxic protein such as FasL-GFP, doxycycline (1 gm/L) is added to
culturing medium.
If no replication (CPE) is observed after 16 d, a new transfection should be
attempted.
For the purposes of determining titers of vectors with dox upregulated transgene
expression, dox is added to the medium.
This technique is easy to use, but occasionally results in vector particle aggregation and loss of infectious titer. Therefore, we use it primarily for extraction of
DNA and similar noninfecting purposes.
It is very important to completely dissolve CsCl in the lysate. Also, tubes must
be very carefully balanced and placed in the ultracentrifuge rotor according to
manufacturer’s instructions.
To determine very low levels of wild-type virus contamination in puriﬁed vector
stocks, a more sensitive supernatant rescue assay must be used, as described
elsewhere (92).
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Targeted Integration by Adeno-Associated Virus
Matthew D. Weitzman, Samuel M. Young, Jr., Toni Cathomen,
and Richard Jude Samulski
1. Introduction
The integration of foreign DNA into the genomes of host cells is of fundamental importance for viral oncology, evolution, transgenic organisms, and
gene therapy applications. Expression of foreign genes in eukaryotic cells
is highly dependent upon the efﬁciency of integration events and the site
of insertion. Integration can sometimes have detrimental effects on the host
cell, such as insertional mutagenesis or activation of proto-oncogenes. For
gene therapy, it would therefore be attractive to target insertion to innocuous
chromosomal sites. Understanding the mechanisms for integration of foreign
DNA and target site selection is crucial for approaches where long-term
expression from delivered transgenes is required.
One of the most promising viral vector systems is based on the adenoassociated virus (AAV). AAV vectors consist of a transgene cassette ﬂanked
by viral inverted terminal repeats (ITRs). AAV is unique in that the wild-type
virus can preferentially integrate its genome in a site-speciﬁc manner into
an integration locus (AAVS1) on human chromosome 19. Understanding the
requirements and mechanism for site-speciﬁc integration will provide insights
into how targeting can be incorporated into gene therapy vectors. Targeted
vectors will avoid the potential hazards of insertional mutagenesis and will
remove the positional effects on gene expression from the integrated provirus.
This chapter describes what is known about targeted integration by AAV and
assays that have been developed to study this process, in order to harness it
for transgene integration.
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Fig. 1. The AAV genome. The genetic map on top displays the location of the ITRs,
the rep and cap genes, the three AAV promoters, and the polyadenylation site. The
respective nucleotide positions are indicated. Transcripts derived from each promoter
are illustrated below. The black boxes represent the open reading frames. The size of
each transcript and the protein synthesized is indicated on the right. VP2 is expressed
from an extended VP3 open reading frame by use of an ACG start codon. The question
mark indicates that the function encoded by the transcript is not known.

1.1. AAV Genome and Life Cycle
AAV is one of the simplest vehicles for gene delivery by a virus. The AAV
genome is a single-stranded linear DNA molecule with ITRs at both ends
that are important for replication, packaging and integration (1). The genome
contains only two open reading frames (ORFs), encoding the nonstructural
(Rep) and structural (Cap) viral proteins (see Fig. 1).
The ITRs fold into hairpin structures that serve as both the origin and primer
for DNA replication (1). There are three viral promoters at map positions 5, 19,
and 40. The rep gene encodes four overlapping multifunctional Rep proteins,
named by their apparent molecular weight. Rep78 and Rep68 are translated
from unspliced and spliced transcripts that initiate from the p5 promoter. Rep52
and Rep40 are translated from unspliced and spliced transcripts initiating from
the p19 promoter. P40 transcripts encode the three-capsid proteins.
AAV is a conditionally lytic virus. Latent versus lytic infection is determined
by the permissiveness of the cell. Productive AAV infection in cell culture
requires helper functions supplied by coinfection with a second virus such as
adenovirus (1). In this setting, AAV will replicate its linear genome by initiating
DNA replication from the ITR hairpin structures, which serve as the viral origin
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of replication. An inherent problem to replicating all linear genomes is the
ability to maintain the integrity of the 5′ terminus during DNA replication.
The ITRs are also the key substrate for solving this problem. The termini
are resolved by making a strand-speciﬁc, site-speciﬁc endonuclease cut at
the terminal resolution site (trs). The hairpin is unwound and the ends are
replicated to produce an extended linear duplex. This process has been called
terminal resolution (5). Under conditions nonpermissive for replication, the
AAV genome integrates into the host chromosome (2). The ITRs are essential
for this step and form the junction between the virus and cellular sequences.
Essential to studying the molecular steps involved in the AAV life cycle has
been the generation of an infectious clone. AAV can be rescued and replicated
from infectious clones transfected into cells infected with a helper virus (3,4).
1.2. The cis and trans Elements in Viral Replication
The AAV ITR serves as the ori for DNA replication. It is the only cisregulatory viral element that remains in rAAV vectors and becomes integrated
into the host genome during transduction. It is surprising, therefore, so little
is known about it and how its multiple functions are controlled. The two large
viral Rep proteins (Rep68 and Rep78) bind to a speciﬁc sequence within the
stem of the T structure of the ITR (see Fig. 2). This sequence consists of
tandem GAGC repeats and has been called the Rep binding element (RBE) and
is also referred to as the Rep recognition sequence (RRS) (6–8). Rep proteins
also make contact with sequences in the small internal palindrome of the ITR
known as the RBE′ (7). Recently, a genetic screen to identify cellular proteins
that recognize the RBE and may be important in regulating the AAV life cycle
has been described (9). Another cellular factor has been described that binds
speciﬁcally to one strand of the D sequence within the ITR (ssD-BP) and
regulates second-strand synthesis (10). These studies begin to demonstrate the
complexity of interaction between the ITR and cellular factors.
The Rep proteins play a central role in both replication and targeting and
thus dissecting these mechanisms requires detailed knowledge of how Rep
proteins perform their multiple functions. The Rep68 and Rep78 proteins
stimulate replication in vitro and in vivo. The two smaller Rep proteins, Rep52
and Rep40, are not involved directly in DNA duplication but are required for
accumulation of single-stranded progeny genomes and for encapsidation. The
Rep78/68 proteins bind speciﬁcally to the viral ITRs and make a site-speciﬁc
and strand-speciﬁc endonuclease cut at the trs (11). Other Rep functions
include ATPase, helicase, and possible ligase activities. In addition Rep78/68
have also been shown in vivo to regulate transcription from the AAV p5, p19,
and p40 promoters.
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Fig. 2. Elements required for site-speciﬁc integration of AAV. The AAV ITR in the
hairpin conﬁguration is shown on top and the relevant sequences of the integration
locus AAVS1 on the bottom. The RBE, a tetrameric GAGC motif, and the trs, a
CCAACY motif, are boxed. The CTTTG element, also named RBE′, contributes to
Rep binding afﬁnity to the ITR. The Rep proteins, probably as a multimeric complex,
facilitate targeted integration by tethering the AAV genome to the integration locus
followed by a site-speciﬁc nick at the AAVS1 trs.

1.3. AAV Vectors for Gene Therapy
There is increasing interest in AAV as a gene delivery vector for human
gene therapy (12–14). The virtues of AAV as a vector include its lack of
pathogenicity, high titer, ease of manipulation, absence of all viral ORFs,
and ability to transduce nondividing cells. Transduction with rAAV has been
demonstrated with many recombinant genes and in numerous cell types.
Expression can be achieved from both episomal and integrated forms of the
vector. The major limitation of rAAV vectors is the size capacity, as vectors can
only package 4.7 Kb of exogenous DNA. This size constraint can be overcome
by using dual vector strategies that exploit intermolecular concatemerization
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of rAAV genomes (15,16). In addition, as most AAV vectors currently in use
are deleted of viral genes and, therefore, do not integrate in a targeted fashion;
the risks of insertional mutagenesis remain.
AAV vectors are derived from plasmids that carry the ITRs ﬂanking an
expression cassette for the transgene of interest. The original protocols for
packaging vectors into AAV particles involved both cotransfections into Adinfected cells along with a packaging plasmid containing the rep and cap
genes (17). Recent developments in rAAV production include a three-plasmid
transfection system with a mini-Ad plasmid replacing Ad infection, and thus the
need to remove contaminating Ad particles (18,19). The traditional protocols
for AAV puriﬁcation involved multiple rounds of density ultracentrifugation
in cesium chloride gradients. The use of iodixanol gradients has been adopted
and the protocol is described later. Further puriﬁcation can be achieved by
heparin afﬁnity chromatography (20), but this is not necessary for most in
vitro applications.
1.4. Requirements for Targeted Integration
A unique feature of wild-type AAV integration is that in human cell lines it
is targeted in 70–95% of events to a speciﬁc site on chromosome 19q13.3-qter
(21,22,53). The preintegration locus, termed AAVS1, has been cloned and
sequenced (23). Transgenic rodent models have shown that the cis elements
from AAVS1 are sufﬁcient to direct site-speciﬁc integration independent of
chromosome context (24,25).
In the absence of Rep, i.e., in the case of rAAV vectors, AAV integration
occurs by a cellular recombination pathway without any speciﬁcity for the
AAVS1 locus of chromosome 19 (26,27). The proviral structures of wild-type
and recombinant AAV integrants are similar. They are typically arranged in
head-to-tail concatamers, with microsequence homology at the viral–cellular
junctions and possess variable deletions of the ITR and chromosome sequences
(26–29). This suggests that the cellular recombination machinery is involved
in both targeted and random integration.
There are two elements within the AAV genome that are required for targeted
integration: the Rep proteins and the ITR. When supplied in trans, Rep can
target integration into AAVS1 (30–32) by binding to a speciﬁc RBE within the
AAVS1 DNA (see Fig. 2) (8). The Rep proteins form a bridge between viral
ITR and the binding site in AAVS1. Mutations that affect DNA binding or
trs nicking activities of Rep are impaired for targeted integration (33). In
addition, Rep is believed to initiate replication at the AAVS1 preintegration
locus as evidenced by in vitro replication of an AAVS1 fragment (34) and
rearrangements of the integration region upon Rep expression (24,30).
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The viral ITR is the only genetic element required in cis but the exact
requirements of the ITR for targeted integration remain unclear. The ability of
Rep to serve as a bridge between the two DNA substrates (8), strongly argues
that Rep binding sites on both the ITR and AAVS1 are essential for targeting.
Experiments suggesting that a functional trs and replication of the donor ITR is
not a prerequisite for site-speciﬁc integration have been reported (35).
The cis requirements within the AAVS1 integration locus have been more fully
delineated. There is an RBE that resembles that in the ITR and is speciﬁcally
bound by the Rep proteins (8). In addition there is a trs motif that can be nicked
by the endonuclease activity of Rep (see Fig. 2). A spacer sequence between these
two motifs has recently been shown to be essential for site-speciﬁc recombination
(36). These elements are also located adjacent to a DNaseI hypersensitive
site, suggesting an accessible open chromatin region (37). Integration into an
episomal model containing sequences from AAVS1 has shown that the minimal
requirements are contained within a 33-bp region spanning these elements (38),
although further experiments are required to map the minimal sequences required
in the context of a chromosomal integration site.
To create a model of site-speciﬁc integration by AAV, the following features
need to be incorporated:
1. It is essential to have an RBE in both the ITR of the donor AAV substrate and
the target site on chromosome 19.
2. Loss of the trs in the integration locus ablates site-speciﬁc integration, suggesting
that nicking and replication of AAVS1 is essential (38).
3. The Rep protein can form a complex that bridges the AAV ITR and the AAVS1
sequences, suggesting that tethering through speciﬁc DNA binding sites plays
a crucial role (8).
4. The AAVS1 sequences can serve as an origin for Rep-mediated replication (34).

These observations have led to a number of proposed models. Berns et al. have
proposed a model that involves multiple strands switching during DNA synthesis
within a Rep-mediated complex between the AAV and the target site (38). It has
been suggested that unscheduled DNA replication of chromosome 19 mediated
by Rep may generate substrates that become recombination “hot spots” but that
initiation of replication on the incoming ITR substrate is not essential (35).
1.5. Protocols for Targeting Integration of Gene Transfer Vectors
Despite the unclear picture of the mechanism of site-speciﬁc integration, a
number of groups have explored AAV as a means of targeting integration of
genes to the AAVS1 locus. Assays have been developed that assess the site and
frequency of integration and allow dissection of the requirements for targeting
(see Fig. 3 for an overview). The Rep protein can be supplied in trans to mediate
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Fig. 3. Strategies for targeted integration. Plasmid pAAV.GFP/Neo, which contains
the genome of a rAAV vector encoding GFP and a neomycin resistance gene, is transfected along with a Rep expression plasmid into the target cell line (a). Alternatively,
pAAV.GFP/Neo together with helper plasmids encoding AAV (pXX2) and Ad5 helper
functions (pXX6) are transfected into 293 cells to produce rAAV. The target cell line
is then infected with rAAV.GFP/Neo and transfected with puriﬁed Rep68/78 protein
to mediate locus-speciﬁc integration (b). After sorting GFP positive cells or selecting
cells in G418 containing medium, integration is assessed either by Southern blot
analysis or by genomic PCR.

integration of a gene ﬂanked by AAV ITRs. Rep is either expressed from a
transfected plasmid (30,31,35) or can be supplied as puriﬁed recombinant
protein (32). Delivering Rep as a recombinant protein in small quantities
enables targeted integration, while avoiding the long-term cytotoxic effects of
continued Rep expression (39).
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This chapter will describe in detail the assays used to target integration either
from a plasmid with the transgene ﬂanked by viral ITRs or from puriﬁed rAAV
vector. Protocols to achieve integration using transfected plasmids expressing
Rep and puriﬁed recombinant protein will be outlined. Two tagged versions of
the Rep protein (MBP-Rep and Rep68 with a C-terminal His tag) that allow
puriﬁcation of recombinant protein by afﬁnity chromatography have previously
been described (24,40). Both of these yield biologically active protein as
assessed using in vitro assays of Rep functions, although the His-tagged
protein is 100-fold more active and is thus described later in Subheading 3.). Integration events can be selected using genes that confer antibiotic
resistance or using the green ﬂuorescent protein (GFP) and isolating clones
by ﬂuorescence-activated cell sorting (FACS) and limiting dilution. Both
approaches are described in Subheading 3. Integration events are then analyzed
by polymerase chain reaction (PCR) analysis and Southern blotting of genomic
DNA (35).
1.6. Future Outlooks
Knowledge of the interactions between viruses and cellular factors is crucial
to the development and efﬁcient utilization of viral vectors for gene delivery
and offers insights that are applicable to nonviral delivery approaches. Further
genetic and functional analysis of the requirements for targeted integration
using the assays that we describe later will greatly facilitate the development
of vector systems capable of site-speciﬁc integration.
Wild-type AAV infection has been reported to alter cell-cycle gene expression patterns and induce cell-cycle blocks. The AAV particle itself may be
responsible for some of these phenotypic changes when assayed by gene
expression proﬁles in transduced cells (Stilwell and Samulski, unpublished
observations). In the case of wild-type AAV, some effects may be induced by
expression of Rep or may be caused directly by encapsidation of Rep protein.
The Rep proteins mediate a large number of inhibitory effects on the cell and
coinfecting viruses, including inhibition of cellular DNA replication and cell
cycle progression (39,41). These observations suggest that it might not be
advisable to use the full-length wild-type protein in targeting vectors. This
toxicity might be bypassed by using temperature sensitive mutants (42) or
proteins that are conditionally functional, such as fusions with a liganddependent nuclear localization signal (43). In the future, it is likely that
chimeric proteins based on Rep will be used to achieve targeted integration
in vector systems (44).
As the requirements for targeted integration have been deﬁned in broad
terms for AAV, it has been possible to incorporate these elements into other
systems to achieve targeting from hybrid vectors. Site-speciﬁc integration has

Adeno-Associated Virus

209

been obtained by adenovirus-AAV hybrid vectors (45,46) and herpes simplex
virus (HSV) amplicons have been generated that contain AAV ITRs and express
Rep (47). The N-terminus of Rep contains the sequences that specify DNAbinding of fusion proteins in vivo (44) and this region could be modiﬁed to
alter AAV integration. For example, the recognition sequence of Rep could be
altered by molecular evolution to redirect AAV integration towards a different
site within the human genome. A better understanding of how AAV achieves
site-speciﬁc integration will allow the targeting elements to be incorporated
into synthetic vector systems to achieve targeted integration of transgenes.
Knowledge of integration pathways will therefore impact the future design of
vectors that deliver genes for therapeutic beneﬁts.
2. Materials
2.1. Production of rAAV
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Tissue culture hood and incubator with 5% CO2.
Sterile tissue culture plates (96-, 24-, and 6-well plates, 10- and 15-cm dishes).
293 cells (American Type Culture Collection, ATCC, Manassas, VA).
Dulbecco’s modiﬁed Eagle’s medium (DMEM) with 10% (v/v) fetal bovine
serum (FBS) (Invitrogen LifeTechnologies, Carlsbad, CA).
pAAV. GFP/Neo vector plasmid which consists of AAV ITRs ﬂanking expression
cassettes for GFP driven from the cytomegalovirus (CMV) promoter and neo
from the simian virus 40 (SV40) promoter (48).
pXX2 plasmid which contains the rep and cap genes for packaging rAAV,
provided by the authors on request (19).
pXX6 plasmid which supplies adenovirus helper functions for rAAV replication
and packaging, provided by the authors on request (19).
Trypsin/EDTA (Invitrogen LifeTechnologies).
Phosphate buffered saline, PBS (Invitrogen LifeTechnologies).
Sorvall RT7 or equivalent tabletop centrifuge (Kendro Laboratory Products,
Newtown, CT).
Gradient buffer: 10 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 mM MgCl2.
Benzonase (Sigma, St. Louis, MO).
Sorvall GS-3 or equivalent centrifuge (Kendro Laboratory Products).
Quick-Seal Ultra centrifuge tubes and sealing apparatus (Beckman Coulter,
Fullerton, CA).
Iodixanol, OptiPrep™ (Nycomed Pharma distributed by Invitrogen LifeTechnologies) prepared in solutions of 15, 25, 40, and 60%.
Phenol red dye added to 25% and 60% iodixanol solutions at 0.01 µg/mL
(Sigma).
Beckman XL-90 ultracentrifuge or equivalent (Beckman Coulter).
Beckman Type 50.2 Ti rotor or equivalent (Beckman Coulter).
Spinal needle (Becton Dickinson, Franklin Lakes, NJ).
18-gage needle and syringe (Becton Dickinson).
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2.2. Puriﬁcation of Recombinant Rep68 Protein
1. Stump68 cells are Escherichia coli SG13009 cells that contain the Rep cDNA cloned
into the pQE70 vector (QIAGEN, Valencia, CA) such that the protein possesses
an eight amino acid histidine tag (24), provided by the authors on request.
2. LB media (MO BIO Laboratories, Solana Beach, CA).
3. Ampicillin and kanamycin (Sigma).
4. IPTG (isopropyl-β-D-thiogalactopranoside) (Invitrogen LifeTechnologies).
5. Sorvall GS-3 centrifuge or equivalent (Kendro Laboratory Products).
6. Lysozyme 1 mg/mL (Sigma).
7. Column buffer: 50 mM phosphate buffer pH 8.1, 1 M NaCl, 0.1% Tween-20,
10 mM β-mercaptoethanol, 50 mM imidazole and protease inhibitors).
8. Protease inhibitors, mix of pepstatin A, leupeptin, phenylmethylsulfonyl ﬂuoride
(Sigma).
9. Imidazole (Sigma).
10. Branson Soniﬁer or equivalent (Branson Ultrasonics).
11. NiNTA agarose resin (QIAGEN).
12. Biorad EP-1 Econo Pump or equivalent (Biorad, Hercules, CA).
13. Biorad Model 2110 Fraction Collector equivalent (Biorad).
14. Hoefer gradient maker or equivalent (distributed by Amersham Pharmacia,
Piscataway, NJ).
15. Glycerol (Sigma).
16. Silver Stain Plus Kit (Biorad).
17. Dialysis buffer: 25 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM dithiothreitol
(DTT), 0.1% Tween-20, 20% glycerol.
18. Dialysis tubing (Pierce, Rockford, IL).

2.3. Targeted Integration of Plasmids Mediated by Rep Expression
1. HeLa cells (American Type Culture Collection).
2. Lipofectamine (Invitrogen LifeTechnologies).
3. Plasmid pHIV.Rep68 expressing Rep from the HIV-1 long terminal repeat (35),
provided by the authors on request.
4. Axiovert 25 ﬂuorescence microscope or equivalent (Carl Zeiss Microimaging,
Thornwood, NY).
5. Fluorescent-activated cell sorter (Beckton Dickinson).

2.4. Targeted Integration of rAAV Using Recombinant Rep Protein
1. G418 or Geneticin (Sigma).
2. Sterile cloning rings (Beckton Dickinson).

2.5. Southern Blot Analysis
1. Genomic DNA.
2. Restriction enzymes (New England Biolabs, Beverly, MA).
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3. Owl Horizontal Agarose Gel Electrophoresis Apparatus or equivalent (Owl
Separation Systems, Portsmouth, NH).
4. Agarose (Invitrogen LifeTechnologies).
5. Nylon membrane, e.g., Hybond-N (Amersham Pharmacia).
6. DNA fragment from AAVS1 as a probe, provided by the authors on request.
7. RediPrime II random labeling kit (Amersham Pharmacia).
8. [α-32P]dCTP (ICN Pharmaceuticals, Costa Mesa, CA).
9. Rapid-Hyb buffer (Amersham Pharmacia).
10. PhosphorImager (Molecular Dynamics, Sunnyvale, CA) or X-ray ﬁlm (Kodak,
distributed by PerkinElmer Life Sciences, Boston, MA).

2.6. PCR Ampliﬁcation of Junctions
1. Genomic DNA.
2. PCR machine (MJ Research, Waltham, MA).
3. PCR buffer (10X): 100 mM KCl, 200 mM Tris-HCl pH 8.8, 100 mM (NH4)2SO4,
40 mM MgSO4, 1% Triton X-100) and Deep Vent Polymerase (New England
Biolabs.
4. 7-deaza-dGTP (Roche Molecular Biochemicals, Indianapolis, IN).
5. chromosome 19 primer CGGGGAGGATCCGCTCAGAGGACA.
6. AAV ITR primer to A stem CGGCCTCAGTGAGCGAGCGAGC.

3. Methods
3.1. Production of rAAV
1. Seed 293 cells such that they will be at 80% conﬂuency at the time of transfection.
Change medium 3–5 h prior to transfection (see Note 1).
2. Transfect each 150-mm dish with 7.5 µg of vector plasmid (see Note 2), 7.5 µg
pXX2 (Rep/Cap plasmid), and 22.5 µg pXX6 (Ad helper plasmid) (see Note 3).
Change medium after 15–20 h.
3. Harvest cells at 60–70 h post-transfection by scraping into PBS. Collect cells
by centrifugation (1000g for 15 min at 4°C) and resuspend in 15 mL Gradient
Buffer.
4. Freeze/thaw three times in dry ice/ethanol bath. Add 50 U/mL Benzonase and
incubate for 30 min at 37°C and remove cellular debris by centrifugation at
3700g for 15 min at 4°C.
5. Transfer 14 mL of clariﬁed lysate into a Quick-Seal Ultra-Clear centrifuge tube
using a syringe equipped with a spinal needle (see Note 4).
6. Dispense 9.7 mL of 15% iodixanol solution into the tube below the lysate,
followed by 6.4 mL of the 25% solution, 5.4 mL of the 40% solution, and
5.4 mL of the 60% solution (see Note 5).
7. Fill with buffer, seal and centrifuge in a Type 50.2 Ti rotor (Beckman) at 278,000g
for 1 h 45 min at 18°C.
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8. Puncture tube with an 18-gage needle and aspirate 40% iodixanol fraction
containing the rAAV.
9. Titer virus and store at 4°C (see Note 6).

3.2. Puriﬁcation of Recombinant Rep Protein
1. Inoculate overnight culture of LB with Stump68 cells (see Note 7). Grow at 37°C
in the presence of 25 µg/mL kanamycin and 100 µg/mL ampicillin.
2. Use overnight culture to inoculate 1 L of LB media and grow cells to an OD600
of 0.8.
3. Induce cells with 0.1 mM IPTG for 1 h at 37°C.
4. Pellet cells at 6000g for 20 min at 4°C, wash in 50 mM NaPO4 monobasic pH 8.1,
1 M NaCl and repellet.
5. Resuspend in 20 mL of column buffer. Freeze/thaw twice in dry-ice/ethanol
bath.
6. Add lysozyme to 1 mg/mL and incubate on ice for 30 min.
7. Sonicate for 30 s on ice (output 6 on a Branson Sonifer 250, VWR Scientiﬁc).
8. Spin at 14,000g at 4°C for 30 min and collect supernatant.
9. Apply 5 mL of extract to a 2-mL Ni-NTA agarose column (QIAGEN) equilibrated
in column buffer with 20% glycerol at a ﬂow rate of 0.5 mL/min (see Note 8).
10. Wash with 5 vol column buffer supplemented with 100 mM imidazole and 20%
glycerol.
11. Elute in an ascending linear gradient of 0.1 to 1.0 M imidazole and identify
fractions containing Rep68H6 by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and silver staining (see Note 9).
12. Pool peak fractions and dialyze into 25 mM Tris-HCl pH 8.0, 200 mM NaCl,
1 mM DTT, 0.1% Tween-20, 20% glycerol and store at –80°C (see Note 10).

3.3. Targeted Integration of Plasmids Mediated by Rep Expression
1. Transfect plasmid containing transgene cassette ﬂanked by ITRs (see Note 11)
together with Rep expression vector (see Note 12) into cells that are 60–80%
conﬂuent.
2. After 24 h, sort cells for GFP expression by FACS (see Note 13).
3. Using limiting dilution in 96-well plates, select for individual clones that
maintain GFP expression.
4. Expand clones and conﬁrm integration of AAV.eGFP/neo cassette by Southern
blot using a GFP probe.

3.4. Targeted Integration of rAAV Using Recombinant Rep Protein
1. Transfect Rep68/78 protein using Lipofectamine (Invitrogen LifeTechnologies)
(see Note 14).
2. After 4–12 h, transduce cells (see Note 12) with rAAV.GFP/Neo at a multiplicity
of infection (MOI) of 1–10 genomes/cell. The efﬁciency of transduction can be
assessed by detection of GFP expression under a ﬂuorescence microscope.
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3. Select cells for integration using 400 µg/mL of G418 that has been added to
DMEM/10% FBS. Change the media every 3–5 d depending on the cell growth
rate.
4. When the cells have grown into the size of 20–100 cells/colony, they are ready
to clone out (see Note 15).
5. To pick the single cell colonies using a cloning ring, remove the media from
the plate, wash gently with PBS and place cloning rings with sterilized grease
around the cell clones.
6. Apply 50 µL of trypsin/EDTA to each sealed cloning ring and incubate for 1 min
at room temperature.
7. Transfer the trypsinized cells to a 24-well dish and incubate in 500 µL of
DMEM/10% FBS with 200 µg/mL G418.

3.5. Southern Blot Analysis
1. Isolate genomic DNA from individual single clones or selected pools (see Note
16). Uninfected cells are used as a negative control.
2. Digest DNA with appropriate restriction enzymes (see Note 17).
3. Fractionate DNA on a 0.8% agarose gel and transfer to a nylon membrane by
Southern blotting.
4. Generate DNA probes and radio-label using the Random Primer Labeling Kit
(Amersham Pharmacia) with [32P]dCTP. Use probes that recognize the AAVS1
integration locus and the AAV vector.
5. Hybridize using Rapid-Hyb (Amersham Pharmacia) according to manufacturer’s
instructions.
6. Expose to X-ray ﬁlm or PhosphorImager for analysis. Integration into chromosome 19 results in rearrangement of the AAVS1 integration locus. Therefore,
there should be a shift in the size of the integration site band compared to
uninfected cells. The higher migrating bands should also correspond to those
detected with the transgene probe. In the absence of Rep there should be no
rearrangement in the pattern of AAVS1 hybridization (see Note 18).

3.6. PCR Ampliﬁcation of Junctions
1. When there are enough cells, prepare genomic DNA (see Note 16). Resuspend
genomic DNA from one 10-cm plate in 500 µL 10 mM Tris-HCl, pH 8.0.
2. Use 1 µL of genomic DNA in PCR (see Note 19).
3. Add DNA to 20 µL containing 1X PCR buffer, 1 µM primers to AAVS1 and
AAV ITR, and 2 U Deep Vent Exo(-) DNA polymerase.
4. Perform PCR by linking the following four programs together: 1) 1 cycle
at 99°C for 1 min; 2) 35 cycles of 99°C for 10 s, 72°C for 4 min; 3) 72°C for
7 min; 4) 4°C forever.
5. Run 10 µL of the reaction mixture on a 1X TAE 1.2% agarose gel. PCR products
can be probed by Southern blotting with probes to the ITR and AAVS1 to conﬁrm
that junction ampliﬁcation represents targeting of the chromosome 19 locus.
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4. Notes
1. Low passage number 293 cells are propagated in DMEM with 10% (v/v) FBS.
2. Both ﬂanking ITRs are necessary in order to allow rescue, replication and packaging of the vector genome upon transfection of the vector plasmid. Therefore, it
is important to conﬁrm the presence of intact ITRs prior to transfection and this
can be done by a SmaI digestion of vector plasmid, which should cut both ITRs
and release the vector genome.
3. The authors normally use calcium phosphate-based transfection protocols as this
method is cheap and is very efﬁcient in 293 cells. Other transfection protocols can
be used. When the vector being generated does not contain GFP, a small quantity
of an expression plasmid for GFP can be included as a marker to determine the
transfection efﬁciency. This should be between 60–95% for 293 cells.
4. Cell lysates from 10 plates (150 mm) are pooled and loaded on each gradient.
More than this number of cells results in a signiﬁcant increase in contaminating
protein.
5. Iodixanol, 5,5′-[(2-hydroxy-1-3-propanediyl)bis(acetylamino)]bis{N,N′-bis
(2,3 dihydroxy-propy)-2,4,6-triiodo-1,3-benzenecarboxamide], is an iodinated
density gradient medium. Phenol red dye is included in the 25 and 60% density
steps above and below the AAV fraction to aid location of the 40% fraction
containing the virus.
6. There are numerous ways to titer virus. The number of genomes can be determined by Southern blotting (49), dot blot hybridization or real-time PCR (50).
The titer of infectious viruses can be determined by infectious center assay using
a complementing cell line (51). The transducing units can be determined by
limiting dilution infections and counting green cells by ﬂow cytometry for GFP
viruses or selecting G418-resistant colonies for neo viruses.
7. An alternative to Rep68H6 is to use a maltose binding protein fusion, MBPRep68.
This can be puriﬁed by a similar afﬁnity chromatography procedure using an
amylose resin (40) and Factor Xa can be used to remove the maltose-binding moiety.
Recombinant Rep68 protein produced in either way is biologically active and can
be used to direct targeted integration by transfection with Lipofectamine (32).
8. There are other sources of nickel resins but the authors recommend the QIAGEN
resin because it permits stringent washing conditions.
9. A number of in vitro assays can be used to assess functionality of puriﬁed
proteins. These include electrophoretic mobility shift assays of DNA binding and
assays for terminal resolution or AAV replication (11,52).
10. Protein can be further puriﬁed by a number of additional columns such as a
Sephadex gel ﬁltration column or DNA afﬁnity column consisting of the Rep
recognition sequence. The authors have typically used a MonoQ (Pharmacia)
anion exchange column (24).
11. A plasmid that contains transgene cassettes for expression of enhanced GFP
from the cytomegalovirus (CMV) and the neo from the simian virus 40 (SV40)
promoter has been used by the authors to generate rAAV and can be used to
isolate transduced cells by either selection in G418 or ﬂow cytometry (48).
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Integration can be obtained from any plasmid that consists of a transgene under
the control of a constitutive promoter ﬂanked by AAV ITRs (see Note 2).
AAV integration can be achieved in almost any human cell line that can be
transfected but efficiencies will vary with the transfection reagent and the
cell line. The authors have used HeLa cells with Lipofectamine (Invitrogen
LifeTechnologies, Carlsbad, CA) according to manufacturer’s instructions.
Targeting has been achieved using the pHIVRep68 plasmid that expresses Rep68
under control of the long terminal repeat of the human immunodeﬁciency virus
promoter. Any expression vector for Rep78 or Rep68 can be used to target AAV
integration.
Integrants can be obtained by either selection of cells for antibiotic resistance
(e.g., G418 for rAAV.neo) or transgene expression by FACS and limiting dilution
(e.g., for rAAV.GFP). We have described one method for plasmid transfection
and another for vector transduction but these are interchangeable.
Uptake of Rep protein by transfection can be conﬁrmed by immunoﬂuorescence
using Rep-specific monoclonal antibodies (American Research Products).
Immunoﬂuorescence and immunoblotting can also be used to check expression
of Rep proteins from transfected plasmids. A range of different concentrations
of the protein should be used in transfections to achieve the optimal for targeting
integration. Transfection efﬁciencies will vary with the reagent used and the
cell type.
The level of G418 required to obtain colonies will vary between cell lines. It
is advisable to determine the appropriate concentration by a killing curve prior
to selection. Colonies can be pooled to check for integration but the authors
recommend that single cell clones are used for further analysis of junction
sequences.
Genomic DNA can be isolated by a number of standard protocols. Convenient
kits are available from QIAGEN.
The AAV genome will be integrated as a concatemer and therefore it is best to
use restriction enzymes that do not cut in the vector sequence.
Targeted integration can also be conﬁrmed by ﬂuorescent in situ hybridization
(FISH) on metaphase spreads of individual clones using a probe for the transgenes
and a chromosome 19-speciﬁc probe (22).
The ITRs possess secondary structure due to their palindromic repeats and this
makes PCR with Taq polymerase difﬁcult. Including 7.5 mM 7-deaza-dGTP in
the dNTP mix helps to reduce the secondary structure of the ITR. Primers should
be speciﬁc to the vector construct and the AAVS1 integration locus. Junction
sequences can be obtained by cloning into the TA vector (Invitrogen) and DNA
sequencing of individual products.
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Development and Optimization
of Adeno-Associated Virus Vector Transfer
into the Central Nervous System
Matthew J. During, Deborah Young, Kristin Baer,
Patricia Lawlor, and Matthias Klugmann
1. Introduction
The postgenomic era has been ushered in making promises for cures and
functional analysis of previously unknown or uncharacterized genes. However,
realization of the potential of gene therapy for neurological disorders and
functional genomic analysis in the brain remains a signiﬁcant challenge and is
largely limited by current technology. Efﬁcient gene transfer to neurons remains
a bottleneck for widespread molecular genetic studies of the nervous system,
and has also limited the effective translation of gene therapy for various
human neurological disorders, which currently have inadequate or no treatment
[reviewed in refs. 1 and 2].
The central nervous system (CNS) is a complex organ and has several
attributes, including the postmitotic nature of neurons and the presence of
the blood-brain barrier, which render gene transfer technologies to the CNS a
unique task that needs to be solved by a collaborative interdisciplinary effort.
Recombinant adeno-associated viral (rAAV) vectors are highly efﬁcient vectors
for gene transfer into the CNS. This chapter aims to familiarize new workers in
the ﬁeld with the application of AAV as a tool for gene transfer to the CNS and
aims to elucidate progress in this area of research. In this chapter, we would like
to give a short introduction into the general biology of AAV and will focus on
the optimization of AAV technology for CNS applications, notably improved
expression cassettes, characterization of receptors for AAV, the demand for
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immune-tolerated vectors, and optimization of injection parameters. For more
detailed reviews, we direct readers to a number of excellent reviews (3–5).
1.1. AAV Composition
AAV vectors are derived from single-stranded (SS) DNA parvoviruses that
are nonpathogenic for mammals [reviewed in (6)]. The viral DNA molecule
has a plus or minus polarity (7,8) and is packaged into separate infectious virus
particles with equal efﬁciency (9). AAV can be stable as a lytic virus or can
integrate as a provirus into the host-cell genome (4). In the lytic cycle, AAV
replication requires a helper virus (e.g., adenovirus (Ad) or herpes viruses)
to establish a productive infection (10–12). In the absence of helper virus,
wild-type AAV integrates into the human host-cell genome with preferential
site-speciﬁcity at chromosome 19q13.3 (13,14).
Hermonat and Muzyczka (15) were the ﬁrst to use recombinant AAV as a
vector for transfer of a foreign gene into the host genome. Because of these
initial studies, this viral vector system has been highly developed and optimized
to express a variety of genes in different eukaryotic cell types (6). rAAV vectors
have the rep and cap genes that account for 96% of the viral genome removed,
leaving the two ﬂanking 145-basepair (bp) inverted terminal repeats (ITRs),
which are used to initiate viral DNA replication, packaging and integration
(15–17). The size of the inserted DNA is limited by the packaging of the rAAV
vector into virions (4.7 kb).
1.2. CNS Cell Type-Speciﬁc Promoters/Design
of Transgene Cassettes
The level of transgene expression in eukaryotic cells is largely determined
by the transcriptional promoter within the transgene expression cassette (18).
An ideal promoter driving a therapeutic gene should show long-term activity
and should be tissue- and even cell-speciﬁc. Early ground-breaking studies
by Kaplitt et al. (19) used the cytomegalovirus (CMV) promoter to drive
transgene expression and discovered AAV was tropic for neurons. This result
was conﬁrmed and extended by others observing predominantly neuronal
expression using AAV vectors with constitutive promoters (20) and long-term
expression in rat striatum (at least one year) using a hybrid CMV/human
β-globin promoter (21). More recently, our own studies have shown that
rAAV preferentially is tropic for neurons regardless of the promoter. A GFAP
promoter driving a luciferase reporter gene was shown to preferentially
infect neurons (22). The reason for this neuron-selective transduction is not
fully understood, but most likely relates to a relatively low expression of
AAV-2 receptors in glia vs neurons (see below for further discussion). It was
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demonstrated that after infusion of labeled AAV virions in rat brain, the virus
was rapidly taken up exclusively by neurons (23). In addition, the virus was
detected preferentially in hippocampal pyramidal and hilar neurons consistent
with the pattern of transgene protein expression, showing tropism of the
AAV-2 virion for speciﬁc neuronal populations. Several CNS cell type-speciﬁc
promoters demonstrated far more stable and widespread expression than was
found with the CMV promoter, one of them being the neuron-speciﬁc enolase
(NSE) promoter (24).
Improving long-term expression remains a signiﬁcant hurdle, with studies
to date showing that rAAV can transfer genes to cells within the CNS of mice
and rats with expression varying from days to over one year (19,25–27). To
date, highest expression levels are obtained by introducing the transgene into a
rAAV cassette containing the 1.8-kb NSE promoter, the Woodchuck Hepatitis
Virus Post-Regulatory Element (WPRE) (28) and the bovine growth hormone
(BGH) polyadenylation site. Counteracting rAAV size limitations, the strong
and rather short (1.1 kb) chicken beta actin (CBA) promoter (29) has been
reported to be at least as efﬁcient as the NSE promoter regarding CNS-speciﬁc
transgene expression (30,31).
For some CNS gene therapy applications, it will be necessary to control
transcriptional activity. To this end, pharmacological regulation of gene
expression with AAV vectors has been obtained when regulatory elements and
drug-responsive promoters are included (32,33).
1.3. Receptors and AAV tropism
The use of viral vectors for gene therapy has led to an increased interest
in factors that govern virus tropism. It was shown that AAV can infect a wide
spectrum of human, rodent, and simian cell lines (6) suggesting that it uses
ubiquitous cell surface molecules for infection. In general, previous studies
support the suggestion that AAV infects cells through interaction with a deﬁned
receptor in the host cell (34,35). Part of the mechanism of AAV transduction
in the CNS and elsewhere has been elucidated recently showing that AAV
infection requires binding to heparan sulfate proteoglycan (HSPG) molecules
(36). In addition, coreceptors have to be present, the ﬁrst of which have been
identiﬁed as the αVβ5 integrin receptor (37) and the human ﬁbroblast growth
factor receptor 1 (38). However, additional as yet unidentiﬁed cofactors and
coreceptors might be involved in AAV transduction and there remains some
debate as to the role, if any, of the integrin receptor (37).
Most important in this context, rAAV vectors appear to have a tropism for
neuronal cells when injected into the CNS (19–21,39). It was shown in the rat
brain that rAAV viral particles preferentially bind neurons and not glial cells
within minutes of injection, and are transported to neuronal cell nuclei within
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30 min (23). These initial studies suggested a receptor-based neuronal tropism
(23), although the potential receptors responsible for transduction of neuronal
cells are not deﬁned so far. It was shown that rAAV2 transduction depends
on cell surface HSPG, and is inhibited by soluble heparin (36). As neurons in
adult rodent brain express HSPG like syndecans (40,41) and glypican-1 (42),
this suggested that AAV2 might bind and enter neurons via these molecules
which was supported by the well-known fact that HSV particles speciﬁcally
bind heparin (43). In addition, ﬁrst amino acid heparan binding clusters, which
are believed to be essential for viral entry, were identiﬁed in the viral capsid
protein VP3 of AAV2 (44). However, a recent study suggests that in addition to
the low-afﬁnity heparan sulfate binding, another, not yet deﬁned, high-afﬁnity
AAV2 receptor has to be present (45). As cell surface HSPG can be members
of multimeric complexes (46), a large functional multireceptor complex for
efﬁcient AAV entry is also possible.
rAAV serotypes 4 and 5 differ from rAAV2 and from each other in their
capsid regions, suggesting that the binding and entry mechanisms may differ
within the AAV serotypes [reviewed in (47)]. Indeed, when investigated
in the CNS, these serotypes varied in their regional distribution of gene
transfer as well as in their transduction efﬁciency (48). The hypothesis that
different AAV serotypes require different receptors for cell entry was indicated
in recent studies (49–52). Despite the beneﬁts of having rAAV serotypes
with different tropism, one must stress that comparisons are valid only when
comparable titers and identical expression cassettes and ITRs (see Subheading
3.3.) are used.
Further studies are necessary to determine whether AAV attachment to
HSPG is sufﬁcient for viral entry and the exact mechanisms by which AAV
enters cells remain to be discovered. Generally, the neuronally restricted
tropism of rAAV2 is a major limitation for gene therapy aimed at correcting
diseases associated with genetic defects in CNS glial cells (oligodendrocytes
and astrocytes). One approach for altering the AAV2 infectivity towards glial
cells is to genetically insert a glial speciﬁc ligand into the capsid coding region.
In the absence of the AAV crystal structure, computer alignments based on
the known structure of other parvovirus or random insertions have revealed
potential surface-localized regions of the capsid (44,53,54). In one of those
pilot studies, an extended host range of AAV2 for a peripheral nervous system
(PNS) derived cell line has been reported after insertion of a 14-amino acid
RGD peptide at amino acid 587 (53).
1.4. Lack of Toxicity/Immunogenicity
The immune response in the CNS to rAAV has not been studied extensively,
although it is becoming clear that immune-tolerated vectors are ideal for most
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gene therapy applications. Brockstedt et al. (55) have reported that the cellular
immune response to rAAV appears to depend on the route of administration.
However, additional studies show, in general, a limited cellular immune
response in brain (56). Immunohistochemical data support these ﬁndings
demonstrating that owing to the mechanical injury of brain tissue caused by
rAAV injection, an immediate local immune response was detectable, but
this led neither to a loss of transgene expression nor to a widespread immune
reaction (56,57). There was no widespread tissue damage at the injection sites
or pathogenicity indicated by changes in astrocytic or microglial markers
supporting previous studies (20,57,58).
However, like other viral vectors, readministration of rAAV is critical
because of a potential host’s immune response to viral components of the
vector. Any host response to the virus regarding antigen-speciﬁc immunity, as
well as any preexisting immunity to the virus because of naturally acquired
infections will be of substantial importance (59). Currently, we are analyzing
the effects of repeated administrations of rAAV to the CNS.
rAAV based on serotype 2 have been mainly used to direct transgene
expression in the CNS, but so far only a few studies have been performed to
analyze how other rAAV serotypes perform as CNS gene delivery vehicles.
Serotypes 4 and 5 differ from AAV2 and from each other in their capsid
structure, suggesting that a possible immune reaction might be different for
each AAV type (48).
1.5. Routes of Delivery into Brain/Optimization
of Injection Parameters
The route and method of administration is a major factor in determining
the efﬁciency and safety of gene therapy. Ideally, the vector should remain
undenatured, the highest concentration should be reached in the targeted
tissues and it should be convenient and safe. Different methods of viral vector
administration provide alternative strategies for gene transfer.
Direct injection by stereotaxic guidance has the advantage that restricted
and precise regions can be targeted. Direct in vivo gene transfer in the brain
and spinal cord is usually limited to neurons within the immediate vicinity of
the injection site, yet neuropathology associated with many disorders affects
multiple brain regions or is widespread within a given brain structure. This
suggests, in addition to improvements in expression cassettes and viral titers,
that optimal injection parameters need to be deﬁned to improve vector diffusion
and transduction leading to increased therapeutic potential.
An alternative to intraparenchymal injection is systemic intravascular
delivery of viral vectors in combination with hyperosmotic mannitol for
transient disruption of the blood-brain barrier.

226

During et al.

Recently, we reported that ultraslow microperfusion of rAAV, i.e., <33 nL/
min, resulted in signiﬁcantly higher gene expression and less injury of surrounding tissue than the previously reported rates of 100 nL/min or faster
(57). In addition, coinfusion of mannitol facilitated gene transfer to neurons
increasing both the total number as well as the distribution of transduced
cells by 200–300%. Gene transfer studies in the CNS using rAAV should use
very slow infusion rates and combined injection with mannitol to maximize
transduction efﬁciency and spread. Further studies to improve the volume of
distribution of the rAAV vectors are currently ongoing and preliminary data
suggests that coinjection of heparin together with rAAV signiﬁcantly enhances
the volume of distribution of the rAAV (66).
2. Materials
2.1. Cell Culture—General
1. HEK293 cells. The cells are split 1/5 every 3–4 d. They should not be allowed
to overgrow and should be low passage (<p50). The cells can be obtained from
American Type Culture Collection, Rockville, MD (ATCC).
2. Phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na2HPO4,
0.025% KH2PO4 (all w/v), pH 7.2; sterile.
3. Dulbecco’s modiﬁed Eagle’s medium (DMEM, Gibco-BRL #23700-040) supplemented with 10% fetal bovine serum (FBS, Gibco-BRL, #10091-148), 10 mL
100X non-essential amino acids (Gibco-BRL #11140-050), 10 mL 100x sodium
pyruvate (Gibco-BRL #11360-070) and 5 mL penicillin/streptomycin. Filter
sterilized through a 0.2-µm vacucap 60 ﬁlter (Gelman Sciences, Ann Arbor, MI
# PN4632) and stored at 4°C. All Gibco-BRL products are from Gibco-BRL Life
Technologies, Auckland, New Zealand.
4. Tissue culture dishes (150-mm diameter, Nunc, Naperville, IL) and disposable
plastic pipets.

2.2. Recombinant AAV Plasmid Vector/Helper Plasmid
High-quality plasmid DNA is prepared using Qiagen (Qiagen Pty Ltd,
Clifton, Victoria, Australia) plasmid kits. The concentration of the ﬁnal plasmid
should be approx 2–3 µg/µL (see Note 1).
2.3. Generation of Recombinant Virus
1. Monolayers of HEK293 cells at approx 70% conﬂuency.
2. Iscove’s modiﬁed Dulbecco’s medium (IMDM, Gibco-BRL #12200-036) containing 5% FBS (Gibco-BRL #10091-148).
3. 2XHeBs: 50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 7.05. Filter
sterilized and stored in aliquots at –20°C.
4. 2.5 M CaCl2; sterile, stored at –20°C.
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5.
6.
7.
8.

Distilled H2O; sterile.
Sterile polystyrene tubes (Falcon, Becton Dickinson, Franklin Lakes, NJ).
Tissue culture dishes (150 mm diameter, Nunc), and disposable plastic pipets.
DNA samples: Qiagen-puriﬁed preparations of both recombinant AAV plasmid
and helper plasmid.
9. DMEM (see Subheading 2.1.).

2.4. Puriﬁcation of Recombinant Virus
1. 1 mL HiTrap Heparin column (Sigma Chemical Company, St Louis, MO,
#5-4836, but also available from Pharmacia) with luer lock adaptors.
2. Benzonase (Sigma Chemical Company, St. Louis, MO, #E8263); stored at
–20°C.
3. 10% (w/v) sodium deoxycholic acid (Sigma Chemical Company #D5670) in
water; ﬁlter sterilized.
4. NaCl-Tris-HCl buffers: 150 mM NaCl, 20 mM Tris-HCl, pH 8.0; 200 mM NaCl,
20 mM Tris-HCl, pH 8.0; 300 mM NaCl, 20 mM Tris-HCl, pH 8.0; 400 mM NaCl,
20 mM Tris-HCl, pH 8.0; 450 mM NaCl, 20 mM Tris-HCl, pH 8.0; 500 mM
NaCl, 20 mM Tris-HCl, pH 8.0; all sterile.
5. MicroSep centrifugal concentrators (PALL Filtron, Ann Arbor, MI #OD100C40).
6. Slide-a-Lyzer dialysis cassettes (0.5–3.0 mL sample volume, Pierce, Rockford,
IL #66425).
7. Dialysis buffer: PBS containing 1 mM MgCl2; sterile.
8. Centrifuge capable of 3000g.
9. Harvard PHD 2000 infusion pump (Harvard Apparatus Inc., Holliston, MA).
10. Disposable 1-mL and 50-mL plastic hypodermic syringes (Terumo Medical
Corp., Elkton, MD, and Becton Dickinson, Oxford, U.K.).
11. 0.2-µm Acrodisc ﬁlters (Pall Gelman Laboratories).

2.5. Titration of Recombinant Virus
1. AAV titration enzyme-linked immunosorbent assay (ELISA) kit (Progen,
Germany).
2. Perkin Elmer (PE)-Applied Biosystems, Foster City, CA) Prism 7700 sequence
detection system.
3. DNaseI (Roche Diagnostics N.Z. Ltd., Auckland, New Zealand, #776785).
4. SYBR Green Mix (PE-Applied Biosystems, Foster City, CA, #4309155).
5. MicroAmp Optical Tubes (PE-Applied Biosystems #N801-0933)
6. MicroAmp Optical Caps (PE-Applied Biosystems #N801-0935).

2.6. Vector Infusion
1. Microinfusion pump (World Precision Instruments, Sarasota, FL) (60).
2. Hamilton syringes (10 µL; Hamilton Company, Reno, NV).
3. 20% (w/v) mannitol in saline. Filter sterilized and stored in aliquots at 4°C.
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3. Methods
This section outlines methods for cotransfecting HEK293 cells with the AAV
plasmid and helper plasmid to generate rAAV particles. For each batch of virus,
we routinely transfect ﬁve 15-cm tissue culture plates to generate 400–500 µL
of ﬁnal vector stock of 1012–1013 physical particles/mL sufﬁcient for in vitro and
in vivo experimentation. Thus, the puriﬁcation procedure and quantities outlined
below are for a ﬁve-plate batch of transfected HEK293 cells.
3.1. Generation of Recombinant Virus
3.1.1. Transfection
1. Day 1: 24 h prior to transfection, seed 15-cm tissue culture plates with 2.0–2.2 × 107
HEK293 cells per plate in 25 mL DMEM. The plates should be approx 70%
conﬂuent at the time of transfection.
2. Day 2: 2–3 h before the transfection, aspirate the media and replace with 25 mL
IMDM per plate, prewarmed to 37°C.
3. Allow the 2X HeBS buffer, 2.5 M CaCl2 and distilled H2O to equilibrate to
room temperature.
4. In Nunc 50-mL tubes, prepare the transfection mix (see Note 2). For each 15-cm
dish, use 66 µg helper plasmid (pDG) (61), 11 µg AAV plasmid, 330 µL 2.5 M
CaCl2 and make up to a ﬁnal volume of 2.75 mL with distilled water.
5. Filter the transfection mix through a 0.2-µm Acrodisc ﬁlter to sterilize and
remove particles that may bind to the calcium phosphate precipitate. Dispense
the solution into 2.5-mL aliquots in sterile disposable polystyrene tubes.
6. Take an aliquot of transfection mix and while vortexing the solution vigorously,
quickly add 2.5 mL of 2X HeBs buffer with a pipet gun and keep vortexing for
a further 5–10 s. Leave the solution to stand for a further 50 s (total of approx
1 min for precipitate to form). See Note 3.
7. Take a plate out of the incubator and quickly, but gently, add the 5-mL transfection solution dropwise in a circular motion around the plate, then swirl gently to
mix, and return plate to the incubator.
8. 8–15 h after transfection, aspirate the medium and replace with 25 mL of
prewarmed DMEM. See Note 4.

3.1.2. Puriﬁcation of Recombinant AAV Vector

48–60 h after transfection:
1. Aspirate the media from the cells and discard.
2. Remove any residual contaminating media by carefully adding 25 mL prewarmed
PBS to the plate, aspirate, and discard.
3. Add 25 mL of PBS to each plate and detach cells using a cell scraper. Transfer
the contents to 50-mL Nunc tissue culture tubes.
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4. Pellet cells at 200g for approx 5 min.
5. Remove supernatant and resuspend cell pellets in 150 mM NaCl, 20 mM Tris-HCl
pH 8.0. Volume to use is 10 mL per plate.
6. Pool the cell suspension and split into two 25-mL aliquots in 50-mL Nunc tubes.
7. Add sodium deoxycholate to a ﬁnal concentration of 0.5% (1.25 mL of a 10%
stock solution to each tube containing 25 mL).
8. Add Benzonase to a ﬁnal concentration of 50 U/mL (4.25 µL of 300 U/µL to
each tube).
9. Incubate in a 37°C water bath for 30–40 min, before removing cell debris by
centrifugation at 3000g × 15 min, 4°C.
10. Transfer the supernatant into another Nunc tube and heat in a 56°C water bath
for 15 min.
11. Freeze supernatant in a dry ice/ethanol bath. See Note 5.
12. Thaw the supernatant and remove any cell debris by centrifugation at 3000g × 15
min, 4°C.
13. Pool the two 25-mL aliquots to give a total of 50 mL from the ﬁve plates. Filter
through a 32-mm 0.45-µm Acrodisc syringe ﬁlter to remove any particulate
matter before heparin column puriﬁcation.

3.1.3. Heparin Column Puriﬁcation
1. Preequilibrate each heparin column with 10 mL 150 mM NaCl, 20 mM TrisHCl pH 8.0. Use a disposable 50-mL syringe and attachment provided with the
columns and load using a Harvard infusion pump.
2. Load the 50 mL of sample prepared above at a ﬂow rate of approx 2–2.5 mL/min.
We use a Harvard infusion pump set at 200 µL/min, which gives a ﬂow rate of
approx 2 mL/min through the column.
3. Wash column with 20 mL 100 mM NaCl, 20 mM Tris-HCl pH 8.0 (using the
infusion pump).
4. Remove the column from the Harvard infusion pump and start washes and elution
steps by hand as follows: collect in 1.5-mL sterile Eppendorf tubes.
1X 1 mL 200 mM NaCl, 20 mM Tris-HCl pH 8.0—discard;
1X 1 mL 300 mM NaCl, 20 mM Tris-HCl pH 8.0—discard;
1X 1 mL 400 mM NaCl, 20 mM Tris-HCl pH 8.0;
2X 1 mL 450 mM NaCl, 20 mM Tris-HCl pH 8.0;
1X 1 mL 500 mM NaCl, 20 mM Tris-HCl pH 8.0.
5. Pool the 400 mM–500 mM NaCl, 20 mM Tris-HCl pH 8.0 fractions (4 mL), and
concentrate using 3.5 mL 100K MWCO MicroSep centrifugal concentrators.
Begin by adding 3 mL to the concentrators, centrifuge at 3000g for 30 min, then
add the remainder of the sample to the concentrator. Centrifuge down to as
small a volume as possible (approx 300 µL). Transfer this to a sterile tube,
add 200 µL of PBS to the concentrator, swirl and invert the concentrator in a
50-mL Nunc tube and centrifuge at 200g. Remove this 200 µL and pool this
with the ﬁrst 300 µL.
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6. Dialyze the vector preparation overnight at 4°C against two changes of 1 L
PBS containing 1 mM MgCl2 using Pierce Slide-A-Lyzer dialysis cassettes, 3500
MWCO. Remove the contents from the Slide-A-Lyzer as per manufacturer’s
instructions. Filter sterilize using a 0.2-µm 13-mm low-protein binding Acrodisc
ﬁlter before aliquoting the vector. AAV stocks are stored at –80°C.

3.2. Titration of Recombinant AAV
It is often important to determine the titer of recombinant AAV. For estimation of a physical titer (particle numbers), we use the AAV titration ELISA
kit (Progen, Germany) as per manufacturer’s instructions. For estimation of
genomic titers (see Note 6), we apply a real time polymerase chain reaction
(PCR) method (62) using primers speciﬁc to a module in the rAAV expression
cassette (e.g., WPRE). All reagents/materials used should be PCR-grade.
3.2.1. Extraction of Viral DNA
1. Dilute 2 µL of the virus stock in 80.5 µL PCR buffer (50 mM KCl, 10 mM
Tris-HCl pH 8.0, 5 mM MgCl2, 0.01% gelatin).
2. Add 350 U (17.5 µL) of DNaseI at 37°C for 30 min.
3. Inactivate DNase at 70°C for 10 min.
4. Add 10 µg of proteinase K and incubate 1 h at 50°C.
5. Inactivate proteinase K at 95°C for 20 min.
7. Store virus DNA at –20°C.

3.2.2. Dilution Series of the Vector DNA

The vector DNA should be serially diluted in the following way to ensure
the amount of PCR product falls within the linear range.
Transfer 22 µL vector DNA into a sterile 0.5-mL tube (50X).
Dilute 2 µL of the stock solution in step 1 with 20 µL sterile water (500X).
Dilute 2 µL of the stock solution in step 2 with 20 µL sterile water (5000X).
Dilute 2 µL of the stock solution in step 3 with 20 µL sterile water (50,000X).
Dilute 2 µL of the stock solution in step 4 with 20 µL sterile water (500,000X)
and discard 2 µL of the ﬁnal dilution.
6. Add 80 µL sterile water to each tube and use 5 µL per PCR.
1.
2.
3.
4.
5.

3.2.3. PCR

Set up standard samples, diluted virus DNA and nontemplate control
in duplicates. Add 5 µL diluted virus DNA, standard, or water per tube,
respectively. Then add the following to each tube, so that the total volume for
each reaction is 25 µL.
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Forward primer (10 µM)
Reverse primer (10 µM)
5X SYBR Green Mix
H 2O
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10.5 µL;
10.5 µL;
12.5 µL;
16.5 µL.

3.4. Vector Infusion into the Brain
1. Rats are anesthetized and positioned in a Kopf stereotaxtic frame. Following an
incision in the scalp and clearance of underlying membranes, holes are drilled in
the skull to allow passage of a 27-gage Hamilton syringe. See Note 7.
2. The syringe is connected to a microinfusion pump and 1 µL of mannitol is drawn
up into the syringe, followed by 2 µL of vector stock. The syringe is lowered into
position and vector infused at a rate of 33 nL/min (57). The needle is left in place
for 5 min before the syringe is slowly raised and scalp sutured.

4. Notes
1. In the light of the huge amounts of helper plasmid needed, we recommend the
use of Qiagen Giga plasmid Kits. The pDG plasmid (21 kb) yields are rather low.
It should be noted that Ad helper functions can also be provided using two helper
plasmids (63,64). Self-evidently, this requires the preparation and transfection of
an additional plasmid compared to the method described here.
2. These volumes are 10% more than needed to make up for loss during ﬁltering.
Volumes to use should be multiplied by the number of plates being used for the
transfection, e.g., for ﬁve plates use 55 µg AAV plasmid.
3. The 2X HeBs and transfection solutions should both be at room temperature.
It is critical to check the 2X HeBS to ensure formation of a Ca2+-phosphate
precipitate before commencing the transfection with precious DNA samples.
Before using 2X HeBS, mix the aliquot by inverting the tube a few times. Pipet
2.2 mL water and 300 µL CaCl2 into a polystyrene tube and while vortexing,
add 2.5 mL of 2X HeBS. Leave for 1 min. A very ﬁne white precipitate should
form; this will be very obvious when comparing this mix to a polystyrene tube
containing water only. This can also be conﬁrmed by pouring the contents into
a Petri dish and examination under a microscope—the precipitate should look
about the same size as bacteria. If a precipitate is not formed, then try a fresh
aliquot of 2X HeBS buffer or make a fresh batch of this buffer. If the precipitate
is too big, reduce the time the solution is allowed to stand before it is dispensed
onto the cells.
4. This time is relatively ﬂexible and the time chosen depends on the time of the
transfection; if the transfection occurs in the morning, then change the media
in the evening, if the transfection occurs late afternoon, then it can be left on
overnight and changed ﬁrst thing the next morning.
5. This is a potential stop point in the procedure. If there is insufﬁcient time to
complete the heparin column puriﬁcation, then store the sample at –20°C.
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6. The replication center assay (65) is an alternative method to determine the
genomic titer, but might be more time-consuming.
7. We measure the injection coordinates from bregma, using Paxinos’ and Watson’s
Rat Brain Atlas. Common coordinates for injections into the hippocampus are as
follows: ML+/– 1.8 mm, AP -3.8 mm, DV -3.5 mm.
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A Method for Helper Virus-Free Production
of Adeno-Associated Virus Vectors
Roy F. Collaco and James P. Trempe
1. Introduction
The need for safe and effective gene transfer to mammalian cells and organisms has led many investigators to focus on the defective human parvovirus,
adeno-associated virus (AAV), as a gene delivery vehicle. AAV vectors have
been used to deliver genes to a wide variety of mammalian cells in culture,
as well as to brain (1), retina (2,3), cochlea (4), skeletal muscle (5,6), cardiac
muscle (7), liver (8), lung (9,10), central nervous system (11), and skin (12).
The success of these preclinical models has led to several ongoing and proposed
human clinical trials (13). One of the major limitations of the AAV vector
system to date has been the lack of a versatile and robust method of vector
preparation. This chapter describes a method for the helper virus-free preparation of AAV vectors. The method circumvents the need for adenovirus (Ad)
coinfection and its simplicity makes it amenable for screening multiple AAV
vector constructions. To lay the foundation for the development of this and other
AAV packaging systems, a brief summary of AAV biology is provided later.
More detailed reviews describing AAV and its derived vectors are available
in (14 and 15).
1.1. Wild-Type and Recombinant AAV Structure
The wild-type AAV genome is a single-strand (ss) DNA molecule of 4680
nucleotides (see Fig. 1) (16). Both plus and minus strands are assembled into
virions and are equally infectious (17). At each end of the linear genome are
145 bp inverted terminal repeats (ITR). The ﬁrst 125 bp of the ITR forms a
unique T-shaped hairpin that serves as the viral origin of DNA replication and
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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Fig. 1. AAV genome and plasmids for vector production. The heavy line at the top
of the ﬁgure indicates the AAV genome. The locations of the replication (rep) and
capsid (cap) are indicated above the genome. The boxes at the ends of the genome
indicate the viral ITR elements. Filled circles indicate the three transcription promoters
that direct the synthesis of viral mRNAs that coterminate at a single poly-A site at
map unit 96 (arrowhead). The caret just downstream of p40 is the location of the
major and minor intron. The horizontal rectangles indicate the four replication (Rep)
and three capsid (VP) proteins. The structure in the middle of the ﬁgure, prAAV, is a
representative recombinant vector (the plasmid components are not shown). The ITR
elements are retained and the coding regions have been replaced by a transcription
cassette containing a promoter (block arrow), an intron (caret), a gene or cDNA, and
a poly-A site (pA). The 19,633 bp pSH3/5 plasmid at the bottom, also referred to as
the SuperHelper plasmid, is derived form pGEM4Z and contains the Ad genes that
provide helper functions for AAV replication (E2a, E4, VA1) and assembly and the rep
and cap genes nt 177-4471 (indicated by AAV-2). The originally described pSH3 and
pSH5 plasmids differ by the orientation of the AAV genome fragment.

as a cis-acting signal for the assembly of DNA into the virion particle (17). The
virus contains two open reading frames: the replication (rep) gene and capsid
(cap) gene. The rep gene-encoded proteins mediate viral DNA replication,
regulation of virus gene expression and targeted integration into the chromosome 19 locus. The cap gene encodes three structural proteins that form the
icosahedral virion (15).
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Construction of a recombinant AAV (rAAV) vector involves removal of
the rep and cap genes from between the ITR elements and replacing them
with a transcription cassette containing the gene of interest and regulatory
elements such as a promoter, poly-adenylation, and splicing signals (see Fig. 1).
Assembly of the infectious vector then requires supplying rep and cap genes
and the Ad helper functions (described later).
1.2. AAV Replication Cycle
AAV serotype 2 was ﬁrst detected as a contaminant in Ad preparations
(18,19). The association with Ad was subsequently found to be the result of
AAV’s reliance on Ad to provide a permissive intracellular milieu for AAV
replication. Neither Ad replication nor expression of late genes is required to
assist AAV replication. Although Ad is the most efﬁcient helper virus for virus
replication, many other DNA viruses will provide varying degrees of helper
function for replication. In the initial stage of infection, AAV2 binds to the cell
surface and is internalized via a combination of coreceptor molecules: heparin
sulfate proteoglycan, ﬁbroblast growth factor receptor, and αVβ5 integrin
(20–22). Endocytosis and intracellular trafﬁcking to the nucleus is proposed
to be mediated by Rac1 and PI-3 kinase pathways (23). In the presence of
helper virus coinfection, expression of a subset of Ad early genes establishes
a permissive replication environment. E1a activates AAV and Ad transcription
(24–27). The E1b 55-kDa protein and the product of the E4 open reading frame
6 form a complex involved in virus mRNA transport to the cytoplasm and
second strand DNA synthesis (28). The E2a-encoded ssDNA binding protein
enhances viral DNA replication (29,30) and gene transcription (31). The VAI
RNA gene enhances translation of viral mRNAs (29,32). AAV ampliﬁcation
is also dependent on expression of the viral rep gene and its four encoded
proteins. AAV gene expression, replication, and assembly proceeds along with
Ad ampliﬁcation and both viruses are released upon cell lysis (see Fig. 2B).
In the absence of an Ad coinfection, AAV establishes a proviral state by
integrating its genome into the long arm of chromosome 19 (see Fig. 2A) (33,
and reviewed in 34). Integration into this locus is apparently not harmful to
the host cell and is dependent upon de novo expression of the AAV replication
gene. Subsequent Ad infection of the latently infected cell results in rescue
and ampliﬁcation of the provirus. The majority of AAV vectors in use today do
not retain a functional rep gene and, therefore, do not establish latency at the
chromosome 19 locus. Recombinant AAV rep– vectors can establish a proviral
state by integrating at presumably random locations (see Fig. 2C) (35–37).
Alternatively, limited replication and recombination of the vector genome leads
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Fig. 2. AAV replication and proviral structures. (A) In the absence of helper virus
infection, AAV binds to its receptor, trafﬁcs to the nucleus, and integrates into the distal
end of the long arm of chromosome 19. Linear and circular conformations are shown
as other possible conformations. (B) In the presence of an Ad coinfection, the AAV
genome is replicated as replicative form monomers and dimers (RFM, RFD) yielding
progeny virus. (C) Recombinant AAV (rAAV) genomes establish a proviral state by
random chromosomal integration and/or formation of linear or circular concatamers.

to the formation of linear monomers and concatamers, circular monomers,
dimers, and concatamers that persist in the nucleus as episomes (35,38,39).
1.3. Pros and Cons of AAV Vectors
AAV is an appealing gene transfer vector for many reasons. The virus
is naturally defective, which limits its ability to mobilize in the host, in
the absence of a helper virus coinfection. Unlike other human and animal
parvoviruses, AAV is not pathogenic. AAV has a broad host range that enables
vector transduction of many cell types and tissues in vitro and in vivo (15).
Both dividing and nondividing target cells can be effectively transduced with
the vector. Long-term modiﬁcation of the target cells in vivo is possible because
vector genome and expression has been shown to persist for more than 18 mo
in skeletal muscle (5,6). The proviral genome persists in the nucleus of the
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transduced cell as linear or circular monomers or concatamers (35,38,39). It
has not yet been determined whether the episomal provirus replicates autonomously or is merely resistant to nuclease and persists because terminally differentiated skeletal muscle does not turn over at an appreciable rate. Persistent
episomal vector may be the preferred proviral conformation for human gene
therapy because it avoids the possibility of potentially damaging integration
events.
Although many cell types express the cell surface AAV coreceptors required
for transduction, there are other limitations to successful transduction. Upon
gaining entry to the nucleus, the single-stranded viral genome is converted to a
double-stranded transcription template by cellular polymerases for expression
of the viral genome. Single- to double-strand DNA conversion is a limiting step
in the success of transgene expression of AAV vectors (40,41). This conversion
is partially regulated by a speciﬁc ss-DNA binding protein that binds to the
D sequence of the AAV ITR element (42). The binding of the protein is, in turn,
regulated by its level of phosphorylation. Different tissues express different
amounts of the D sequence binding protein, which roughly correlates with the
transducibility of the tissue (43). Another block to successful gene delivery is
trafﬁcking of the vector to the nucleus. Some cell types are deﬁcient in their
ability to deliver AAV to the nucleus (43). This defect may be circumvented
through the use of proteosome inhibitors (44).
Host immune responses to AAV vectors are present, but muted, in comparison to Ad vectors, which induce vigorous humoral and cell-mediated immune
responses leading to inﬂammation and destruction of transduced cells. AAV
vectors elicit humoral antibody responses, but variable cell-mediated effects
(5,6,45–47). Intramuscular (im) injection of AAV vectors does not stimulate
a cellular response to highly expressed transgenes in immunocompetent mice
(5,6). However, im injection of AAV vectors encoding herpes simplex virus
(HSV) glycoproteins induced both humoral and cellular immune responses
(48). The route of administration of the vector may qualitatively dictate the
type of immune response (46,49). Recent evidence suggests that AAV vectors
can infect immature dendritic cells, which play critical roles in establishing
cell-mediated responses (50,51). Thus the presence of immature dendritic
cells at the site of vector instillation may dictate the development of T-cell
responses.
The small size of the AAV genome limits the amount of DNA that can
be efﬁciently assembled into an infectious vector. However, this limitation
has recently been circumvented by cotransduction of cells with two different
vectors that have the ability to recombine into circular heterodimers fused
at the 5′ and 3′ ends of the two genomes (52). Judicious placement of splice
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junctions in the two vectors results in the removal of intervening ITR elements
from precursor RNA transcribed from the heterodimer genome. This novel
modiﬁcation doubles the coding capacity of recombinant AAV vectors and
relies upon intracellular recombination to yield the appropriate concatamer.
Other limitations of the AAV vector system are the difﬁculties in producing
high titers of vector and removal of contaminating Ad helper virus and
contaminating proteins. Incomplete removal of Ad results in development of
inﬂammation at the site of vector introduction and loss of transgene expression
(53–55). These ﬁnal concerns have become less problematic recently because
of improvements in both vector production and puriﬁcation.
1.4. AAV Packaging Systems
The most widely used method to assemble recombinant AAV vectors
involves cotransfection of Ad-infected cells with a recombinant vector plasmid
and a plasmid that expresses the rep and cap genes, pAAV/Ad (17). Forty-eight
to seventy-two hours after transfection of HeLa or 293 cells, the cultures
are harvested, Ad is inactivated by heat treatment (60°C, 30 min) and then
centrifuged to equilibrium in multiple CsCl2 density gradients. The shortcomings of this procedure are generation of contaminating Ad in the vector stock,
generation of replication-competent AAV and low efﬁciency of the overall
procedure. Replication-competent AAV results from recombination between
the helper plasmid that supplies the rep and cap genes and the recombinant
vector plasmid.
Recent developments in vector production have been based on the development of hybrid helper viruses that carry the essential AAV genes or the vector
sequences (56–58), packaging cell lines that express AAV genes (59,60), and
elimination of the helper virus coinfection requirement through the use of
plasmids that express the Ad helper genes (61–65). Each of these developments
cites improvements over the original pAAV/Ad packaging protocol. Packaging
cell lines and hybrid helper viruses yield low levels of vector (103–104 genome
copies per cell), yield minimal, if any, detectable replication-competent vector
and are more amenable to scale up for the production of clinical grade vectors.
Elimination of replication-competent AAV has been accomplished by removal
of the Ad ITR elements that were found in the pAAV/Ad plasmid and by
placing the rep and cap genes on separate plasmids (66). The use of cell lines
yields less replication-competent virus because chromatin-bound, integrated
copies of the rep and cap genes are less likely to recombine with incoming
vector sequences.
The use of recombinant or wild-type Ad as a helper in packaging results in a
vector that is contaminated by the helper virus. To eliminate Ad contaminants,
several reports have described puriﬁcation protocols using chromatography
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or density gradient ultracentrifugations (53,67–69). Elimination of the helper
virus in packaging has been accomplished by several laboratories that have
constructed Ad helper plasmids supplying the early Ad genes. Two groups
constructed Ad helper plasmids that are cotransfected onto E1a/E1b-expressing
293 cells along with a plasmid that expresses the rep and cap genes and a
vector plasmid (61,62). Two other groups combined the Ad helper genes on the
same plasmid with the AAV rep and cap genes and cotransfected this single
helper plasmid with a vector plasmid onto 293 cells (63,64). Each of these four
Ad-free packaging methods yields approx 1–5 × 102 tissue culture transducing
units (t.u.) per transfected cell. Signiﬁcant replication-competent AAV was
not detected in any of these reports. The versatility of the Ad helper plasmid
cotransfection method is especially useful for preclinical screening of multiple
AAV vector constructions. This technique is somewhat cumbersome for
scale-up of vector production because of its reliance on plasmid transfection.
Nevertheless, its simplicity, improved vector yields and minimal production of
replication-competent virus makes it an ideal packaging system for preclinical
vector production.
2. Materials
2.1. Cell Culture and Virus
1. Human 293 cells (Ad-5 transformed embryonic kidney epithelial, ATCC catalog
number CRL-1573) and HeLa cells (ATCC cat. no. CCL2). 293 cells are
subcultivated at ratios of 1⬊2 to 1⬊4. HeLa cells are subcultivated at ratios of
1⬊2 to 1⬊6.
2. Eagle minimum essential medium (MEM-Life Technologies) supplemented with
2 mM glutamine and 10% fetal bovine serum (FBS).
3. Penicillin, gentamycin, fungizone (Life Technologies).
4. 24- and 6-well dishes, 10-cm diameter plates.
5. Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
1.4 mM KH2PO4 (pH 7.3).
6. Adenovirus Type-5 (ATCC cat. no. VR-5) for titration of the packaged vector.

2.2. Plasmid Puriﬁcation
1. Qiagen plasmid puriﬁcation kit (Cat. No. 12163).

2.3. Packaging of rAAV Vectors
1. Lipofectamine reagent (Life Technologies: cat. no. 18324-012).
2. 10% albumin in serum-free MEM, ﬁlter sterilized. (Bovine Albumin, FractionV,
Sigma Chem. Co.: cat. no. A-9647).
3. 0.25% Trypsin (Life Technologies), 10% sodium deoxycholate.
4. Tissue culture six-well dishes and 150-mm plates.
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5. 1.41 gm/mL CsCl.
6. Refractometer, (Milton Roy).
7. Beckman SW41 rotor and centrifuge tubes.

2.4. Titration of Recombinant Vectors
1. 24-well tissue culture plates.
2. Bio-Rad dot blot apparatus.
3. UV-Stratalinker, (Stratagene).

3. Methods
3.1. Plasmid Puriﬁcation
Recombinant AAV vector packaging requires sufﬁcient quantities of vector
and helper plasmids. We routinely purify vector plasmids (e.g., pTR-UF5) using
standard CsCl puriﬁcation procedures (70) (see Notes 1 and 2). The AAV/Ad
helper plasmids, pSH3/5 (also referred to here as SuperHelper plasmids),
are puriﬁed using a modiﬁcation of the Qiagen Plasmid Puriﬁcation kit (Cat.
# 12163) procedure (see Note 3).
1. Inoculate a starter culture of pSH5 (from a glycerol stock or individual colony)
in 5 mL LB media with ampicillin (50 µg/mL). Grow at 37°C in a shaker for
5 h. After 5 h, transfer the starter culture to a 2-L ﬂask containing 500 mL LB
media supplemented with ampicillin (50 µg/mL). Grow overnight at 37°C in
a shaker.
2. The next day, divide the 500-mL culture into 4X 125-mL aliquots (in 500-mL
centrifuge bottles) and harvest the cells by centrifugation at 6000g for 15 min at
4°C (GS-3 rotor in an RC5C centrifuge).
3. Resuspend each bacterial pellet in 10 mL buffer P1 and proceed to follow the
puriﬁcation procedure as described in the Qiagen technical bulletin.

3.2. Small-scale Packaging of a rAAV Vector Using
the SuperHelper Plasmids
Using the SuperHelper plasmids (pSH3 or pSH5), the procedure for producing recombinant adeno-associated virus (rAAV) is a simple, two-plasmid
cotransfection onto 293 cells (see Fig. 3) (see Note 5). While developing rAAV
vectors for use in gene delivery experiments, it is advantageous to ﬁrst do a
small-scale packaging experiment. This allows testing of the protocol before it
is applied to a large number of cells and the small amount of vector generated
can be used in preliminary transduction experiments. Once the conditions
for the packaging have been standardized, the process can be scaled up to
do a large-scale packaging followed by a suitable purification procedure
(e.g., gradient centrifugation). The method described here is for a small-scale
packaging performed in six-well dishes.
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Fig. 3. Helper virus-free rAAV preparation. Packaging of rAAV using the pSH3/5
helper plasmid involves co-transfection with a plasmid bearing a recombinant AAV
vector (prAAV) onto human 293 cells. Approximately 72 h after transfection, the
cells are harvested and rAAV obtained as described in the text. After puriﬁcation via
CsCl density gradient ultracentrifugation or column chromatography and titration,
the vector is ready for use.

1. 293 cells are plated in a six-well dish at approx 8 × 105 cells per well. The
cells are grown in Eagle MEM (Life Technologies) supplemented with 10%
FBS and antibiotics. Cells were maintained in monolayer cultures in a 5% CO2
atmosphere at 37°C.
2. Twenty-four h later, the media on the cells was changed. The transfection
procedure was started 12 h later.
3. The transfection was performed according to the manufacturer’s protocol with
slight modiﬁcation. For each transfection, 0.5 µg of the vector plasmid and 2.5 µg
of pSH5 are added to 100 µL of serum-free MEM (without antibiotics) in a
sterile 1.5-mL microcentrifuge tube = Tube A. 12 µL of Lipofectamine reagent
is added to another sterile 1.5-mL microcentrifuge tube and diluted to 100 µL
with serum-free MEM =Tube B. Add the contents of tube A to tube B, mix and
incubate at room temperature for 30 min = Tube C.
4. While the transfection mixture is incubating, rinse the 293 cells with serum-free
MEM. After the 30-min incubation, add 800 µL of serum-free MEM to the
transfection mixture in tube C and mix gently by pipeting. This transfection mix
(1 mL) is added to the washed cells and incubated for 4–8 h. For transfection
of 293 cells, BSA is added to the medium at this step to a concentration of
0.01% (see Note 6).
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5. At the end of the 4–8 h incubation, 1 mL of regular MEM (+10% FBS, antibiotics)
is added to each well.
6. The cultures are incubated for 72 h and then harvested by scraping. The well is
washed with 1 mL of sterile phosphate buffered saline (PBS), which is added
to the cell suspension.
7. The cell suspension (3 mL) is subjected to 3–5 freeze-thaw cycles, sonicated
(Sonic Dismembrator, Fisher Scientiﬁc, 45 s at level 3, 36 µm) and cell debris is
pelleted by centrifugation (approx 2000g). The clariﬁed supernatant is carefully
removed and used as crude packaged vector stock. The physical particle number
and transducing titer of the vector is determined as described later.

3.3. Large-scale Packaging of Recombinant AAV Vectors
The limited yield of recombinant vector produced in plasmid transfection
necessitates a signiﬁcant scale-up in transfection procedures in order to obtain
high titers of vector. The following procedure is the same as described earlier
for a small-scale packaging, with some modiﬁcations.
1. 1.2 × 107 293 cells are plated in each of 10–20X 150-mm dishes.
2. For each dish, 7.5 µg vector plasmid and 37.5 µg of the SuperHelper plasmid
are used.
3. The Lipofectamine reagent and media are scaled up accordingly (DNA in Tube A
is diluted to 1.0 mL with MEM and 180 µL of Lipofectamine is diluted to 1.0 mL
with MEM in Tube B). The transfection is performed in 10 mL of media and the
cells are normally grown in 20 mL of media.
4. After 72 h, the cells are scraped in the media and pelleted (centrifugation
at 1000g) instead of being lysed in the media. After pelleting, the cells are
suspended in a minimal amount of PBS (1 mL for each 150-mm dish of cells)
and are subjected to 3–5 freeze-thaw cycles followed by sonication as described
earlier.
5. Sodium deoxycholate is added to 1.0% and trypsin is added to 0.025% and the
lysate is incubated at 37°C for 30 min (see Note 7).
6. Cellular debris is removed by centrifugation (2000g) and the lysate is or subjected
to two CsCl ultracentrifugations.

3.4. CsCl Puriﬁcation of rAAV Vectors
We routinely perform two CsCl ultracentrifugations on large-scale vector
preparations derived from the two-plasmid transfection procedure. The procedure is as follows:
1. CsCl is added to the lysate to a ﬁnal concentration of 1.41 gm/mL, as determined
by the refractive index (Milton Roy Refractometer cat. no. 334610).
2. The suspension is added to a Beckman centrifuge tube (cat. no. 344059)
and centrifuged at 200,000g, using a SW-41 rotor in a Beckman L7/L8-M
ultracentrifuge for 48 h.
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3. At the end of the spin, the tubes are removed and fractionated from the top of
the tube (250 µL each fraction). The fractions corresponding to a density of
1.38–1.42 g/mL are pooled, fresh CsCl solution (1.41 g/mL in PBS) is added
and the centrifugation from step 2 is repeated.
4. At the end of the second centrifugation spin, the tubes are fractionated as
described earlier. Fractions corresponding to a density of 1.38–1.42 are pooled
(see Note 8). The pooled virus is dialyzed against four changes of PBS to remove
the CsCl. The resulting vector is stored at –80°C until used.

3.5. Titration of Recombinant Vectors
The amount of transducing vector in the crude lysate from a small-scale
packaging experiment or the purified virus from a large-scale packaging
experiment can be determined using several methods. The replication center
assay is an indirect measure of transducible vector that relies on coinfection
of target cells with the vector, wild-type AAV, and Ad. The replication center
assay is applicable to a wide variety of vectors and has been amply described
in an earlier edition of this series (71). Vectors carrying an easily assayable
marker gene such as the β-galactosidase or green ﬂuorescent protein gene
(g fp) can be titered by transduction. This involves infecting susceptible cells
(e.g., HeLa cells) with the rAAV and performing an assay to determine gene
expression such as staining of β-galactosidase vector-transduced cells with
X-gal or ﬂuorescence microscopy for g f p-transduced cells.
1. 4 × 104 HeLa cells are plated in each well of a 24-well culture plate using
normal growth media. Twenty-four h later, the cells are infected with Ad-5 at
a multiplicity of infection (MOI) of 10 and transduced with serial dilutions of
the packaged vector.
2. Two to three days later, before extensive cytopathic effects are observed, the
appropriate assay is performed on the cells (e.g., use of X-gal staining staining for
a vector containing the β-gal gene or ﬂuorescence microscopy for g fp vectors).
Vector dilutions that give well-separated cells are counted. Each positive cell
represents 1 t.u. of vector.

3.6. Determination of Vector Particle Number
This procedure involves removal of the protein capsid and determination of
genome copy number by hybridization with a radioactively labeled probe. Copy
number determination is enabled by comparison of the vector hybridization
signal to a serial dilution of known amounts of vector plasmid DNA.
1. Aliquots of vector preparations are treated with DNase I (50 U/mL) at 37°C
for 30 min. The DNase treatment removes contaminating DNA that invariably
accompanies the vector during puriﬁcation. The AAV capsid protects the single
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stranded viral/vector DNA. The DNase is inactivated at 75°C, and protein is
digested as described later.
The DNase-treated vector is brought to 50 mM Tris-HCl, pH 8.0, 5.0 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS)
and 0.5 mg/mL proteinase K and incubated at 37°C for 12–14 h.
Add an equal amount of phenol⬊chloroform (1⬊1) to the digested vector, vortex
vigorously and centrifuge at 10,000g to separate the phases.
Remove the upper aqueous phase and add an equal volume of chloroform:
isoamyl alcohol (24⬊1), vortex vigorously and centrifuge as in step 3.
Remove the upper, aqueous layer. Heat in a boiling water bath for 10 min and
immediately chill the samples on ice. Dilutions of the denatured vector are
analyzed to obtain an accurate estimation of genome copy number.
Make 10-fold serial dilutions of the vector plasmid that was used to package
the rAAV. Boil these DNA samples and chill on ice as described earlier. The
plasmid dilutions are used to establish a standard curve to which the vector
DNA will be compared.
Cut a nitrocellulose membrane (Fisher cat. # WP4HY00010, 0.45 µm) to ﬁt
the Dot-Blot apparatus and soak in 2X SSC for 10 min (10X SSC: 3 M NaCl,
0.3 M Na3-citrate; pH 7.0).
Assemble the Bio-Dot apparatus as per the manufacturer’s recommendations;
add the plasmid dilutions and the different dilutions of the chilled vector DNA
to the wells. Unused wells are covered with tape to improve the efﬁciency of
the apparatus. The vacuum is turned on and the samples are drawn through
the membrane.
Rinse each well twice with 0.2 mL of 2X SSC, aspirating the wash through the
membrane each time.
Remove the nitrocellulose from the apparatus and rinse gently in 2X SSC for
10 min. Dry the membrane between Whatman chromatography paper (#3) for
15–20 min. UV crosslink the DNA to the membrane at 1200 µJ × 100 using a
Stratalinker (Stratagene).
Place the membrane into a hybridization bag containing 8–10 mL of hybridization
solution {25 mM phosphate buffer, pH 7.4; 5X SSC (20X SSC: 3 M NaCl, 0.3 M
Na3-citrate; pH 7.0), 5X Denhardts solution (100X Denhardt solution: 10 g Ficoll
400, 10 g polyvinylpyrrolidone, 10 g BSA in 500 mL), 50 µg/mL salmon sperm
DNA, 50% formamide}. Incubate at 42°C for 3 h.
Hybridization is performed by adding approx 500,000 cpm of denatured,
radioactively labeled probe per mL of hybridization buffer. The probe is made
by random primer labeling a fragment of DNA (approx 500–1000 bp of the gene
of interest). Hybridization is carried out at 42°C for 16 h.
The membrane is then washed (10 min) three times (1X SSC, 0.1% SDS) at 42°C
followed by three additional 10-min washes (0.25X SSC, 0.1% SDS) at 50°C.
The membrane is dried between paper towels or Whatman chromatography paper
and exposed to X-ray ﬁlm.
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14. To obtain a quantitative determination of the hybridization signal, the ﬁlm
is scanned using a Kodak Image Station 440 or a comparable densitometer.
Alternatively, we have used a Molecular Dynamics PhosphorImager to directly
measure the amount of radioactive signal. Determine the genome copy number
by comparing the signal intensity of the unknown vector to the plasmid standard
curve.

4. Notes
1. All vector DNA plasmids should be double banded in CsCl gradients.
2. AAV vector plasmids containing the viral ITR elements are somewhat unstable
in some Escherichia coli hosts. Strains carrying mutations in recA, recJ, and
recM genes (e.g., SURE cells from Stratagene) are recommended for vector
propagation.
3. We have found that the Qiagen kit provides excellent yields and high-quality
SuperHelper plasmids.
4. The SuperHelper plasmids have been propagated in the HB101 strain of E. coli
without any evidence of plasmid recombination. We routinely verify the integrity
of the helper plasmid using restriction endonuclease digestions.
5. Other products and methods of plasmid transfection have been tested for vector
production and while some of them improve transfection efﬁciency, they do
not necessarily improve the overall yield of vector. We have found that the
Lipofectamine Reagent (Life Technologies) yields good transfection efﬁciencies
and vector production.
6. We have observed that this 4-h incubation in serum-free media can be quite
toxic to the cells. This toxicity can be minimized by adding BSA to the MEM
(before it is added to the transfection mixture in tube C) to a ﬁnal concentration
of 0.01% BSA.
7. AAV is resistant to trypsin and this digestion removes signiﬁcant amounts of
contaminating protein.
8. Wild-type AAV has a density of 1.41 g/mL. Recombinant vectors that have
genomes less than 4680 nt will sometimes migrate in the CsCl gradient to a
density less than 1.41. The fractions containing the vector peak can be determined
by performing transductions with as little as 1 µL of the fraction without
removing the CsCl.
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Novel Tools for Production and Puriﬁcation
of Recombinant Adeno-Associated Viral Vectors
Julian D. Harris, Stuart G. Beattie, and J. George Dickson
1. Introduction
Original standard protocols for the generation of recombinant adenoassociated viruses (rAAVs) have generally involved the cotransfection of 293
cells with a rAAV plasmid vector (pAAV) and a helper/packaging plasmid,
followed by over-infection with a helper virus, normally an adenovirus (Ad)
at low multiplicity of infection (MOI) (1). The pAAV vector contains the
transgene of interest ﬂanked by the AAV inverted terminal repeats (ITRs) and
the helper/packaging plasmid contains the rep and cap genes of wild-type AAV.
The drawback with this procedure is the presence of contaminating Ad helper,
together with wild-type-like AAV particles in the derived virus vector stocks.
This is because of recombination between the rAAV plasmid and rep and cap
genes on the packaging plasmid resulting in the restoration of a wild-type
virus. In addition, Ad infection can result in lysis of more than 50% of cells
prematurely, releasing rAAV particles into the supernatant and therefore
reducing virus particle yields from cellular extracts (2).
To avoid the use of helper virus, Grimm et al. (2) have constructed a plasmid
containing all the genes provided by the helper Ad termed pDG (21.8 kb). In
addition, pDG contains the Rep68/78 genes that are necessary for replication
of the rAAV genome and its packaging into virus particles, and the Cap genes
that express the AAV capsid proteins VP1, VP2, and VP3. For production of
rAAV, this packaging/helper plasmid is cotransfected with the rAAV plasmid
containing the transgene into 293-T cells (3). This cell line is used in preference
to conventional 293 cells as they show a high level of transfection efﬁciency
and subsequently improved rAAV yields.
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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As well as containing all the necessary genetic elements for efﬁcient rAAV
production, the pDG plasmid also has other features that improves virus
yields. The p5 promoter that drives Rep gene expression is replaced with the
weaker Mouse Mammary Tumour Virus Long Terminal Repeat (MMTV-LTR)
promoter. The Rep proteins downregulate their own expression as well as those
of the capsid proteins (4). Therefore, reduced levels of Rep proteins results
in an increase in virus titer, as virus particle assembly is dependent on the
availability of capsid proteins within the cell (5–7). An alternative explanation
for the increased production of capsid proteins derived from pDG is that the
helper plasmid can replicate in 293-T cells, as it contains the Ad Serotype 5
terminal repeats required for Ad replication and the cell line constitutively
expresses E1a (2). Therefore, the input pDG plasmid would replicate, increasing its copy number providing more template for gene expression. The pDG
plasmid also reduces the risk of replication-competent AAV particles emerging
by nonhomologous recombination (8). This property is likely because of
the replacement of the p5 promoter with the MMTV-LTR that increases the
MMTV-LTR/Rep/Cap cassette to 5044 bp. This dramatically reduces the
probability of the Rep and Cap genes being packaged into virus particles, as
the optimal packaging capacity of AAV particles is between 4.1 kb and 4.9 kb
(9). In addition, the p5 promoter contains a Rep protein DNA-binding site and,
therefore, replacement of this element with the MMTV-LTR means that Rep
cannot mediate any form of recombination between the rep and cap genes on
pDG and the rAAV plasmid, that could result in the generation of replicationcompetent AAV particles (10).
After 2–3 d, the transfected cells are harvested and subjected to cycles of
freeze-thaw resulting in the release of rAAV particles into the supernatant from
the lysed cells. The virus is puriﬁed by iodixanol step gradient ultracentrifugation followed by heparin afﬁnity chromatography (11), which is based on the
premise that heparin sulfate proteoglycan (HSPG) is a cell surface receptor for
AAV (12). Previous methods have used cesium chloride (CsCl) density gradient
ultracentrifugation for the isolation of rAAV particles from cell lysates. The
use of iodixanol in place of CsCl for the isolation of rAAV particles results
in dramatically reduced preparation times and improved yield and quality of
rAAV stocks. Following heparin afﬁnity chromatography, the rAAV stocks are
concentrated using a Biomax 100 ﬁlter, followed by aliquoting and storage at
–80°C. The Biomax 100 ﬁlter is a centrifugal ultraﬁltration device used for the
concentration of biological samples. The virus particle titer of the stock is determined by DNA dot-blot hybridization (13), where the rAAV vector genomic
DNA is isolated and transferred to a nitrocellulose membrane. Known quantities of the corresponding pAAV vector DNA is also transferred and this is used
to estimate the titer of the virus stock in relation to copies of the genome.
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This novel procedure for rAAV production has yielded high titer stocks with
improved infectivity-to-particle ratios compared to previous methodologies.
In the development of this method by Zolotukhin et al. (11) 2 × 1012 virus
particles were puriﬁed from 3 × 108 293 cells with a particle to infectivity
ratio of 56⬊1. Virus particle titer was determined by a quantitative competitive
polymerase chain reaction (PCR) assay and infectious titer determined by the
infectious center assay (13). Hermens et al. (14) investigated the reproducibility
and quality of virus stocks puriﬁed by iodixanol gradient ultracentrifugation
and puriﬁed 9.6 × 1011, 3.6 × 1011, and 6 × 1011 virus particles titered by
DNA dot-blot hybridization (13), with particle to infectivity ratios of 385⬊1,
600⬊1, and 500⬊1, respectively. In this study infectious particle titer was
also determined by the infectious center assay. In our studies, we have
routinely recovered between 5 × 1011 to 2 × 1012 viral particles from a total of
2.7 × 108 293-T cells.
2. Materials
2.1. Cell Culture
1. 293-T cells: The cell line is derived from human embryonal kidney cells and
constitutively expresses the adenovirus E1a protein and the SV40-T Antigen
(3). For the maintenance of high quality 293-T cell cultures, they should be
subcultured at a dilution ratio of 1/20 and passaged every 4–5 d when cell
monolayers have reached subconﬂuency. They should not be allowed to reach
conﬂuency, as this will reduce their plating and transfection efﬁciencies.
2. Growth medium: Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL
streptomycin, and 250 ng/mL amphotericin B.
3. For passage, subconﬂuent monolayers of cells are treated with Tris-saline-EDTA
(TDE) pH 7.5 containing 0.025% trypsin. For 1 L of TDE (pH 7.5), add 8 g
NaCl, 0.38 g KCl, 0.1 g Na2HPO4 and 3 g Tris Base to 800 mL double-distilled
water (ddH2O). Adjust to pH 7.5 with concentrated hydrochloric acid, and bring
to 999 mL with ddH2O and 1 mL 0.5 M ethylenediaminetetraacetic acid (EDTA)
pH 8, and ﬁlter sterilize. This TDE solution is used to prewash the cells before
trypsinization. To prepare the 0.025% trypsin solution, add 1 mL 2.5% trypsin
(Sigma cat. no. T-4674) to 100 mL of TDE (pH 7.5). The use of 0.025%
trypsin/TDE (pH 7.5) is less harsh than conventional passaging as less trypsin is
required for detaching cells from the culture surface.
4. Tissue culture vessels: 15-cm dishes (Nunc).

2.2. Plasmid Vectors for rAAV Production
1. pAAV: Because of the presence of the ITRs in these vectors, there is a potential
for recombination to occur between these structures during ampliﬁcation with
the resultant loss of genetic material, which may include the transgene cassette.
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To minimize this event, the vectors are transformed into One-Shot TOP10
Electrocompetent Cells (Invitrogen) (see Note 1). After cultivation of the
transformed cells in terriﬁc broth, the plasmid is isolated by the procedure
described by Sambrook et al. (15) (see Note 2). To check for the presence of
the ITRs in the rAAV plasmid vectors, it is recommended to perform diagnostic
restriction endonuclease digests with enzymes that cut within the ITRs such
as Sma1 or BssHII.
2. pDG (2): The plasmid was transformed into DH5α Escherichia coli (E. coli). As
a consequence of the large size of this plasmid (21.8 kb), ampliﬁcation of pDG
results in very poor yields. For the cotransfection of ten 15-cm dishes of 293-T
cells with the pAAV vector and pDG plasmids for rAAV production, 700 µg
of pDG is required. Therefore, in order to maintain consistency between rAAV
production runs, mega or tera plasmid preparations is performed that refers to
the scaling up of the plasmid isolation procedure according to Sambrook et al.
(15), which involves the growth of this vector in 4.5 L or 20 L culture volumes,
respectively. The expected yields are 3.5 mg for the mega preparation and about
35 mg for the tera preparation.

2.3. Reagents for Cotransfection of 293-T Cells
(0.2 µm Filter Sterilize All Solutions)
1. 2.5 M CaCl2: To optimize the efﬁciency of transfection it is recommended that
tissue culture grade calcium chloride (CaCl2•2H2O, Sigma, cat. no. C7902) is
used in the preparation of the transfection mix. Dissolve 36.75 g CaCl2•2H2O
in 100 mL ddH2O and then ﬁlter sterilize. Prepare 5–10 mL aliquots and store
at –20°C.
2. 2X HEPES-buffered saline (2XHBS): 280 mM NaCl, 10 mM KCl, 1.5 mM
Na2HPO4, 12 mM dextrose and 50 mM HEPES (Sigma, cat. no. H-7523), adjust
to pH 7.05 with 5 M sodium hydroxide and ﬁlter to sterilize (see Note 3).

2.4. Reagents for the Isolation and Puriﬁcation of rAAV Particles
(0.2 µm Filter Sterilize All Solutions)
1. Cell lysis buffer: 150 mM NaCl, 50 mM Tris-HCl (pH 8.5).
2. 5X PBS-MK: This phosphate-buffered saline (PBS) buffer contains 5 mM MgCl2
and 12.5 mM KCl and is used in the iodixanol step gradient centrifugation and
the ﬁnal concentration of the virus preparation using a Biomax 100 ultraﬁltration
device. To prepare the 5X PBS-MK buffer, add 25 PBS tablets (Oxoid, BR14a;
1 tablet in 100 mL gives 1X PBS at pH 7.3) to 450 mL ddH2O and then autoclave
and cool. Add sterile 2.5 mL 1 M MgCl2 and 6.25 mL 1 M KCl and make up
to 500 mL with ddH2O.
3. 1X PBS-MK/1M NaCl: This buffer is used for the elution of the rAAV particles
from the HiTrap heparin column.
4. Iodixanol (Optiprep density gradient medium, Sigma, Cat. No. D-1556): The
following percentage solutions of iodixanol are prepared for the step gradient
ultracentrifugation.
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Table 1
Preparation for Iodixanol Fractions for Step Gradient Ultracentrifugation
%
Iodixanol

Iodixanol

5M NaCl

5X PBS-MK

ddH2O

Phenol
Red*

15%
25%
40%
60%

12.5 mL
20.8 mL
33.3 mL
.350 mL

10 mL
—
—
—

10 mL
10 mL
10 mL
—

17.5 mL
19.2 mL
36.7 mL
—

—
100 µL
—
100 µL

*Phenol

red solution: Sigma, P-0290.

5. Benzonase (Endonuclease, 343 Units/ml, Sigma, Cat. No. E-8263): This enzyme
is added to the cell lysate of the cotransfected 293-T cells to dissociate aggregated
rAAV particles by digesting any extraneous nucleic acid, before iodixanol step
gradient ultracentrifugation. As an aggregate of virus particles would behave
as a single transducing unit, benzonase treatment ensures that the ﬁnal virus
stock contains separate virus particles and therefore maximizes the infectious
virus titer.
6. Quick-Seal Ultra-Clear Ultracentrifuge tubes (Beckman, 25 × 89 mm, Cat. No.
344326) for iodixanol step gradient ultracentrifugation.
7. Beckman Ultracentrifuge and a Type 60Ti rotor.
8. HiTrap heparin sepharose 1 mL columns (Amersham Pharmacia Biotech, Cat.
No. 17-0406-01) for afﬁnity heparin chromatography.
9. Biomax 100 ultrafiltration device (Millipore, Cat. No. UFV2 BHK 10) for
concentrating and desalting the virus stock.

2.5. Reagents for the Determination of Virus Particle Titer
by DNA Dot-Blot Hybridization
1. DMEM only.
2. DNase 1 (1 U/µL, Life Technologies, Cat. No. 18068-015).
3. 2X Proteinase K Buffer: Dissolve 20 mg proteinase K (Sigma, cat. no. P2308) in
40 mL of 2X proteinase K buffer containing 20 mM Tris-HCl (pH 8.0), 20 mM
EDTA (pH 8.0), and 1% (w/v) sodium dodecyl sulfate (SDS). Store at –20°C.
4. Phenol⬊Chloroform⬊Isoamyl Alcohol (25⬊24⬊1) (pH 8.0) (Sigma, cat. no.
P-2069) (see Note 4).
5. 3 M sodium acetate (pH 5.2).
6. Glycogen (20 µg/µL, Life Technologies, cat. no. 10814-010).
7. Ethanol (200 proof, for molecular biology, Sigma E7023).
8. pAAV vector DNA: A dilution series of known quantities of the pAAV vector
is used to titer the virus stock of the corresponding rAAV in the DNA dot-blot
hybridization analysis.
9. DNA probe: Agarose gel-puriﬁed fragment excised from pAAV (see Note 5).
10. 0.4 M sodium hydroxide, 10 mM EDTA (pH 8.0).
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11. Hybond-N+ nitrocellulose membrane (Amersham Pharmacia Biotech, cat. no.
RPN303B).
12. 3MM Whatman paper (Merck).
13. 96-well dot-blot manifold apparatus (Schleicher & Schuell, cat. no. SRC 96-D).
14. Hybridization oven (Techne Cambridge, U.K., cat. no. HB-1D) and cylinders
(Techne Cambridge, U.K., cat. no. FHB11).
15. 2XSSC: Prepare a 20X stock by dissolving 175.3 g NaCl and 88.2 g Na 3
Citrate•2H2O in 900 mL ddH2O. Adjust the pH to 7.0 with 1 M HCl and add
ddH2O to 1 L. Filter sterilize and store at room temperature.
16. Primary wash buffer: Combine 25 mL 20X SSC, 360 g urea and 4 g SDS and
bring to 1 L with ddH2O. Filter sterilize and store at room temperature.
17. ECL direct nucleic acid labeling and detection system (Amersham Pharmacia
Biotech, cat. no. RPN3000).
18. ECL hyperﬁlm (Amersham Pharmacia Biotech, cat. no. RPN3114H).

3. Methods
The following outlines the procedure for the production, isolation and puriﬁcation of rAAV virus particles and the titration of virus stocks, based upon the
cotransfection of ten 15-cm dishes. Although, for in vivo gene transfer experiments it is recommended that the protocol is scaled up to at least 50 dishes.
3.1. Cotransfection of the rAAV Plasmid and the Packaging/Helper
Plasmid pDG into 293-T Cells
To generate rAAV virus particles, 293-T cells are cotransfected with the pAAV
and pDG plasmid vectors. For every ten 15-cm dishes of 293-T cells, 700 µg
of pDG is used at an equimolar ratio with pAAV (see Note 6). The following
outlines the procedure from preparing the 293-T cells for transfection to lysing
the transfected cells for iodixanol step gradient ultracentrifugation.
1. The day before the transfection, subconﬂuent monolayers of 293-T cells are
trypsinized using 0.025% trypsin/TDE (pH 7.5) and seeded into ten 15-cm dishes
at a cell density of between 8–9.5 × 106 cells/dish, so that the cultures are about
70% conﬂuent the following day.
2. On the day of the transfection, the following transfection mixture is prepared
in a 50-mL Falcon tube (Nunc) by combining 700 µg pDG and pAAV at an
equimolar ratio (e.g., 173.3 µg of the 5.4 kb pAAV-ApoE3 [see Note 6]), 1.25 mL
2.5 M CaCl2, and made up to 12.5 mL with ddH2O. While aspirating the above
mix with bubbles using a 1-mL pipet, 12.5 mL 2X HBS (room temperature) is
added at a steady slow rate. Incubate the transfection mixture for 1 min at room
temperature, beginning from the addition of the 2X HBS.
3. The entire 25-mL transfection mix is immediately transferred to 200 mL of
prewarmed growth medium (37°C/8% CO2) and mixed gently by inversion.
4. The culture medium is removed from the ten 15-cm dishes containing the 293-T
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cells split the day before and 22 mL of the transfection mix is transferred to
each plate.
The 293-T cell cotransfection is incubated at 37°C/8% CO2 for 2 to 3 d.
The culture medium is removed from the transfected cells leaving 2–3 mL
in each plate into which the cells are scraped. To assess the efﬁciency of the
cotransfection, the culture supernatant may be used to test for the expression
of transgene product, in cases where the expressed protein is secreted into the
culture medium, for example, by Western blotting analysis.
The scraped cells from each plate are pooled and pelleted by centrifugation at
1000g for 10 min and the cell pellet is resuspended in 15-mL cell lysis buffer.
The cells are lysed by four cycles of freeze/thaw by alternatively placing in
ethanol/dry ice and then a 37°C water bath.
3 µL of benzonase is added to the 15-mL lysate and vortexed brieﬂy, followed
by incubating at 37°C for 1 h and then centrifugation at 6500 rpm (18°C, 5000g)
for 20 min to clarify the cell lysate. The clariﬁed lysate can be stored at –80°C
at this stage.

3.2. Puriﬁcation of the Clariﬁed Lysate by Iodixanol
Step Gradient Ultracentrifugation
To isolate the rAAV particles from the clariﬁed lysate, the latter is loaded
onto a step gradient of iodixanol. Upon ultracentrifugation the virus particles
sediment into the 40% iodixanol gradient fraction. The most concentrated
60% iodixanol fraction is located at the bottom of the tube and functions as a
cushion, that prevents the particles pelleting at the bottom of the tube.
1. The clariﬁed lysate is transferred to a Quick-Seal Ultra-Clear Ultracentrifuge
tube using a 50-mL syringe and 19-gauge needle.
2. Using a Pasteur pipet ﬁtted to a pipet-aide, the lysate is underlayed with the
iodixanol fractions in the following order, using forced expulsion of the fractions
as little as possible so as not to disturb the interfaces between the fraction layers:
-9 mL 15% iodixanol/1 M NaCl
-6 mL 25% iodixanol/phenol red
-5 mL 40% iodixanol
-5 mL 60% iodixanol/phenol red
The remaining space in the tube is ﬁlled with cell lysis buffer before heat-sealing
the ultracentrifuge tube.
3. Ultracentrifugation of the iodixanol step gradient is performed in a Beckman
Ultracentrifuge using a Type 60Ti rotor at 60,000 rpm (18°C, 362,477g [max])
for 90 min (see Note 7).
4. The 40% fraction is easily distinguished owing to the presence of phenol red in the
25% and 60% iodixanol fractions. The lower 60% fraction is yellow due to
the low pH of the iodixanol. Using a 19-gauge needle and 10-mL syringe, the 40%
fraction is removed by carefully puncturing the tube at the 60%/40% interface
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and withdrawing no more than 4.5 mL of the fraction.

3.3. Further Puriﬁcation of rAAV by Heparin Afﬁnity
Chromatography Followed by Concentration of the Virus Stock
The rAAV particles contained in the 40% fraction (no more than 4.5 mL)
are further puriﬁed by heparin afﬁnity chromatography using a 1-mL HiTrap
Column that contains 1 mL of heparin sepharose and exploits the fact that
heparin is the natural cell surface receptor of the virus (12). The eluent from
the column that contains the virus is in a dilute form and, therefore, requires
concentration as well as desalting. This is performed by using a Biomax
ultraﬁltration device with a 100-kDa cutoff so that the virus particles are
retained while reducing the volume of the preparation.
1. To a 1-mL HiTrap heparin column, attach (via a concentric luerlok) a 30-mL
syringe ﬁlled with 15 mL 1X PBS-MK and carefully push the buffer through the
column to wash out the storage buffer.
2. Take the 40% iodixanol fraction containing the virus and pass it through the
column using a 5-mL syringe. Collect the efﬂuent and pass it through the same
column again. Then wash the column with 15–20 mL 1X PBS-MK as in step 1.
3. The virus is eluted from the column by applying 6–7 mL 1X PBS-MK/1 M NaCl.
4. The eluent is loaded onto a single Biomax 100 ﬁlter and the volume brought
up to 15 mL with 1X PBS-MK. The ﬁlter device is centrifuged at 2000g at
room temperature until approximately 1 mL remains. The centrifugation time is
normally between 30 min to 1 h and depends upon the concentration of iodixanol
and the quantity of virus particles present in the virus preparation. The virus
stock undergoes two rounds of redilution and reconcentration with two lots of
15 mL 1X PBS-MK. With the ﬁnal spin the virus stock is reduced to the smallest
volume and therefore the most concentrated. This is usually between 150–300 µL
and routinely contains between 5 × 1011 to 2 × 1012 viral particles giving titers
as high as 1 × 1013 viral particles/mL. The virus stock is aliquoted appropriately
and stored at –80°C.

3.4. Determination of Virus Particle Titer
by DNA Dot-Blot Hybridization Analysis
To estimate the virus particle titer, rAAV vector genomes are isolated
from 1 µL and 5 µL portions of the virus stock and transferred to a nitrocellulose membrane, together with a serial dilution of known quantities of the
corresponding pAAV vector. In order to extract the vector genomes, the virus is
subjected to treatment with DNase I to digest any extraneous DNA followed by
incubation with proteinase K, which digests the virus capsid proteins releasing
the vector genome. The vector genome remains intact during the DNase I
treatment, as the protein coat protects the DNA and the subsequent proteinase
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K digestion inactivates the DNase I and, therefore, the vector genomes remain
intact as they are released from the virus particles. The vector genomes
are denatured and transferred to a nitrocellulose membrane where they are
visualized using a DNA probe derived from the pAAV vector, which has been
labeled with horseradish peroxidase using the ECL direct nucleic acid labeling
and detection system (Amersham Pharmacia Biotech). The strength of the
signals generated by the dilution series of known quantities of the pAAV vector
is compared with the signals produced by the vector genomes isolated from the
1-µL and 5-µL portions and this is used to estimate the virus particle titer.
1. To 1-µL and 5-µL portions of virus stock in 1.5-mL microfuge tubes, add 5 µL
DNase I (1 U/µL), 20 µL 10X DNase I reaction buffer and bring to 200 µL with
DMEM (no serum) and incubate at 37°C for 1 h (see Note 8).
2. To each digest, add 200 µL 2X proteinase K buffer that contains 100 µg of
proteinase K and incubate at 37°C for 1.5 h.
3. Add 400 µL phenol⬊chloroform⬊isoamyl alcohol (25⬊24⬊1) to each digest and
vortex to form an emulsion and microfuge at 10,000g for 10 min.
4. Transfer the aqueous phases (upper layer) to fresh 1.5-mL microfuge tubes and
add 40 µL 3 M sodium acetate (pH 5.2) and 2 µL glycogen (20 µg/µL). Mix well
and then add 1 mL ethanol (2.5 vol), mix and then incubate at –80°C for 30 min
to hasten the precipitation of the vector genome DNA.
5. Microfuge the preparations at 10,000g for 20 min at room temperature. The
presence of the glycogen aids the pelleting of small quantities of DNA and assists
in visualizing the pelleted DNA. Small opaque pellets should be visible and care
must be taken so as not to lose the pellet in the following steps.
6. Remove the supernatants and wash the pellets with 800 µL 70% ethanol by
vortexing and microfuging at 10,000g for 5 min at 4°C. Remove the supernatant
and air-dry the DNA pellets, then dissolve each pellet in 400 µL 0.4 M NaOH/10
mM EDTA (pH 8.0).
7. Meanwhile, prepare a twofold serial dilution of the corresponding pAAV vector:
Prepare a 10-µL stock of 80 ng/5 µL of the pAAV vector in a 1.5-mL microfuge
tube and transfer 5 µL to another tube containing 5 µL ddH2O producing 10 µL
of a 40-ng/5-µL dilution. Continue this dilution series seven times with a ﬁnal
1.5-mL microfuge tube containing 0.3125 ng pAAV in 5 µL. To each 5 µL pAAV
dilution add 400 µL 0.4 M NaOH/10 mM EDTA (pH 8.0).
8. Heat the viral and plasmid samples at 100°C for 5 min in a heating block and
then cool on ice.
9. Meanwhile cut a piece of Hybond-N+ membrane and three pieces of 3MM
Whatman blotting paper to the size of the dot-blot manifold and prewet in ddH2O.
Set up the dot-blot manifold with the membrane overlying the three sheets of
blotting paper. For each well to be used in the analysis, wash with 400 µL ddH2O
and apply the vacuum to dry.
10. Apply the two denatured vector genome samples and the pAAV DNAs to the
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Fig. 1. DNA dot-blot. The twofold serial dilution of known quantities of the pAAV
vector from 80 ng to 0.3125 ng is prepared. The rest of the template can be used to
load the 1-µL and 5-µL portions of the virus stocks to be titered. In the case of low titer
virus stocks, 5 µL and 10 µL portions of the stock may be used.

11.

12.

13.

14.

appropriate wells of the apparatus without vacuum, then apply the vacuum. When
the samples have passed through, rinse each well with 400 µL 0.4 M NaOH/
10 mM EDTA (pH 8.0) with vacuum, then remove the membrane from the
manifold and leave to air-dry for 15 min. Rinse the membrane in 2X SSC. Fig. 1
shows a typical dot-blot result for the titration of three rAAV stocks.
Prehybridization: For the prehybridization buffer, dissolve 1 g NaCl and 1.7 g
ECL blocking agent in 34-mL ECL gold hybridization buffer by incubating at
42°C with gentle shaking for 2 h. Place the membrane containing the transferred
DNAs into a hybridization cylinder and add the hybridization buffer and incubate
with rotation at 42°C for a minimum of 1 h.
Labeling the DNA probe: Take 100 ng of the agarose gel-puriﬁed DNA fragment
derived from the pAAV vector and dilute to 10 ng/µL in ddH2O, then denature
by incubating at 100°C for 5 min. Cool the denatured DNA on ice and then spin
brieﬂy. Add 10-µL DNA labeling reagent, mix gently by pipetting and then add
10 µL of glutaraldehyde solution. Mix thoroughly by vortexing and spin brieﬂy.
Incubate the labeling mixture at 37°C for 10 min.
Hybridization: Add the labeled DNA probe (30 µL) to the cylinder containing
the prehybridized membrane, being careful not to apply the probe directly to
the membrane. For convenience it is best to mix the probe with 1 mL of the
prehybridization buffer and then transfer the probe to the cylinder containing the
prehybridized membrane. Incubate at 42°C with rotation overnight.
The next day replace the hybridization mix with 100 ml primary wash buffer
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prewarmed to 42°C and incubate at 42°C with rotation for 30 min, then repeat
the washing procedure.
Remove the membrane from the hybridization cylinder and wash twice with
400 mL of 2X SSC at room temperature for 6 min with gentle agitation.
After the second wash drain off the 2X SSC and place the membrane on a piece
of Saran Wrap. Mix equal volumes of the ECL detection reagents 1 and 2 and
apply the mixture evenly to the membrane. Incubate at room temperature for
1 min.
Drain off the excess detection mix and wrap the membrane in the Saran Wrap,
then expose to ECL hyperﬁlm.
Determination of the virus particle titer: To calculate the number of rAAV
particles present in the virus stock, the number of vector genomes present in
1 ng of the pAAV plasmid vector used in the DNA dot-blot hybridization is
determined. This value can then be used to determine the number of virus
particles present in the virus stock. For example, the molecular weight of the
plasmid pAAV-HuApoE3 (5410 bp) in Daltons is determined by multiplying
the size of the plasmid by the average molecular weight of 1 bp (650), which
gives a value of 3.52 × 106. The number of plasmid molecules present in 1 g
is determined by dividing Avogadro’s number (6.02 × 1023) by 3.52 × 106, and
then dividing by 1 × 109 to convert to molecules/ng giving a value of 1.71 × 108
molecules/ng of pAAV-HuApoE3. The intensity of the signals produced by the 1
µL and 5 µL portions of virus stock is compared to those of the quantiﬁed pAAV
serial dilution, and this is used to estimate the number of vector genomes in ng
in each dot. This value is multiplied by 1.71 × 108 and divided by the volume of
the virus stock used in the analysis, for example, 1 µL or 5 µL, to give the virus
particle titer/µL. In the case of virus stocks with low titers, larger portions should
be used to produce quantiﬁable signals in the analysis (see Fig. 1).

There are other methods for the quantitation of virus stocks, which is beyond
the scope of this chapter, but include quantitative PCR to determine virus
particle titer (11,16) and the infectious center assay to estimate the infectious
particle titer (13).
4. Notes
1. One-Shot TOP10 Electrocompetent Cells are recA–, which means there is a
reduced occurrence of unwanted recombination, in this case between the ITRs of
the vector. In addition, the growth of the transformed cells is performed at 30°C
to reduce further the risk of recombination between the ITRs.
2. The method described by Sambrook et al. (15) involves puriﬁcation by CsCl
density gradient centrifugation, which produces large quantities (1 mg to 2 mg
from 500-mL cultures) of high-quality plasmid DNA that is a necessity for
efﬁcient rAAV production. The majority of the plasmid isolated by this technique
is supercoiled as the DNA is less vulnerable to nicking of one of the DNA
strands, which results in the plasmid forming a relaxed conformation. In general,
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supercoiled plasmid DNA is more efﬁciently transfected.
3. In the preparation of the 2XHBS buffer to achieve the highest transfection
efﬁciency, it is important to adjust the pH to exactly 7.05 as this affects how
the calcium phosphate-plasmid DNA precipitate forms. In order for the DNA
to enter, the cells a ﬁne CaPO4 /DNA precipitate needs to be produced. If the
precipitate forms too heavily, the calcium phosphate/DNA particles will be too
large and this will affect the ability of the cells to take up the precipitate.
4. Remember to equilibrate the phenol⬊chloroform⬊isoamyl alcohol to pH 8.0 with
the equilibration buffer provided before use, as the acidity of the untreated phenol
(pH 6.7) may result in the loss of some DNA during the extraction.
5. For convenience a DNA fragment to be used as a probe in the DNA dot-blot
analysis that is common to all rAAVs under production is used. In our laboratory,
we routinely use a 517-bp fragment derived from the CMV promoter/enhancer
within the transgene cassette of the pAAV vector.
6. In our laboratory, we routinely use pAAV-HuApoE3 (17), which is 5.4 kb and
contains the full-length cDNA of human Apolipoprotein E3 and we, therefore,
use 173.3 µg of this vector together with 700 µg of the 21-kb helper plasmid
pDG.
7. At the time of performing these experiments, the Type 60Ti rotor was still
available. As this rotor has been discontinued, the recommended replacement
is the Type 70Ti rotor and perform the ultracentrifugation of the iodixanol step
gradient at 59,344 rpm (18°C, 362,477g [max]).
8. With rAAV stocks of low virus titer, it may be necessary to use larger portions
of the stock in order to visualize a quantiﬁable signal in the DNA dot-blot
hybridization analysis (see Fig. 1).
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14
Recombinant Adeno-Associated Viral Vector
Types 4 and 5
Preparation and Application for CNS Gene Transfer
Beverly L. Davidson and John A. Chiorini
1. Introduction
The adeno-associated viruses (AAVs) are dependent parvoviruses that
require helper viruses for replication. They are classified based on size
and structure. Because the majority of AAV isolates were ﬁrst identiﬁed as
contaminants of laboratory stocks of adenovirus, little is known regarding their
natural tissue tropism. Of the six isolates of AAV that have been identiﬁed to
date in primates, only three (AAV2, 3, and 5) have been isolated from humans.
Because AAV4 can infect human and rat cells in culture, serological data
suggest that its natural host is the African green monkey. All of those isolates
have been cloned and their genomes appear to be organized in a similar
manner, with ITRs ﬂanking the rep and cap open reading frames (Fig. 1).
Some elements are highly conserved within some serotypes, while others are
very divergent. The amino acid sequence of each capsid is distinct. Thus, each
serotype likely has unique functional properties. For example, a comparison
of transduction efﬁciencies and binding competition experiments indicates that
each serotype may utilize a distinct mechanism of uptake compared to AAV2
(1,2). Heparin sulfate proteoglycans (HSP) have a role in the binding and
transduction of AAV2, however, transduction with AAV4 and AAV5 serotypes
does not appear to utilize HSP (1,3). Instead, both AAV4 and AAV5 interact
with α 2–3 sialic acid yet they differ in their speciﬁcity. AAV4 preferentially
binds O-linked sialic acid whereas AAV5 prefers N-linked sialic acids (4,5).

From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ

269

270

270
Davidson and Chiorini

Fig. 1. Comparison of physical and open reading frame (ORF) map of AAV serotypes 1–6. The stippled bars indicate differences
between AAV2 and serotypes 1, 3, 4, 5, and 6. The percent homology of the rep and cap genes to AAV2 is listed to the left of the
ORF. Within the rep gene, two promoters, located at map units 5 and 19, direct the expression of four proteins, Rep78 and Rep68,
and Rep52 and Rep40, respectively. Each promoter expresses one spliced (Rep68 and Rep40) and one unspliced (Rep78 and Rep52)
mRNA. Within the rep ORF, several functional domains have been identiﬁed and are indicated at the top. These include the DNA
binding (DB), trs (Y), NTP binding pocket (NTP), nuclear localization domain (NLS) and zinc ﬁnger (Zn) domains, and splice sites.
The cap ORF produces three proteins, and the starts sites (VP1, VP2, and VP3) are indicted by right-angled arrows. Regions proposed
to be on the exterior of the AAV2 capsid based on homology with canine parvovirus crystal structure are indicated in black.
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1.1. Tissue Tropism
AAV2 vectors direct long-term expression of transgenes in many tissues,
including the CNS (6–13). Early studies showed that AAVs induced only a
limited, and resolving, immune response when injected into rat cerebrum
(13–16). Viruses based on AAV2 and AAV5 both infect neurons (3,7,13,15,17),
although there are distinct differences between these viruses following introduction into rodent brain. AAV2 vectors are rapidly bound and taken up by neurons
following injection into the adult rat hippocampus or inferior colliculus (18).
This results in a limited amount of diffusion of vector following injection.
In contrast, vectors based on AAV5 show a remarkable ability to spread
throughout the CNS following introduction into brain (3,17). AAV4-mediated
gene transfer was found to be dissimilar to AAV2 and AAV5 following injection
into rodent brain (3). Viruses generated with AAV2 genomes, but packaged
into AAV4 capsids revealed speciﬁcity of the AAV4 capsids for the ependymal
cells lining the ventricles (3).
A potential application for AAV could be for gene transfer to neuronal
progenitor cells, a population of cells that can be cultured in vitro and give
rise to neurons and glia depending on culture conditions or in vivo cues
(19,20). However, preliminary studies in our laboratories indicate that none
of these serotypes efﬁciently infects neural progenitor cells. Extremely high
multiplicities of injection (infectious units/cells) are required for infection
of several percent of cells, suggesting that these vectors may be impractical
for this purpose.
Similar to earlier studies in CNS (3,17), serotype comparison studies for
muscle-based gene therapy has also recently been reported (21). In in vitro
studies using muscle cell lines, Chao et al. found that transduction was best with
AAV2-based viruses, followed by AAV3>AAV1>AAV5>AAV4. Interestingly,
differences found in vitro were not predictive of in vivo performance; following
injection into mouse muscle, the efﬁciency of gene transfer was highest for
AAV1, followed by AAV serotypes 5, 3, 4, and 2 (21).
1.2. Replication of Alternative Serotypes
The ITRs serve as the viral origin of replication and are required in cis
for packaging. The viral Rep proteins are required in trans. For a number of
serotypes, the ITRs and Rep proteins are sufﬁciently homologous to allow
for cross complementation and the production of pseudotyped particles, for
example, AAV2 genome in an AAV4 capsid (2). However, AAV5 Rep cannot
cross-complement, and it has been shown to only replicate the type 5 ITR.
This speciﬁcity is the result of a difference in DNA cleavage speciﬁcity of the
AAV5 vs AAV2 Rep (22). AAV5 Rep cleaves at CGGT^GTGA and AAV2 Rep
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cleaves at CGGT^TGAG. Therefore, to package an AAV5 genome, the helper
plasmid must supply AAV5 Rep functions. It is possible to make a pseudotyped
AAV5 particle, for example, an AAV2 genome in an AAV5 capsid, but the
helper plasmid must contain the AAV2 rep gene. In contrast, for the production
of AAV4 pseudotyped particles, an AAV2 genome vector with AAV2 ITRs can
be replicated and packaged by AAV4 Rep.
1.3. AAV Packaging Systems
The original method of producing recombinant AAV involved transfection
with two plasmids: 1) a vector plasmid containing the gene of interest ﬂanked
by ITRs and 2) a helper plasmid to supply the appropriate rep and cap genes.
Virus production was then induced by transduction with either wild type or a
deleted adenovirus (Ad). The resulting cell lysate would contain recombinant
AAV and Ad particles. The lysate mixture was then heated to 56°C for 30 min
to inactivate the Ad, followed by density gradient centrifugation to physically
separate the two particles. Although this system is effective, there are a number
of drawbacks. Depending on overlapping sequence homology between the AAV
helper plasmid and vector plasmid, contaminating replication-competent
AAV (rcAAV) could also be generated with this system. Because wild-type AAV
is not considered pathogenic, the presence of rcAAV and expression of the
AAV rep genes can effect the stability of the recombinant genome and alter
gene expression within the transduced cell.
The helper plasmids were modiﬁed in a variety of ways to increase their
expression of Rep and Cap in the cell and thus the amount of recombinant
virus produced. Ad terminal repeats were added to the helper plasmids, which
enhanced the expression of the AAV genes when Ad was added to the cells
(pAAV/Ad). Substitution of the natural viral p5 or p40 promoters with other
viral promoters, and changes in the translation efﬁciency of the viral messages,
have also improved the yield of virus (23–26). Origins of replication from
other virus such as SV40 have also been added to the helper plasmid, allowing
for its replication when T-antigen was provided by the packaging cells (such
as Cos cells) (27,28). Because these modiﬁcations have improved the yield of
recombinant AAV, and removal of homologous sequences in the vector and
helper plasmid have reduced the level of replication-competent AAV that can
form, large amounts of Ad were still present in the cell lysate. The development
of a third plasmid for this system, the Ad helper plasmid, resulted in the
production of cell lysate free of Ad contamination. Several examples of this
plasmid exist, but in general all contain the VA RNA, E1, E2, and E4 genes of
adenovirus (17,24,29). The packaging cells can also supply some of the helper
functions. HEK 293 cells contain the E1 gene of Ad type 5 and have been used
extensively to provide helper function for the production of AAV.
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As mentioned previously, recent data suggest that the different serotypes
of AAV use distinct mechanisms of uptake. This presents a challenge for
determining the biological titer for the different viruses. One serotype may
transduce a cell line very efﬁciently, but this same cell may be nonpermissive
for another serotype. We have tested a number of different cell lines and found
Cos cells to be the most uniformly permissive. Nonetheless, the AAV serotypes
transduce with different efﬁciencies. For example, AAV4 and AAV5 transduce
Cos cells four- and 50-fold less efﬁciently than AAV2, respectively.
Whereas a biological titer is useful for comparing different preparations of
the same serotype of AAV, it may be less meaningful for directly comparing
relative transduction efficiencies of the different AAV serotypes. A more
appropriate method is the determination of DNase-resistant genomes packaged
in the AAV capsids. Originally this assay was done by DNA dot blots. However,
the development of quantitative polymerase chain reaction (PCR) assays has
greatly simpliﬁed the measurement of packaged AAV DNA. A number of
different systems are currently available as well as programs for designing the
primers and probes. The user should follow the manufacturer’s instructions
for the system of their choice. In general, primers should be puriﬁed either by
reverse phase cartridges or gel to ensure uniformity. Example assays are given
for the detection of vectors containing an RSV promoter using an Applied
Biosystems (Foster City, CA) SYBR green detection kit and 7700 ﬂuorescent
sequence detector. By substituting other primers, this same assay can be used
to detect contaminating Ad if the lysate is prepared with Ad instead of the
Ad helper plasmid.
2. Materials
2.1. Cell Culture
1. HEK 293T cells are a derivative of HEK 293 cells that express the SV40
T-antigen. They are available from ATCC (Manassas, VA). These cells need to
be split 1/5 every 3–4 d.
2. Phosphate-buffered saline (PBS): 1.0% NaCl, 25% KCl, 0.14% Na2HPO4,
0.025% KH2PO4, pH 7.2) (GIBCO/Life Sciences, Grand Island, NY).
3. Dulbecco’s modiﬁed Eagle’s medium (DMEM) with glutamine and supplemented with 10% fetal calf serum (FCS), 100 mg of penicillin/mL, 100 U of
streptomycin/mL, and Fungizone (GIBCO/Life Sciences, Grand Island, NY).
4. 15-cm tissue culture plates (Falcon, Franklin Lakes, NJ).

2.2. Recombinant AAV Vector Plasmids
1. Signiﬁcant homology exists between the ITRs and Rep proteins of AAV4 and
AAV2. As a result it is possible to pseudotype these viruses by using a plasmid
that contains AAV2 ITRs ﬂanking your gene of interest and a helper plasmid
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that contains the AAV4 rep and cap genes. Thus, standard AAV2 vector plasmids
such as PAV2 and psub201 can be used (25). The resulting pseudotyped
viral particles will have an AAV2 genome packaged in an AAV4 capsid. Two
helper plasmids have been described for the production of recombinant AAV4.
Both pAAV4SV40ori and p4RC contain the AAV4 rep and cap genes, but
pAAV4SV40ori also contains an SV40 origin of replication for high level
expression in T-antigen expressing cells (2,17).
AAV5 Rep and ITRs are distinct from that of AAV2 and it is not possible to
produce pseudotyped particles as described earlier. For AAV5 the same rep gene
and ITR serotype must be used. Thus, to package an AAV5 genome, AAV5 rep
genes must be present on the helper plasmid. One vector plasmid for AAV5 is
pAAV5LacZ. This plasmid contains a RSV promoter and a nuclear localized
β-galactosidase gene with an SV40 poly A signal. The cassette can be removed
by digestion with Bg/II and BsmI, leaving only the AAV5 ITRs, or NotI and BsmI
to remove the nuclear localized β-galactosidase gene and SV40 poly A signal.
The AAV5 helper plasmids for use with this vector plasmid are p5RepCapB or
p5RC. Both plasmids contain the AAV5 rep and cap genes and p5RepCapB also
contains an SV40 origin of replication (17,22).
Other laboratories are developing methods for pseudotyping AAV2 within AAV5
capsids. For this to work, a universal shuttle can be created containing AAV2
ITRs and the transgene. The packaging construct will then contain AAV2 rep and
AAV5 cap to overcome the AAV2 ITR/AAV5 rep incompatibility. In this manner,
virions differing only in capsid proteins could be produced.
A number of helper and vector plasmids have been described for AAV2 (22,29).
If the purpose of the experiment is to compare the relative transduction efﬁciency
of the different serotypes of AAV for a given tissue, it is important to use vector
plasmids with similar expression cassettes. The plasmid pAAV2LacZ contains
the same expression cassette as pAAV5LacZ (a RSV promoter and a nuclear
localized β-galactosidase gene with an SV40 poly A signal) but possesses AAV2
instead of AAV5 ITRs. Because of the similarity of the ITRs and Rep ORFs,
pAAV2LacZ can be used for producing recombinant AAV4.
As discussed earlier, the development of a plasmid to provide the necessary helper
functions resulted in the production of cell lysates free of Ad contamination.
Several examples of this plasmid exist, but in general all contain the VA RNA,
E1, E2, and E4 genes of Ad (17,24,29).

2.3. DNA Purity
The quality of the DNA used in the transfection is very important. HEK
293T cells are sensitive to bacterial endotoxin, which can ultimately lower the
yield of virus. The best yield of virus is routinely obtained with double-banded
CsCl gradient DNA. However, some endotoxin free kits are available, which
can produce DNA of sufﬁcient quality.

AAV4 and AAV5 for Gene Transfer

275

2.4. Generation of Recombinant Virus Lysate
1. 15-cm plates (Falcon).
2. 50-mL polystyrene tubes (Falcon).
3. 10X HEPES-buffered saline (HBS): 40.9 g HEPES free acid, 29.79g NaCl, ﬁnal
volume 250 mL.
4. 2M calcium solution: 147.02 g CaCl2 dihydrate, ﬁnal volume 500 mL.
5. 140 mM phosphate solution: add monobasic to dibasic solution to ﬁnal pH of
6.8 (3.48 g dibasic NaPO4, ﬁnal volume 200 mL; monobasic 3.36 g NaPO4 ﬁnal
volume 200 mL).
6. 120-mM dextrose solution (10X): 2.16 g dextrose in 100 mL H2O.
7. Calcium phosphate solution A: for ﬁve plates combine 3.915 mL H2O, 0.51 mL
120 mM Dextrose, 0.5 mL 10X HBS, 0.075 mL 1N NaOH, 0.1 mL 140 mM
NaPO4 (pH 6.8). Final volume 5.1 mL, adjust pH to 7.01–7.05 and sterile ﬁlter.
8. Calcium phosphate solution B: for ﬁve plates combine, 125 µg of DNA (30.5 µg
vector plasmid, 30.5 µg of helper plasmid, 64 µg of Ad plasmid) in a ﬁnal volume
of 4.4 mL of H2O. For the last step, add 0.6 mL 2 M CaCl2.

2.5. Virus Isolation and Gradient Puriﬁcation
1.
2.
3.
4.
5.
6.

10X citric saline: 50 g KCl, 22 g sodium citrate, ﬁnal volume 500 mL.
10X TD buffer: 1.4 M NaCl, 50 mM KCl, 7 mM K2HPO4, 250 mM Tris, pH 7.4.
Benzonase (Sigma Chemical Co, St. Louis, MO).
10% sodium deoxycholic acid in H2O (Sigma Chemical Co.).
CsCl (GIBCO/Life Sciences, Grand Island, NY).
CsCl/TD solution (TD buffer adjusted to 1.4 g/mL with solid CsCl).

2.6. Biological Titer
1.
2.
3.
4.

Refractometer (Bausch & Lomb, NY).
96-well plates (Falcon).
Wild-type Ad stocks: ATCC.
Cos 7 cells: ATCC.

2.7. Particle QPCR
1.
2.
3.
4.
5.
6.
7.
8.

Optical plates: (Applied Biosystems, San Jose, CA).
Optical caps (Applied Biosystems).
QPCR machine (Applied Biosystems).
2X SYBR green master mix (Applied Biosystems).
Primers (Bioserve Biotechnologies, Laurel, MD).
Proteinase K: 20 mg/mL in H2O.
Benzonase: see Subheading 2.6.
Phenol/chloroform/isoamylalcohol in 1⬊1⬊24 can be purchased from a number
of suppliers.
9. 95% ethanol.
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10. 70% ethanol.
11. 3 M sodium acetate (pH 5.2).
12. 200 µL PCR tubes (Marsh lab supplies, Rochester, NY).

2.8. Vector Injection into Adult Mouse Striatum or Ventricle
1. Ketamine/xylazine mix: combine 8.9 mL of sterile PBS with 1 mL of 100 mg/mL
ketamine and 0.1 mL of 100 mg/mL xylazine for ﬁnal concentrations of
10 mg/mL ketamine and 1 mg/mL xylazine.
2. Insulin syringe attached with a 28 1/2-gage needle.
3. Blue bench covers.
4. Eye ointment (Bacitracin zinc and Polymyxin B sulfate ophthalmic ointment).
5. Razor to shave mouse head and iodine tincture.
6. Sterile surgical supplies: scalpel and blades, curette, forceps, scissors, hemostat
4.0-silk suture with attached needle, and dry sterilizer (Germinator 500, Cellpoint
Scientiﬁc, Inc, Rockville, MD).
7. Beaker of 70% ethanol.
8. Small animal stereotaxic frame with mouse adaptor (KOPF Instruments, Tujunga,
CA).
9. Microprocessor-controlled pump (World Precision Instruments, Sarasota, FL,
UltraMicroPump) mounted onto the stereotaxic frame and controller (World
Precision Instruments, Micro 1 model).
10. 10 µL glass Hamilton (Reno, NV) syringe with a removable stainless steel
blunt-ended 33-gage needle (Hamilton).
11. Drill (Dremel Moto-Tool [located at local hobby stores] Model 395 Type 5, or
equivalent) with 003 bit.
12. Lactated Ringer’s.
13. 3-mL syringe with 25-gage needle.
14. Recovery mouse cage with clean towel bedding and overhanging warming
lamp.
15. Mouse brain atlas (“The Mouse Brain in Stereotaxic Coordinates,” KBJ Franklin
and G. Paxinos, Academic Press, 1997).

2.9. Organ Removal and Tissue Processing
1. Ketamine/xylazine mix (see recipe above).
2. PBS.
3. 2% paraformaldehyde in PBS: in a fume hood, add 2 g paraformaldehyde
(powder grade) to near 100 mL of PBS. Cover and heat to 50–60°C with stirring.
Do not boil. Add a few drops of concentrated NaOH to help dissolution, and
bring back to pH 7.4 with concentrated HCl. Bring ﬁnal volume to 100 mL with
PBS. Filter through a 0.45-µm bottle top ﬁlter, cool on ice, and store at 4°C.
Fixative can be used for 1 wk.
4. Peristaltic perfusion pump and ﬂexible rubber hosing 2–3 mm in diameter,
connected to butterﬂy IV catheter, 23 or 25 gage.
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5. Scissors, forceps, scapels, or razor blade, Ronguers, curette, and styrofoam
board.
6. Ethanol (70%) in a spray bottle.
7. 30% sucrose in PBS.
8. Plastic molds (peel-a-ways from VWR Scientiﬁc Products, Chicago, IL).
9. OCT (Tissue-Tek, Sakura, Torrance, CA).
10. Dry ice/95% ethanol bath.
11. Cryostat.
12. Glass slides (Fisher, Itasca, IL) Superfrost glass plus microscope slides, and
slide boxes.
13. For thick, free-ﬂoating sections: Forceps, 24-well tissue culture dishes, PBS/
azide: PBS with 0.02% sodium azide.
14. For staining of cryosections on glass slides: humidity chamber (wet paper
towels in closed shallow container); PAP pen (Electron Microscopy Sciences, Ft.
Washington, PA); PBS; bovine serum albumin (BSA) (Sigma A-7030, ELISA
grade); Block: PBS with 10% normal (goat) serum (from same species as the
secondary antibody), 0.1% Triton X-100, and 0.02% sodium azide (can use
3% BSA in place of or in addition to the serum); primary antibody diluent:
3% BSA in PBS with 0.1% Triton X-100 and 0.02% azide; wash buffer: PBS
containing 1% normal (goat) serum, 0.1% Triton X-100 and 0.02% azide;
secondary antibody diluent: PBS containing 1% normal (goat) serum, 0.1%
Triton X-100, and 0.02% azide; primary antibodies and secondary antibodies.
15. Glass cover slips.
16. Mounting media: Gelmount, or “Vectasheild” (from Vector Laboratories, Inc.,
Burlingame, CA).
17. Confocal microscope and associated software.
18. For free-floating thick sections: no humidity chamber is needed; reagents
containing Triton X-100 are prepared with 0.3% Triton X-100 instead of 0.1%;
24-well tissue culture dishes and a small paint brush are needed; glass slides.

3. Methods
3.1. Cell Culture
Cos and HEK 293T cells are maintained as monolayer cultures in D10 medium
(DMEM) containing 10% fetal calf serum (FCS), 100 mg of penicillin/mL, 100 U
of streptomycin/mL, and Fungizone, Bioﬂuids, Rockville, MD [manufacturer’s
recommendations]). HEK 293 cells are cultured in DMEM supplemented
with 10% FCS, 100 mg of penicillin/mL, 100 U of streptomycin/mL, and
Fungizone.
3.2. Recombinant Virus Preparation
Split 1 conﬂuent 150 mm plate of HEK 293T cells 1⬊10 into 10X 150 mm
plates 24 h prior to transfection. The plates should be 30% conﬂuent for
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transfection. Prepare transfection solutions A and B as described above. Place
a 2-mL pipet in a tube of solution A and gently bubble. Then add solution B
dropwise while continuing to bubble. Incubate mixture 20 min at room temperature and allow precipitant to form. Mix gently and add 2 mL of the transfection
mixture drop by drop to each of the plates, swirling intermittently while adding
the transfection mixture to the plates. Supplement the cultures with 10 mL of
fresh media 24 h after transfection. Incubate for a total of 48 h at 37°C, 5% CO2.
To harvest the virus, remove the media and quickly rinse the plates twice with
5 mL of citric saline solution. After the second rinse incubate the cells for 5 min
at room temperature, and then collect the cells by adding 10 mL of TD buffer to
the plate. The cells are then pelleted by centrifugation at 2000g for 5 min.
3.3. Virus Puriﬁcation
For every 10 plates, the cell pellet is resuspended in 5 mL of TD buffer
and stored at –70°C. Thaw the cell pellet at 37°C, and add the Benzonase to
a ﬁnal concentration of 20 U/mL. Sodium deoxycholate is then added to a
ﬁnal concentration of 0.5% and incubated for 1 h at 37°C. Once the lysate has
cleared, centrifuge at 3000g for 20 min to pellet the cellular debris. Carefully
remove the supernatant and place into a fresh tube, and add 0.55 g of CsCl
per 1.0 mL of volume. This should result in a ﬁnal density of 1.4 g/cm3. After
conﬁrming the density with a refractometer, transfer the lysate to SW40.1
polyallomer ultracentrifuge tubes and adjust the volume to 11.8 mL ﬁnal with
the CsCl/TD solution. The meniscus should be approx 3 mm from the top of
the tube. Centrifuge at 170,000g for 65 h at 20°C. Following centrifugation
remove the tubes and place in a ring stand holder. Using one end of a clamped
butterﬂy needle, puncture the side of the tube approx 2 cm from the bottom.
Slowly open the clamp and begin collecting 300–400 µL fractions. For AAV2
and AAV5, fractions with a refractive index of 1.373–1.371 are pooled. AAV4
bands at a slightly higher density of 1.376–1.374 owing to its different protein
to DNA ratio. (See Note 1).
3.4. Dialysis and Storage
The virus is best stored long-term in CsCl as small aliquots. Repeated freeze
thaw cycles will result in a loss of activity. Once an aliquot is thawed, it can be
stored for at least one week at 4°C in CsCl. (See Note 2).
3.5. Infectivity Assay
For end-point dilution assay, exponentially growing Cos cells are plated into
96-well plates at 75% conﬂuence (about 5000 cells/well). After attachment,
the cells are infected with Ad type 5 at an MOI of 10. The cells are incubated
for 1 h at 37°C. Aliquots (1.1 µL) of the collected fractions are then added to
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the ﬁrst well in the row, with 10-fold serial dilutions made down the row. After
24 h of incubation at 37°C, the biologic activity of the virus can be determined
by using an assay appropriate for the gene contained in the virus. (See Note 3).
The titer is determined by identifying the dilution with less than 10 positive
cells/well. For most serotypes of AAV, peak infectivity will be in fractions with
a refractive index of 1.371–1.373. AAV4 particles are slightly denser and peak
infectivity is found in fractions with a refractive index of 1.374–1.376.
3.6. Quantitative PCR
Encapsidated viral genomes can be quantiﬁed using an Applied Biosystems
7700 and a primer set speciﬁc for the viral genome. If a number of genes are
being studied in the lab, development of a primer set speciﬁc for a common promoter may be more versatile. For the RSV promoter the following primer set has
been used successfully. Forward 5′-GATGAGTTAGCAACATGCCTTACAA.
Reverse 5′-TCGTACCACCTTA-CTTCCA-CCAA. Viral samples for QPCR
need to be treated to remove any contaminating plasmid DNA from the
transfection and the capsid digested for maximum efﬁciency during cycling.
Samples are ﬁrst treated with Benzonase (6 U/µL) and incubated at 37°C for
30 min, followed by digestion with proteinase K (40 µg/mL) for 1 h. The DNA
is extracted with phenol/chloroform, precipitated and resuspended in water.
The standard reaction consists of: 300 nM of each primer; 1 µL of viral DNA
sample; and 1X SYBR green master mix in a total volume of 25 µL. Following
a 10-min 95°C activation step, 40 cycles of a two step PCR cycle is run: 95°C
for 15 s, 60°C for 1 min. Additional primer sets can be developed to test for
Ad and replication competent AAV.
3.7. Vector Injection into Adult Mouse Striatum
We describe the steps involved for an intrastriatal injection of recombinant
AAV4 or AAV5. The reader is referred elsewhere for information regarding
injection into the cerebellum (17). Sterile techniques are used for injections.
First, the bench space is covered with bench paper or blue absorbent pads, and
the surgical instruments are autoclaved and cooled. The mouse is prepped with
iodine, and the syringe/needle is ﬂushed and incubated with 70% ethanol and
rinsed with sterile PBS prior to use. For multiple animals, the instruments are
dry-sterilized between use.
1. The pump is preprogrammed for the desired delivery rate and volume.
2. Anesthetize the mouse with ketamine/xylazine mix (0.1 mL per 10 g body
weight), injected intraperitoneal (ip). Full anesthesia generally occurs within
10 to 15 min. We assess anesthesia by pinching a toe; if there is a pedal reﬂex,
anesthesia is inadequate and a second (1/3) dose of ketamine/xylazine should
be given.
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3. To prevent the eyes from drying, apply eye ointment. Shave the dorsal aspect of
the head and carefully wipe with iodine tincture, avoiding the eyes.
4. Make a midline sagittal incision through the scalp over the skull with the scalpel.
This will reveal the coronal, sagittal, and lambdoid sutures.
5. Lay the mouse upon a small box (or something similar), to rise to the appropriate
height for the stereotaxic instrument. Firmly secure adaptor palate bar and the
nose clamp. Adjust the angle of the palate bar if necessary.
6. Identify bregma as the zero coordinate with the empty syringe in the injector.
For a striatal injection, locate coordinates 0.4 mm rostral and 2.0 mm lateral to
bregma, and mark the skull using an ultraﬁne-tip marker. (See Note 4).
7. Remove the syringe and drill small burr hole through the skull at the mark, being
careful to maintain the integrity of the dura.
8. Draw the vector solution into the syringe and set the syringe into the injector
unit. Return the syringe to the set coordinates. Conﬁrm proper syringe loading
by forcing a drop.
9. Lower the syringe through the burr hole until the tip of the needle touches the
dura. Slowly insert the needle into the brain parenchyma to a depth of 3.0 mm
and start the microprocessor-controlled pump. Leave the needle in place for
5 min, then withdraw over 5 min.
10. Remove the mouse from the stereotactic apparatus and close the incision with
4.0 silk suture or super glue.
11. Inject the mouse subcutaneously with lactated Ringer’s (1 mL) to provide
hydration during recovery, and place the mouse in a cage with absorbent bedding,
warmed by a lamp 2.5 ft above the cage. Drape half the cage with a towel to
allow the mouse voluntary escape from the warmth.
12. Monitor the mouse until it is ambulatory, then return it to animal housing.

3.8. Animal Perfusion/Fixation and Brain Processing
Prepare the perfusion apparatus before anesthetizing the ﬁrst mouse. Flush
the rubber tubing in the perfusion pump with PBS and attach one end of the
tubing to a 23- or 25-gage butterﬂy intravenous (iv) catheter. Take care to
remove all air bubbles from the tubing.
1. Anesthetize the mouse with an ip injection of 0.15 mL of ketamine/xylazine mix
per 10 g of body weight. Upon achieving deep anesthesia, place the mouse on its
back on a Styrofoam board and tape the paws down.
2. Wet the abdomen and thorax with 70% ethanol, and make a midline cut through
the abdominal wall from the intestinal area to just below the diaphragm. Avoid
the underlying viscera. Continue up through the rib cage to expose the heart.
3. Using ﬁne scissors, make a small snip in the right atrium and quickly insert the
iv catheter into the left ventricle.
4. Turn on the perfusion pump, and ﬂush PBS through the mouse, running the blood
volume out through the cut right atrium. For mice about 20–30 mL of PBS will
be sufﬁcient. The liver will fade from bright red to tan or brown.
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5. Turn off the pump to avoid air bubbles, and move the other end of the hose from
the PBS solution into the ﬁxative. Restart the pump and ﬂush the mouse with
30–50 mL of ﬁxative. Adequate ﬁxation is indicated by the occurrence of rapid
rigor mortis, due to protein crosslinking.
6. Remove the animal from the styrofoam board and decapitate it with a razor
blade or scalpel. Use a blade to score the skull anterior to the olfactory bulbs
and along the sagittal suture.
7. Remove the skull using the Ronguers. Fully expose the brain laterally and up
to the olfactory bulbs.
8. Remove the remaining dura from the brain surface with forceps or a scalpel, and
scoop out the brain with a small curette. The adhering olfactory nerves, optic
nerves, and cranial nerves should give way with gentle pressure. If they do not
give way, use small scissors.
9. Immerse the brain in paraformaldehyde and post-ﬁx overnight at 4°C.
10. Cryoprotect the brain by incubation in 30% sucrose/PBS at 4°C. Allow the brain
to sink (approx 36 h).
11. Place the brain in a plastic mold. Cover the brain with OCT, and set the mold in
a shallow dry ice/95% ethanol bath until the OCT is frozen. Take care to position
the brain into the mold into the desired orientation for sectioning (sagittal or
coronal). The brain may be blocked prior to embedding. Store the OCT-blocked
brain at –80°C until cryosectioned.
12. Peel the plastic mold away from the OCT-blocked brain and using a cryostat, cut
sections (from 8–50-µm thick) off the block. If sections are 20 µm or less, they
can be captured directly from the cryostat stage onto glass slides. Place 2 to 3
sections on one slide. Slides are kept in the cryostat until sectioning is done, and
then transferred to slide boxes and stored at –20°C. For thicker sections (20 to
50 µm), use forceps to grab one edge of the section and quickly place into 0.5 mL
of PBS in a well of a 24-well tissue culture dish. The sections can be stored in
PBS (short-term) or in PBS/azide (long-term), at 4°C.

3.9. Immunohistochemistry
Immunoﬂuorescent staining and confocal microscopy are useful for determining types of transduced cells. Primary antibodies with specificity for
neurons or glia can be used along with an antibody speciﬁc for the transgene
product. We present methods for dual staining of β-galactosidase and the
common neuronal marker NeuN. For any antibody used, the concentration of
antibody (primary and secondary) required must be optimized through trial and
error. The following staining procedure is described for staining 8–20 µm
thick cryosections on glass slides. The procedure can be modiﬁed as described
below for 20 to 50 µm thick sections. All incubations are performed in a
humidity chamber (we use wet paper towels in a closed plastic container) at
room temperature (RT) unless noted otherwise. All incubations subsequent
to the addition of ﬂuorochrome-labeled antibodies should be done in the

282

Davidson and Chiorini

dark to minimize photobleaching if using secondary antibodies conjugated
to ﬂuorophores.
1. Bring cryosections on glass slides to room temperature over about 10 min. This
dries the sections and sticks them ﬁrmly to the slides.
2. Use a PAP pen to encircle the sections so that a drop of reagent can be conﬁned
to the PAP-deﬁned circle (usually about 100 µL).
3. Pipet PBS onto slides and incubate for 5 min to clear the tissue of OCT.
4. Aspirate off the PBS and add Block onto the slides, and incubate for 1 h.
5. Aspirate off Block and add primary antibodies (diluted in primary diluent).
Incubate overnight at 4°C.
6. Aspirate off primary antibodies and wash slides with wash buffer (3× 10 min).
7. Aspirate off wash and add ﬂuorochrome-labelled secondary antibody(s). Incubate
for 1–2 h.
8. Aspirate off secondary antibodies and wash slides (3X 10 min).
9. Aspirate off wash buffer and wash once with PBS for 10 min.
10. Aspirate off PBS. Add a small volume of mounting media, and place a glass
coverslip over the section. Excess mounting media is removed by inverting the
slide onto absorbent paper and applying gentle pressure. Analyze by confocal or
standard ﬂuorescence microscopy. Store in dark at –20°C.
11. For free-ﬂoating sections, sections are stained (see steps 3–9 earlier) free-ﬂoating
in wells of a 24-well tissue culture dish. Sections are transferred to fresh wells
for each step (use paint brush to transfer), and the Triton X-100 in all reagents
is increased to 0.3%. Also, the primary antibody incubation time is extended to
48 h. Sections are placed onto glass slides using a paintbrush after immunostaining, and cover slipped as described earlier.
12. To determine which cell types are transduced, the stained slides are analyzed
ﬁrst by standard upright ﬂuorescence microscopy to evaluate the quality of the
stains, and then by confocal microscopy. With confocal microcopy, ﬂuorescence
emission is collected from a subcellular plane (typically 0.3 to 0.5 µm) within
a tissue section. This allows the user to unambiguously determine whether
the signals from two different ﬂuorochromes are arising from the same cell.
Collection of a series of emission data from top to bottom of the tissue section
allows for three-dimensional reconstruction, and morphological assessment of
the stained cells. Procedures for use of a confocal microscope and analysis of the
data vary with the microscope and associated software (see Note 5).

4. Notes
1. For a number of applications this level of purity is sufﬁcient. However, to increase
the titer and purity of the virus, the fractions can be combined and centrifuged
again using an SW50.1 rotor. Centrifuge at 170,000g for 24 h at 20°C.
2. For in vivo applications, the CsCl must be removed by dialysis. We have found
that AAV is not stable in PBS, therefore, its use is not recommended. We routinely
dialyze against isotonic saline prior to transduction, but other buffers may be
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preferred. For any buffer, it is recommended that its effect on virus stability and
transduction properties be formally tested. We routinely dialyze small volumes
using minicollodion membranes (Schleicher and Schuell, Keene, NH, #25300)
according to the manufacturer’s instructions. Other devices may also be used.
The dialyzed virus should be used immediately.
3. If a reporter gene such as β-galactosidase is used, the cells are ﬁxed in 2%
paraformaldehyde, 0.5% glutaraldehyde and stained for β-galactosidase activity
using 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (3). Infected cells are
visually scored (blue cells) using a light microscope.
4. Consultation with a mouse brain atlas is recommended (Paxinos and Franklin,
Academic, 2001). A dissecting scope will help in visualizing suture lines if
difﬁcult.
5. For all antigens it is important to determine optimal concentrations of antibody,
and use appropriate controls to conﬁrm speciﬁcity. Negative controls should
include, but are not limited to concurrent staining of sections with isotype control
antibody in place of the antigen-speciﬁc primary antibody, and only secondary
antibody to determine the level of nonspeciﬁc binding. If nonspeciﬁc binding
of the secondary antibody is high, the block can be modiﬁed, the antibody can
be prebound on control sections and subsequently used, or the concentration
can be lowered. In some cases, it is necessary to use primary antibodies directly
conjugated to ﬂuorochromes.
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15
Trans-Splicing Vectors Expand the Packaging
Limits of Adeno-Associated Virus
for Gene Therapy Applications
Dongsheng Duan, Yongping Yue, Ziying Yan,
and John F. Engelhardt
1. Introduction
The limited packaging capacity of adeno-associated virus (AAV) has long
been recognized as one of the most troublesome obstacles for the development
of this gene delivery system. This size constraint derives from the inherent
properties of the wild-type AAV virus. As the smallest DNA virus, the assembly
of the AAV capsid can only accommodate a single-strand (ss) DNA molecule
of less than 5 kb. Therefore, the majority of AAV-based gene therapy protocols
have focused on developing this vector for small disease genes, such as
factor IX in hemophilia B. Despite this seemly “narrow” area of application,
recombinant AAV (rAAV) has still attracted tremendous interest in the ﬁeld of
gene therapy and has become one of the mainstream vectors on trial for clinical
applications. Remarkable therapeutic effects for several common genetic diseases, such as diabetes (1) and hemophilia B (2–4), have been demonstrated in
small and large animal models. Phase I dose-escalation studies in hemophilia B
patients presented favorable clinical outcomes in the absence of signiﬁcant
toxicity and germline transmission (5). The success of AAV gene therapy relies
on several salient features of the vector system, including its high efﬁciency
and persistence of gene transfer. AAV is also one of the safest viral vector
systems because of the ability to easily delete all viral genes in the recombinant
vector. The wild-type virus is not linked to any known human diseases, and
the recombinant vector does not evoke harmful cellular immune response. The
remarkable progress in AAV-mediated gene therapy for “small gene diseases”
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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has inspired those in the ﬁeld to develop AAV vectors for the diseases caused
by genes larger than 5 kb. Recent breakthroughs in several laboratories have
proven the feasibility of overcoming AAV packaging limitations (6–9). In
this chapter, we will ﬁrst review the theoretic basis for this novel AAV vector
strategy and then provide detailed working protocols, along with examples, as
a guide for generating dual vector trans-splicing systems.
1.1. Intermolecular Recombination as the Molecular Basis
for Expanding AAV Packaging Capacity
As a replication-defective virus, AAV persists as a latent proviral genome in
the absence of helper virus or genotoxic stimuli. Wild-type AAV integrates at a
speciﬁc site in human chromosome 19. The structure of the integrated provirus
consists mainly of head-to-tail tandem repeats (10–13). A critical ﬁnding in
the recent study of AAV biology proved the existence of episomal circular
proviral genomes as important transduction intermediates (14). The majority of
these circular intermediates exist as head-to-tail concatamers linked by a very
consistent junctional “double D” inverted terminal repeat (ITR) array (15). In
an additional study aimed at further elucidating the mechanism of the AAV
circular concatamer formation, researchers have demonstrated that circular
concatamers can form from independently derived input rAAV genomes
(16). In these studies, rescue of circular concatamers from skeletal muscle
coinfected with two independent rAAV vectors, carrying either an enhanced
green ﬂuorescent protein (EGFP) or alkaline phosphatase (AP) reporter genes,
demonstrated that a signiﬁcant fraction (approx 30%) of circular concatamers
contained both transgenes. These studies demonstrated that intermolecular
recombination between independent input viral genomes is a salient feature
controlling concatamer formation following rAAV transduction (16). Detailed
chemical sequencing of these viral genome intermediates suggested that AAV
intermolecular recombination may occur through an ITR-mediated process
(15). Taken together, these studies suggested the possibility of reconstituting a
full-length functional expression cassette through intermolecular recombination
of two separate AAV vectors, each carrying a part of a transgene (see Fig. 1).
1.2. Overcoming the AAV Packaging Limitation
by Trans-Splicing or cis-Activation
Based on these groundbreaking studies, two dual vector technologies
bypassing the single rAAV virion packaging capacity have been developed. The
ﬁrst approach takes advantage of intron-mediated splicing during eukaryotic
gene expression. Speciﬁcally, for transgenes larger than 5 kb, the promoter, the
ﬁrst half of the transgene, and a splicing donor signal are cloned into a “donor
vector.” The splicing branch point and acceptor sequences, the remaining

Packaging Limits of Ad Virus

289

Fig. 1. Intermolecular recombination and concatamer formation in latent AAV infection. The development of the dual vector approach has evolved from our understanding
of AAV transduction biology. When cells infected with multiple rAAV vectors (rAAV-a
and rAAV-b in this ﬁgure), the viral genome from different vectors will recombine
into chimeric concatamers. Gene expression from these concatamers will lead to the
production of chimeric protein products derived from genomic information in both
input vectors, rAAV-a and rAAV-b. Two mechanisms are currently hypothesized to
contribute to the formation of intermolecular concatamers. These include the formation
of circular episomes (I) and linear integrated or episomal genomes (II). It is currently
unclear in vivo what fraction of rAAV genomes exist in these various forms or whether
linear or circular forms are preintegration intermediates.

part of the transgene, and a polyadenylation signal (pA) are packaged into an
“acceptor vector.” Coinfection of both donor and acceptor rAAV viruses leads
to the formation of head-to-tail chimeric molecules that will express the entire
transgene after the junctional ITR is removed during hnRNA processing. Key
experiments proving the feasibility of this approach were performed using the

290

Duan et al.

human erythopoietin (Epo) gene (7). The Epo gene was split into two parts
within the endogenous third intron. The 5′ portion of the Epo gene, including
the splicing donor signal from intron 3, was cloned into AV.Epo1 immediately
after a CMV promoter. The remaining sequence of the Epo gene and the
pA signal were cloned into AV.Epo2 [for details, see (7)]. As was expected,
functional Epo protein was only detected in cells coinfected with both vectors
(see Fig. 2A).
The most obvious drawback of this “trans-splicing” technology is the
requirement for unidirectional recombination between two rAAV genomes.
Despite the fact that the majority of tandem AAV repeats occur as head-to-tail
concatamers, head-to-head or tail-to-tail concatamers also occur at a lower
frequency (7,17). This requirement for unidirectional recombination does not
limit the second dual vector strategy, termed “cis-activation.” Cis-activation,
which was developed for enhancing the level of transgene expression, is an
orientation-independent approach. In this strategy, the entire transgene is
encoded within one AAV vector, whereas the second vector contains sequences
for promoter/enhancer elements. The enhancer elements will function in either
direction within a reconstituted proviral concatamer to enhance expression from
the transgene containing genome. This method is ideally suited for transgenes
that can just ﬁt into a single AAV vector with no space left for a strong (or tissue
speciﬁc) promoter/enhancer. The cystic ﬁbrosis transmembrane conductance
regulator (CFTR) gene, which is mutated in cystic ﬁbrosis, is a well-known
example in this category.
This cis-activation strategy was tested using a luciferase reporter system
with several different rAAV vectors (6). In the AV.Luc vector, luciferase
gene expression is driven by the weak promoter activity of the ITR, as is the
case for current CFTR AAV vectors under evaluation in clinical trials. The
AV.SupEnh vector contains only the CMV and SV40 enhancers. A control
virus, AV.AmpOri, is similar to AV.SupEnh except that no enhancer elements
are included. As shown in Fig. 2, coinfection of AV.Luc with AV.SupEnh
resulted in more than a 20-fold increase in luciferase expression in cultured
human ﬁbroblasts as compared to coinfection with AV.Luc and AV.AmpOri.
An even more signiﬁcant enhancement in transgene expression (200-fold by
90 d postinfection) was observed with this cis-activation approach in mouse
skeletal muscle in vivo (6). One should note, however, that the strong enhancer
elements in the second vector could conceivably integrate into the host genome
and produce aberrant expression of an endogenous gene with deleterious
results. Hence, a more detailed evaluation of potential safety issues pertaining
to this approach are needed.
The methods presented in this chapter will be limited to the design and
generation of the trans-splicing AAV vectors for expressing an intact, func-
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Fig. 2. Trans-splicing and cis-activation are two distinctive applications of the dual rAAV vector strategy. (A) Western blot
analysis of an Epo trans-splicing system. Dual trans-splicing rAAV vectors were used to infect fetal ﬁbroblasts individually or
in combination and Epo protein was evaluated at 10 d postinfection using antibodies against either the N-terminal (left panel)
or C-terminal (right panel) portions of the Epo protein. Epo expression was only detected in cells coinfected with AV.Donor
(AV.Epo1) and AV.Acceptor (AV.Epo2) viruses. Lane 1: AV.Epo1/AV.Epo2 coinfection; lane 2: AV.Epo1 infection alone; lane
3: AV.Epo2 infection alone; lane 4: mock-infected; lane 5: positive control for Epo protein expression using an AAV vector
containing the intact Epo cDNA. Panel A was adapted from a published manuscript by Yan et al. (7). (B) Demonstration
of a cis-activating dual vector approach. Primary cultured human ﬁbroblasts were infected with the indicated virus and
transgene expression was measured 3 d later. Luciferase expression from “promoter-less” AV.Luc (driven by viral ITR)
is dramatically enhanced by co-infection with AV.SupEnh, which carries both the CMV and SV40 enhancers. Panel B is
adapted from ref. 6.
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tional transgene in vivo. The design of vectors for cis-activation will not be
discussed.
2. Materials
2.1. Cell Culture
1. Human 293 cells (ATCC #CRL-1573, adenovirus-transformed human fetal
kidney cells that constitutively express the adenovirus (Ad) E1 gene product).
These cells are split 1 to 6 every 3 d and should not be allowed to overgrow.
We recommend performing nested polymerase chain reaction (PCR) using
primers speciﬁc for the AAV rep or cap gene to test whether the cells used are
contaminated with integrated wild-type AAV. These cells should also be tested
for microplasma contamination. Cells infected with microplasma generally grow
much slower and do not attach to tissue culture plates well.
2. Dulbecco’s modiﬁed Eagle medium (DMEM) high glucose with L-glutamine
(Gibco-BRL, Grand Island, NY, #11965-092).
3. Fetal bovine serum (FBS) with a relative plating efﬁciency higher than 100%
(Gibco-BRL #26140079).
4. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 8.0 mM Na2
HPO4, 1.5 mM KH2PO4. Sterilize by ﬁltration (0.2 µm) and keep at 4°C.
5. Penicillin G: 100 U/mL DMEM culture medium (Gibco-BRL #15140-122).
6. Streptomycin: 100 µg/mL DMEM culture medium (Gibco-BRL #15140-122).
7. 1X Trypsin-EDTA (0.25 % Trypsin, 1 mM EDTA) (Gibco-BRL #25200-056).

2.2. Proviral Plasmid Cloning and Large-Scale Propagation
1. High-ﬁdelity PCR kit. The commonly used Taq DNA polymerase has a relatively
high error rate. To decrease PCR-related mutagenesis, we have chosen to use
the Expand High Fidelity PCR System from Roche Diagnostic Corporation
(Indianapolis, IN. Catalog number: 1-732-641). The 3′ to 5′ exonuclease
proofreading activity of the Pwo DNA polymerase in this system results in DNA
synthesis with a much higher ﬁdelity.
2. Electroporation-competent E. coli (Escherichia coli) SURE cells (>5 × 109
transformants/µg DNA): Genotype (e14– (McrA–) D(mcrCB-hsdSMR-mrr)171
endA1 supE44 thi-1 gyrA96 relA1 lac recB recJ sbcC umuC⬊⬊Tn5 (Kanr) uvrC
[F′ proAB lacIqZD(M15 Tn10 (Tetr)]). Eukaryotic genes containing inverted
repeats can be problematic when they are replicated in prokaryotic cells. The
inverted repeats can be rearranged or deleted by E. coli DNA repair systems.
Mutations in the genes involved in DNA repair and recombination pathways
(such as uvrC, umuC, SbcC, RecJ, recB, and recJ) in SURE cells (Stratagene,
La Jolla, CA; # 200227) greatly increase the stability of AAV proviral plasmids
during cloning and subsequent large-scale preparation.
3. E. coli Pulser (Bio-Rad, Hercules, CA # 1652102).
4. Gene Pulser Cuvettes, 0.1 cm gap (Bio-Rad #165-2089).
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5. 14-mL polypropylene round-bottom tubes, 17 × 100 mm (Becton Dickinson
Labware, Franklin Lakes, NJ; Falcon 4059).
6. S.O.C. medium (GIBCO BRL, #15544-034).
7. Amp selection LB agar plates (100 µg/mL, Ampicillin).

2.3. Recombinant AAV-2 Virus Puriﬁcation
1. Helper virus: Ad.CMVLacZ (or Ad.RSVEGFP), an E1-deleted recombinant
adenovirus (available from the Vector Core Facility, The University of Iowa).
2. Helper plasmid: pTrans (18). This plasmid provides the Rep and Cap genes
required for rAAV propagation.
3. 2.5 M CaCl2. Sterilize by ﬁltration and store at –20°C.
4. 2X HBS Buffer: 0.3 M NaCl, 1.5 mM Na2PO4, and 40 mM HEPES, pH 7.05.
Sterilize by ﬁltration and store at –20°C. It is very important to keep the pH of
2X HBS buffer in the range of 7.05 ± 0.05 in order to achieve high transfection
efﬁciency.
5. DNase I (Sigma D4513, 11 mg protein/vial, total 33 K [kuniz] units).
6. 0.5% Trypsin (10X).
7. 10% sodium deoxycholate.
8. Beckman Biosys 2000 Workstation (semipreparative HPLC system).
9. Poros HE/M heparin column (bed volume 1.7 mL) (PerSeptive, Applied Biosystems, Cambridge, MA).
10. Viral lysate dilution buffer: 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.5%
sodium deoxycholate. The viral lysate from 10 × 150-mm plates is resuspended
in about 100 mL dilution buffer.
11. Low-salt HPLC buffer: 20 mM Tris-HCl, pH 8.0/100 mM NaCl.
12. High-salt HPLC buffer: 20 mM Tris-HCl, pH 8.0/1 M NaCl.
13. HEPES AAV Dialysis Buffer: 20 mM HEPES, 150 mM NaCl, pH 7.8.
14. Dialysis tubing: 12,000 MW cutoff (Gibco BRL, Cat. # 15961-014).
15. Bio-Dot SF manifold microﬁltration apparatus (Bio-Rad #BIO-DOT SF).
16. Alkaline AAV Digestion Buffer: 0.4 M NaOH, 20 mM ethylenediaminetetraacetic
acid EDTA.
17. Slot Blot Hybridization Solution [5X SSC, 5X Denhardt’s Solution, 1% sodium
dodecyl sulfate (SDS), and 50% formamide. Add 100 µg/mL denatured salmon
sperm DNA just before use].

2.4. In Vivo Testing of Trans-splicing System
1. 4- to 5-wk-old pathogen-free C57BL6 mice (Jackson Laboratories).
2. Anesthetic: 150 µg/g body weight ketamine (Fort Dodge Laboratories, Inc. IA,
NDC 0856-2013-01) and 15 µg/g body weight xylazine (Phoenix Pharmaceutical,
Inc. MO, NDC 573-314-04).
3. Surgical Instruments: Sterile forceps (World Precision Instruments, Inc., Sarasota,
FL #15914), scissors (World Precision Instruments, Inc. #15923), needle-
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holder (Accurate Surgical & Scientiﬁc Instruments Corp., Westbury, NY
#ASSI.MTK2050314), 5-0 vicryl braided suture (Ethicon, Inc., Somerville, NJ
#K890H), and sterile surgical drapes.
4. 33-gage gas-tight Hamilton syringe (Hamilton Company, Reno, NV #1710RN).

3. Methods
3.1. Trans-splicing Vectors Encoding the LacZ Gene
Although an endogenous intron was used for trans-splicing of the Epo gene,
it is likely that the endogenous intronic sequences in a given gene might be too
large for the trans-splicing approach. The total combined size of the promoter,
transgene, intron, and pA cannot exceed 9.4 kb. In some cases, the endogenous
intron can be modiﬁed by deleting unnecessary sequences to fulﬁll the AAV
packaging size requirement. Alternatively, a small heterologous intron or
synthetic intron can be used in a more general protocol (see Note 1). Two
strategies to accomplish this approach are outlined later.
3.1.1. Strategy A

An intron can be introduced into a target gene by one of two different
methods. In the ﬁrst method, an intron is ﬁrst inserted into the appropriate
splicing position in the transgene by PCR to generate a “genomic cDNA,” a
cDNA containing only one intron. The “genomic cDNA” is then divided into
two parts within the intron and each part is separately cloned into either a donor
rAAV vector or an acceptor rAAV vector, as described earlier for the rAAV
Epo trans-splicing vectors. Using this approach, Sun et al. have cloned the
352 bp ﬁrst intron of the hCG (Human Chorionic Gonadotropin) gene between
nucleotides 1761 and 1762 of the β-galactosidase gene and successfully
generated a set of LacZ trans-splicing rAAV vectors with expression driven
by the CMV promoter (8).
3.1.2. Strategy B

An intron splicing signal can also be introduced after the transgene is cut
into two parts using restriction sites close to the targeted exon-exon boundary.
The 5′ and the 3′ portions of the transgene are then separately cloned into the
mcs (multiple cloning site) of two intermediate AAV vectors (predonor vector
and preacceptor vector) [see Fig. 3]. Finally, a PCR-mediated approach is used
to add the splicing donor signal into the predonor vector to produce AV.Donor.
Similarly, the branching site and splicing acceptor signals are cloned into
the pre-acceptor vector to produce AV.Acceptor. To test the feasibility of this
approach, the β-galactosidase gene was divided between nucleotides 2740 and
2741 to produce a set of LacZ trans-splicing vectors with transgene expression
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driven by the RSV promoter. As shown in Fig. 3, LacZ expression is detected
only in cells coinfected with both AV.LacZ-Donor and AV.LacZ-Acceptor.
3.2. Trans-splicing of a Therapeutic Transgene
3.2.1. Vector Design and Cloning
3.2.1.1. SELECTION OF THE CANDIDATE GENE AND THE TRANS-SPLICING SITE

Several rules should be followed when evaluating the site for splitting a
candidate gene for trans-splicing. First, it should be emphasized that even with
this dual vector approach, the maximal size allowed for the entire expression
cassette (including promoter, transgene, intron, and pA) should not exceed
9.4 kb. Each ITR is 145 nucleotide long, and assuming that the promoter is 0.8 kb,
the intron 0.3 kb, and the pA 0.4 kb, the optimal length of the candidate gene
should be in the range of 5 to 8 kb. Second, the total size of each individual
vector should not exceed the 5-kb AAV virion packaging limit, ideally in the
range of 3.5 kb to 4.67 kb. Previous studies have demonstrated that when the
size of the recombinant viral genome reaches 110% of the wild-type virus,
the efﬁciency of packaging infectious viral particles decreases dramatically
(19). It has also been found that the efﬁciency of single-stranded viral DNA
production is signiﬁcantly decreased when the viral genome is less than 3.5 kb
(20). Third, the size of the auxiliary elements used for enhancing or tracking
gene expression and/or heterodimer formation also affects the location of the
splicing site. Fourth, if the genomic map of the transgene (or the proposed
trans-splicing region) is available, an endogenous exon boundary should be
used to divide the gene. Fifth, in the absence of genomic sequence information,
the arbitrary splicing site should be determined according to the most conserved
splicing motif (21).
3.2.1.2. CONSENSUS SPLICE SIGNAL SEQUENCES

The consensus splicing sequences at exon-intron boundaries and the interior
of introns are conserved in eukaryotes (see Fig. 4). At either end of most
introns, the most highly conserved nucleotides are (5′) GT and (3′) AG. In
addition, about 30 nucleotides at the 3′ end of the intron are necessary for
correct splicing. This region includes the ﬁve nucleotide consensus sequence
C-T-A/G-A-C/T around the branch point adenine (A) and a 15 base pyrimidinerich region (see Note 2). Factors to consider include the size of the intron,
and most importantly, the existence of restriction endonuclease sites ﬂanking
the division site and in the interior of intron for cloning. Within a cDNA,
a potential splice junction between different exons can be identiﬁed by the
following sequence: N-A/C-A-G||G-N-N (22). It is mandatory to choose a
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site in the cDNA with sequences identical to exon junctional boundaries in the
central portion of the cDNA for inserting the engineered intron. Although the
indicated consensus nucleotides (N-A/C-A-G||G-N-N) at potential splice sites
in a cDNA are not 100% conserved in all genes, they represent the most highly
active potential splice sites for gene splitting. Ultimately, engineered splicing
sites must be tested empirically to determine their efﬁciency of splicing.
3.2.1.3. CLONING OF THE PROVIRAL PLASMIDS FOR GENERATING RAAV
1. The cDNA for a gene of interest is ﬁrst cloned into an eukaryotic expression
vector in preparation for separation into two proviral plasmids needed for
generation of viral stocks. In vitro transfection of this plasmid can also serve
as a positive control for subsequent analyses evaluating gene expression from
the trans-splicing vectors.
2. The 5′ portion of the transgene including the translation start site is cloned into
either one of the two AAV predonor vectors. If the Sal I restriction site will be
used for introducing the splicing donor sequence, we suggest choosing pDD188
as predonor cloning vector (see Fig. 5). pDD188 also contains a strong viral
promoter/enhancer cassette (Rous Sarcoma Virus 3′ Long Terminal Repeat) to
drive the expression of the trans-spliced gene product. Alternatively, if a unique
promoter is to be used, we suggest using pDD293 as the predonor cloning vector.
In pDD293, the promoter of interest can be easily cloned between Kpn I and any
one of the indicated down-stream cloning sites in the MCS. However, the Cla I
site should be reserved for introducing the splicing donor sequence.
3. The 3′ portion of the transgene, including its translational stop codon, is cloned
into the preacceptor vector pDD295 (see Fig. 5). An SV40 polyA sequence is
included in this plasmid to facilitate the expression of the trans-spliced gene
product. The transgene fragment is cloned into the MCS site between the SV40
pA and the Kpn I/SnaB I sites.

Fig. 3. (see opposite page) Schematic outline of β-galactosidase trans-splicing AAV
vector generation. To generate the β-galactosidase trans-splicing AAV vectors, the
5′ and 3′ portions of β-galactosidase cDNA were ﬁrst cloned into separate predonor
and preacceptor vectors. A PCR mediated approach was then used to introduce the
artiﬁcial splicing donor and acceptor sequences into the pre-vectors (primers 1 and 2
for AV.LacZ-Donor, and primers 3 and 4 for AV.LacZ-Acceptor). See text for a
more detailed description of the methods. 80% conﬂuent 293 cells were infected
individually with each vector alone or coinfected with both vectors and stained for
β-galactosidase expression 3 d later using standard X-gal histochemical procedures.
Only cells coinfected with both AV.LacZ-Donor and AV.LacZ-Acceptor produced
active β-galactosidase enzyme.
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Fig. 4. Splice consensus sequences. (A) Sequences at 5′ and 3′ exon/intron boundaries in an hnRNA transcript. The numbers
below the sequence indicate the percentage occurrence of speciﬁc nucleotides in the splice signaling regions for a large number
of genes. (B) The sequence surrounding the splice junction between adjacent exons in mature mRNA.
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4. PCR primers are used to synthesize the splicing donor and acceptor sequences.
As aforementioned, several different intronic sequences have been successfully
used for generating splicing signals. These include intron 3 from human Epo
gene (7), intron 1 of hCG (8), intron 1 of human elongation factor 1 alpha (9),
and a synthetic intron from pCI/pSI (Promega, Catalog numbers E1731 and
E1732). In this chapter, the synthetic intron from pCI/pSI is used as an example
to demonstrate the trans-splicing procedure. The 5′ splicing donor signal in the
chimeric intron in pCI/pSI is derived from the ﬁrst intron of the human β-globin
gene. The branching site and the 3’ splicing acceptor signal are from the intron
in the heavy chain of the human immunoglobulin gene. The up-stream primer
for cloning AV.Donor vector is composed of a 20 to 25 mer oligonucleotide
located upstream of a unique restriction site in the cDNA used for cloning
the ﬁnal product (see Fig. 5A). The design of this primer should follow the
general PCR primer designing principles. The down-stream primer for cloning
the AV.Donor is detailed in Fig. 5C. Basically, the 5′ portion of this primer is
composed of the unique Sal I (or Cla I) site and the ﬁrst 41 complementary
nucleotides of the pCI/pSI intron. The remaining portion of this primer is
composed of the complementary sequence of the last 30 nucleotides in exon x.
A similar principle is used to design the PCR primers for cloning the AV.
Acceptor (see Fig. 5).
5. A PCR is carried out using the Expand High Fidelity PCR System (Roche)
according to the manufacturer’s instructions.
6. The donor PCR product is digested with Sal I (or Cla I) and the unique enzyme
site used within the transgene. The acceptor PCR product is digested with the
SnaB I (or Kpn I) and the unique enzyme site in the transgene. Finally, the
digested fragments are gel puriﬁed.
7. Digest the predonor plasmid with Sal I (or Cla I) and the unique enzyme site
within the transgene. Digest the pre-acceptor plasmid with SnaB I (or Kpn I) and
second unique enzyme site within the transgene. The plasmid backbones from
both digestions are then gel puriﬁed.
8. Ligation reactions are used to clone the PCR fragments into the predonor and
preacceptor plasmids according to standard methods (see Fig. 5).
9. One-ﬁfth of each ligation reaction is used to transform the SURE competent
cells by electroporation according to manufacturer’s instruction. Finally, the
individual clones are picked for restriction analysis and sequencing to conﬁrm
the authenticity of the transgene and splicing signal sequence. It is also critical to
check the intactness of the ITR sequences in the proviral plasmids by digestion
with ITR speciﬁc restriction enzymes such as Smal I.

3.2.2. Recombinant AAV Preparation
1. Human 293 cells are split 1⬊6 onto 150-mm dishes 2 d prior to viral production.
To obtain the best growth conditions, cells are cultured in high-glucose DMEM
containing 10% of high plating efﬁciency FBS and 1% penicillin G/streptomycin.
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Fig. 5. Schematic outline of a generic trans-splicing vector cloning strategy. (A) PCR-mediated stepwise
division of the cDNA of interest (see Subheading 3.2.1.3. for details).
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Fig. 5. (continued) (B) Structure of three intermediate AAV cloning vectors. Unique cloning restriction sites are listed for each vector.
The highlighted (asterisk marked) restriction sites are used for introducing splicing signals. (C) Design of primers for introducing intron
splicing sequences into the trans-splicing vectors. A synthetic intron (ﬁne lined boxed) from pCI/pSI (Promega) was used as template for
creating both the downstream primer for the donor vector and the upstream primer for the acceptor vector. Primer sequences are indicated
by arrows and bold line boxed regions. Bold bases indicate conserved regions important for the splice site consensus sequences.
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2. When the 293 cells are 70–80% conﬂuent, they are infected with Ad.CMVLacZ
(Ad.RSVEGFP can be used when AV.LacZ is being prepared) at a multiplicity of
infection (MOI) of 5 particles/cell in 2% FBS/DMEM (see Note 3).
3. 1 h after infection, a calcium phosphate transfection cocktail is prepared using
an AAV cis proviral plasmid and the trans plasmid (pTrans), which provides
the essential helper gene products Rep and Cap (18). For one 150-mm plate,
12.5 µg rAAV proviral plasmid is mixed with 37.5 µg of pTrans plasmid in a
total volume of 1012 µL H2O. Then, 113 µL of 2.5 M CaCl2 is added for a ﬁnal
concentration of 0.25 M. Finally, the DNA-calcium mixture is added dropwise to
1125 µL of 2X HBS to produce the DNA-calcium-phosphate precipitate.
4. 15–30 min later, the calcium phosphate transfection cocktail is gently applied to
293 cells drop by drop while swirling the 150-mm tissue culture dish. The ﬁnal
viral yield is directly correlated to the transfection efﬁciency, so care should be
taken in preparing transfection cocktail (23) (see Note 4).
5. The cell lysates are collected 40–48 h after Ad infection when cytopathic effects
(CPE) are evident. Spin the lysate at 500g for 15 min in a bench-top centrifuge
and resuspend the cell pellet in 10 mM Tris-HCl (pH 8.0). To help release viral
particles from the nuclei, the cell lysate is freeze-thawed three times using dry
ice/ethanol and a 40°C water bath. The crude lysate is further broken down
by passing lysate through a 25-gage needle three times. Digest the lysate with
DNase I at 37°C for 30 min followed by a second 30 min digestion with onetenth volume of 0.5% trypsin and 10% sodium deoxycholate. (Normally 1 vial
of DNase I, about 33 K kuniz units, is used for a forty 150-mm plate viral
preparation.) Finally, the lysate is heated at 60°C for 60 min to inactivate
contaminating helper adenovirus. The lysate is then diluted in viral dilution buffer
and ﬁltered through a 2-µm pore size disk ﬁlter prior to puriﬁcation.
6. Assemble the Poros heparin column into a Beckman Biosys 2000 Workstation.
Pre-equilibrate the column with 10 bed volumes of low-salt HPLC buffer. Load
the viral lysate at a rate of 4 mL/min. Wash the column with 30 bed volumes
of low-salt HPLC buffer.
7. The recombinant AAV is eluted with 10 bed volumes of a linear NaCl gradient
(0.1 M to 1 M NaCl) at a ﬂow rate of 3 mL/min. The dominant A280 peak fractions
correspond to rAAV fractions. The viral eluent fractions are pooled, dialyzed
against HEPES dialysis buffer, and stored in aliquots at –80°C in 5% glycerol.
8. The physical titer of the viral stock can be determined by slot blotting against
plasmid standards. Duplicate sets of viral stock aliquots (1 µL, 5 µL, 10 µL)
and plasmid copy number controls (107, 108, 109, 1010, 1011 molecules/µL) are
digested with 50 µL of alkaline AAV digestion buffer at 100°C for 10 min.
Immediately chill samples on ice and then bring up to a total volume of 400 µL
with digestion buffer. Load samples onto Hybond-N plus membrane with a BioDot SF manifold microﬁltration apparatus. Fix the DNA to the membrane by UV
crosslinking. Finally, the membrane is prehybridized and then hybridized with
a 32P-labeled transgene speciﬁc probe in the slot blot hybridization solution and
washed with 1X SSC/1% SDS at 50°C for 15 min, twice. After exposure of the
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blot to X-ray ﬁlm, the viral particle titer is determined by comparing the intensity
of the viral stock band with that of the plasmid standards.
9. The infectious viral titer can be determined by either histochemical or immunocytological staining of rAAV infected cells. Alternatively, the replication center
assay can be used as a generally applicable method (24).

3.2.3. Analysis of the Trans-splicing-Mediated rAAV Gene Expression
3.2.3.1. COINFECTION PROTOCOL

AAV-mediated intermolecular recombination can be achieved either in
cultured cells or in animal tissue in vivo. The most extensively studied organs
that sustain high levels of intermolecular recombination of rAAV genomes
include muscle and liver.
1. In vitro coinfection: Several types of cells have been used previously to document
intermolecular recombination between two separate AAV vectors. These include
293 cells, primary fetal ﬁbroblasts, and human ﬁbroblasts. Brieﬂy, 8 × 105
cells are seeded on six-well plates the day before infection and cultured in
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. On the
day of infection, the cells are washed with serum-free DMEM. AV.Donor and/or
AV.Acceptor viruses are then applied to cells at a MOI of 104 particles per cell of
each virus in 1 mL serum-free DMEM. Two hours later, add 1.0 mL of 20% FBS
DMEM to each well. The infected cells are evaluated for transgene expression
3 d later (see Note 5).
2. In vivo coinfection: Currently, efﬁcient trans-splicing has been reported only in
skeletal muscle and the liver. In this chapter, only the muscle infection protocol
will be provided. Four- to-ﬁve-week old C57/BL6 mice are brieﬂy anesthetized
according to NIH and institutional guidelines. The proximal end of the tibialis
anterior muscle is exposed by a 2–3-mm incision in the overlying skin. 30 µL of
the viral mixture (a 1⬊1 ratio of AV.Donor and AV.Acceptor, 2 × 1011 particles
of each virus) is directly injected into muscle with a 33-gage Hamilton syringe
and needle. Suture the wound and monitor the animals until they have recovered.
Trans-splicing products can be detected as early as 1 mo after infection.

3.2.3.2. DETECTION OF TRANS-SPLICING PRODUCTS

AAV-mediated trans-splicing can be analyzed at several different levels
including DNA, RNA, protein expression, and function.
1. Molecular analysis of trans-splicing at the DNA level: Direct evidence for
intermolecular recombination can be obtained by Southern blot analysis of
circular AAV genomes present in low molecular weight Hirt DNA harvested
from the infected cells. Hirt DNA is digested with unique restriction site in either
the donor or acceptor vectors. Duplicate blots are hybridized with either donoror acceptor-speciﬁc radioactive probes separately. Identiﬁcation of the same
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band in both blots indicates the presence of a chimeric concatamer. One premise
for the Southern analysis is that the two vectors should be of distinguishable sizes.
Otherwise, it is difﬁcult to differentiate between chimeric recombination and a
concatamer formed by the same viral vector. Alternatively, the chimeric molecular
formation can be indirectly detected by analyzing the circular concatamers
rescued from Hirt DNA (6,7,16). This approach requires that a bacterial replicon
and at least one antibiotic-resistant gene are present in either one of the two
vectors. Because the size of the bacterial replication origin and antibioticresistant gene can be up to 2 kb or larger, this method is not feasible for a target
cDNA larger than 6.2 kb (see Subheading 3.2.1.1. for calculation). The use of
kanamycin- and ampicillin-resistant markers, each in one of the two vectors, has
been useful in deﬁning the efﬁciency of intermolecular recombination.
2. Molecular analysis of trans-splicing at the RNA level: Northern blot analysis of
individually infected or coinfected cells can be a very useful tool if no appropriate
antibody is available for protein detection. Reverse transcriptase polymerase
chain reaction (RT-PCR) is also perhaps one of the most sensitive methods for
detecting trans-splicing. The disadvantage of RNA analysis is that a positive
result cannot be used as ultimate evidence for protein production. During
RNA and RT-PCR analysis, precautions should be taken to prevent RNase
contamination.
3. Physical and functional analysis of the protein produced from the trans-splicing
AAV vectors: Multiple methods are available for detecting trans-splicing protein
products. For reporter genes such as β-galactosidase, standard histochemical
staining protocols or enzyme activity assays can be used. Commonly used
methods, such as enzyme-linked immunosorbent assay (ELISA), immunocytochemical staining, and Western blotting can also be used for detecting therapeutic
transgene expression. Finally, it is also very important to check for the functional
activity of the expressed transgene.

4. Notes
1. Selection of intron splicing signals: Lower eukaryotic genes are usually composed
of large exons interrupted by small introns, whereas the majority of vertebrate
genes have a small exon size averaging 134 nucleotides (25). This naturally occurring large intron architecture in mammalian genes may seem incompatible with
the AAV trans-splicing approach. In the trans-splicing technology, intermolecular
recombination will generate a reconstituted “genomic cDNA” (see Subheading
3.1.1.) with a small intron ﬂanked by two large exons. However, analysis of
exon/intron architecture suggested that a small intron, instead of a large intron,
is preferred for large exon splicing (26).
2. Splicing is processed by looping back of the 5′ donor site to the branching point
with subsequent cleavage at the 3′ acceptor site and religation of the exons.
The sequence at the 5′ end of intron is thought to guide the 5′ cleavage site by
basepairing with the fourth to eleventh nucleotides in the 5′ end of U1 snRNA
(5′ ACUUACCU). Therefore, the consensus sequence for the 5′ splicing site has
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been identiﬁed as AG/GTAAGT. However, recent statistical analysis suggests
that the splicing consensus sequence might be inﬂuenced by the GC content of
the gene. In general, the 5′ splicing site consensus is AG/GTRAGT and the 3′
splicing site consensus is (Y)nNCAG/G. However, when the GC content is less
than 50%, the preferred 5′ splicing donor motif should be AG/GTAAGT, whereas
the 3′ splicing acceptor could be relatively more ﬂexible as (Y)nNYAG/G in
this case (27). Independent of whether an endogenous or heterologous intron is
used in AAV trans-splicing vectors, it is always worthwhile to strengthen a weak
splicing sequence by site-directed mutagenesis (28).
3. rAAV preparation: In addition to the described protocol, several new strategies
have been recently reported for amplifying rAAV vectors. Modiﬁed trans helper
plasmids such as pACG, pXX2, pCLR1, and pCLV1 have been shown to increase
the viral yield (29,30). To eliminate contaminating helper adenovirus and/or
adenoviral proteins from the rAAV stock, several adenovirus-free systems
have also been developed. In these protocols, the Ad genes required for rAAV
preparation are cloned into plasmids. A cotransfection of a cis proviral plasmid,
pTrans, and an Ad plasmid is then used to produce rAAV in this three-plasmid
transfection protocol (29,31).
4. In general, one large batch of DNA precipitate is made at one time for transfecting
forty 150-mm plates. The protocol described here is based on a single 150-mm
plate transfection.
5. Factors affecting trans-splicing efﬁciency: The success of trans-splicing between
two AV. Donor and AV.Acceptor vectors is determined by the efﬁciency of
intermolecular recombination. The status of the cell at the time of infection, the
amount and the ratio of the virus used, and the time postinfection, all contribute
to the success of trans-splicing. In addition, external stimuli known to affect
AAV circular concatamer formation also affect the efﬁciency of trans-splicing.
For in vitro infection, we suggest using cells that are actively proliferating (i.e.,
60–70% conﬂuent cells). A 1⬊1 ratio of AV.Donor and AV.Acceptor vectors
and a minimum of a 3-d incubation are recommended before trans-splicing
products are analyzed.
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16
Generation of Retroviral Packaging
and Producer Cell Lines for Large-Scale Vector
Production with Improved Safety and Titer
Thomas W. Dubensky, Jr. and Sybille L. Sauter
1. Introduction
Retroviral vectors based on Moloney Murine Leukemia Virus (MLV),
described more than 15 years ago (1), ﬁrst entered clinical trials in 1990 (2).
Since then, a greater understanding of the basic retrovirus biology and how it
relates to the production of recombinant retroviral vectors has helped overcome
some of the initial hurdles, including low titer, outbreak of replicationcompetent retrovirus (RCR), and complement inactivation of vector (3–6).
Subsequently, retroviral vectors have become a very safe and powerful tool
for efﬁcient in vitro, ex vivo, and in vivo gene transfer for proliferating cells.
Several reﬁnements in recombinant MLV vector technology were necessary,
particularly for clinical trials using systemic administration of very high
vector doses (>1010 transducing units), thus necessitating efﬁcient large-scale
manufacture of safe and high-titer retroviral vector preparations.
1.1. General Design of Retroviral Packaging and Producer Lines
Several oncoretroviruses including the avian leukosis, spleen necrosis, and
the gibbon ape leukemia virus were engineered to derive stable packaging cell
lines (PCLs) and vector producing cell lines (VCL) (7–9). This chapter
will focus primarily on the retroviral vectors most often used in the clinic—
amphotropic MLV vectors. State-of-the-art VCL design follows the “splitgenome” approach, separating the MLV viral genome into three distinct genetic
components: the helper component gag/pol, the envelope component env, and
the vector itself coding for the gene of interest (10). The gag/pol and env helper
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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plasmids provide the necessary viral enzymatic and structural proteins in
trans to replicate and package the recombinant MLV vector genome into
a viral vector particle. To decrease sequence homology between the three
retroviral components and thus the potential to generate RCR via homologous
recombination, which is thought to be the main mechanism for generation of
RCR (11,12), expression from the helper plasmids is driven by heterologous
promoters and poly(A) signals. The MLV vector deletes the gag/pol/env coding
sequence while retaining minimal cis-acting sequences necessary for genomic
transcription, packaging, reverse transcription (RT), and integration of the
recombinant genome into the host genomic DNA.
The Gag/pol multiprotein provides the viral particle’s structural and enzymatic elements and, together with the 4070A-derived amphotropic envelope,
constitutes the packaging cell line (PCL), which secretes “empty,” noninfectious viral particles devoid of a viral genome (Fig. 1). Following introduction
of the recombinant viral genome into the PCL, the vector RNA is packaged
into the particles, and the resulting VCL produces infectious, nonreplicating
recombinant retroviral vector (RRV) (Fig. 1). Because the reported titers
produced from early generation VCLs were quite low (1 × 103 cfu [colony
forming units] per millilier), technologic improvements in later-generation-line
VCLs have produced vector titers up to 1 × 108 cfu/mL (5,13,14), with most
stable systems generating titers of around 1–5 × 106 cfu/mL unprocessed cell
culture ﬂuids.
1.2. Retroviral Vectors with Improved Safety and High-titer
for Clinical Applications
Two driving forces behind retroviral vector development are safety and titer.
In particular, this is true for direct injection of MLV vectors where there is
a great need to produce safe VCLs with no detectable RCR, thus allowing
efﬁcient high titer commercial-scale manufacturing to enhance in vivo efﬁcacy.
FDA guidelines stipulate that vector preparations for clinical application be
free from detectable RCR to ensure patient safety. Along with the demand for
increased doses of retroviral vectors, RCR detection assays have also become
more sensitive. These trends emphasize the need for VCL development with
even less RCR potential. However, generating a VCL with both reduced RCR
risk and increased titer is often difﬁcult, because certain safety modiﬁcations
tend to reduce the latter. Although titer and RCR issues can be linked, the
following sections will discuss both separately.
1.2.1. Safety Issues

By now approx 1500 patients (15) have received recombinant retroviral
vectors with no indication of serious adverse effects, supporting MLV vectors

High Titer MLV Vectors

311

Fig. 1. Schematic presentation of all three retroviral components Gag/pol, Env, and
retroviral vector. The Gag/pol component alone generates a noninfectious viral particle
without envelope or viral genome. The PCL codes for gag/pol and env and secretes
a noninfectious viral particle lacking the viral genome. The VCL contains all three
components and generates the infectious, replication-incompetent viral particle.
P = promoter, p(A) = poly A site, ψ = packaging signal, LTR = long terminal repeat.

as a safe method for gene delivery. This clinical safety record alleviates the
multiple safety issues such as generation of RCR, insertional mutagenesis,
immune responses to MLV vectors, and inadvertent germline transduction,
which initially confronted MLV vector usage.
Apart from the standard safety issues with biopharmaceuticals, there have
been two primary reasons for safety concerns of retroviral vectors related
to RCR contamination. First, avoiding contamination of vector preparations
with replication-competent genomes derived from the parent virus of any
viral-based gene transfer vector. Second, large amounts of RCR given to
immunosuppressed monkeys has been linked to lymphomas (16,17). RCR
is generated mainly by homologous recombination between complementary
retroviral sequences, some as short as eight nucleotides (18). Recombination
occurs either between the introduced viral components or the viral components
and endogenous retroviral sequences. Key factors inﬂuencing the potential
to generate RCR are the parent cell line used for vector production, design
of the retroviral components, and the methods used to generated PCL, VCL,
and vector material.
The parent line used for deriving VCLs is critical, since approx 1% of
all genomic sequences in mammalian cells contain endogenous retroviral
sequences (19). Murine cell lines used for most early generation vectors were
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not well-suited, because: (1) they carry an endogenous C-type proviral genome
that can be reactivated (20), (2) hundreds of defective MLV homologous
sequences can recombine with the VCL components, and (3) multiple copies of
nonhomologous sequences—termed VL30—are packaged, reverse transcribed,
and integrated into target cells at frequencies similar to the vector (21,22).
Therefore, most of the recently developed MLV systems are based on nonmurine cells such as canine and human lines (6,14,23,24), which lack known
homologous C-type and VL30 viral sequences, and which do not have signiﬁcant homology to MLV.
Although VCLs with the split-genome design require three recombination
events for RCR generation (Fig. 2A), RCR has been generated in a murinebased line having this design. This indicates that a low level of RCR can
be generated as long as the substrate—homologous sequence—is available.
This data provided further incentive to reﬁne the design by eliminating and/or
reducing the sequence overlap between the three retroviral components;
deleting the nucleotides downstream of the env stop codon and upstream of
the polypurine tract in the vector (Fig. 2B) easily accomplishes this between
the vector and env. However, eliminating sequence homology between gag/pol
and env and gag/pol and vector is more difﬁcult. This difﬁculty arises from
shared codons between the 3′ area of gag/pol and the 5′ area of env and also
the ﬁnding that the ﬁrst 440 nt of gag/pol are an essential part of the vector’s
packaging signal function and crucial for high titer (25). Several strategies to
solve these problems include the use of degenerate code to reduce sequence
homology (26), partial elimination of the extended packaging signal (27) and
efforts to truncate the integrase gene in the 3′ part of the gag/pol construct (14)
as shown in Fig. 2C. In addition to the truncation of the 3′ area of gag/pol,
degenerate code was used for the first 440 nucleotides of gag/pol. This
modiﬁcation eliminated any overlap between viral components, however, it
also caused an approx 10-fold drop in titer (14) (Fig. 2D). No RCR has been
reported in a VCL with the conﬁgurations described in Fig. 2B–D, even though
very large volumes of MLV vectors (200–400 L) were produced from human
cell line-based VCLs (designs shown schematically in Fig. 2B and C). Further
safety features incorporated into the derivation of VCLs include the use of
hybrid components that do not share sequence homology, replacing the ATG
start codon of gag/pol with stop codons, expression of the gene of interest in
the opposite orientation (28), self-inactivating SIN vectors (29), double-copy
vectors (30), and hybrid 5′ LTR promoters (31).
For VCL production, each of the three viral vector components should be
introduced sequentially rather than simultaneously, because the latter increases
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Fig. 2. Schematic presentation of all three retroviral components—gag/pol, env,
and vector—in a VCL with the split-genome design and various degrees of sequence
homology between the components. The evolution of the molecular design starts with
three areas of sequence overlap (A) to two (B), one (C) and no area of sequence overlap
(D) with decreasing potential to generate RCR from A to D. Constructs are not drawn
to size. P = promoter, p(A) = poly A site.
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the risk of recombination. Keeping the number of cell doublings at a minimum
is also important, because this decreases the opportunity for recombination.
Along the same lines, inducible systems are less prone to RCR generation.
Stringent RCR testing at all stages of VCL production will ensure the early
elimination of clones prone to RCR generation.
1.2.2. High-Titer MLV Vector Production

VCLs that can produce MLV vectors with >5 × 107 cfu/mL titers of puriﬁed
material are essential to successfully direct in vivo gene transfer, as demonstrated in various animal models of hemophilia, arthritis, cancer, chronic HBV
infection, cystic ﬁbrosis and other diseases (32–38). Achieving high-titer
formulations from low-titer producer lines requires a high level of vector
concentration from unprocessed cell culture ﬂuids to the ﬁnal product. Excessive concentration of vector preparations is costly, increases the risk for RCR
and lowers the overall quality owing to higher contaminant levels. In addition,
the process concentrates inhibitors such as proteoglycans (39), as well as
defective vector particles or envelope fragments (40,41), resulting in reduced
in vivo efﬁcacy. For these reasons, physical concentration methods cannot
practically substitute for high-titer VCLs. When it comes to generating clinically useful vector material, extensive research has shown the in vivo efﬁcacy
of retroviral vectors depends on the characteristics of the producer line itself
as well as the puriﬁcation, concentration, and testing of ﬁnal vector material.
The following parameters play a major role in developing safe, high-titer
producer lines: 1) choice of parent cell line; 2) molecular design of retroviral
components; 3) number of vector copies per VCL; 4) number of clones
screened; and 5) incorporation of criteria for large-scale production and
downstream processing into clone selection.
1.2.2.1. PARENT CELL LINE

The ideal parent cell line will allow high-expression levels of all retroviral
vector components, correctly process the Gag/pol multiprotein, efﬁciently
insert the Env protein into the host membrane, and tolerate budding of a great
number of viral particles with long half-life. In addition, the parent line must
be of human origin to avoid vector inactivation by human serum complement
(5,42), which is critical for systemic administration of vector. MLV producer
lines derived from human HT-1080 and 293 cells have been used successfully
by several laboratories for high-titer vector production.
1.2.2.2. EXPRESSION LEVELS OF RETROVIRAL COMPONENTS

The difﬁculty is not simply expressing all three viral components—vector,
gag/pol and env—at the highest possible level, but ﬁnding a balance yielding a
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high ratio of infectious to non-infectious viral particles (43,44). If, for example,
the gag/pol component is overexpressed and most of the viral particles that bud
do not ﬁnd enough Env protein or a vector RNA to package, the overall potency
of the vector preparation is low because of a high number of noninfectious
particles. Ratios of infectious to noninfectious particles of about 1⬊100 have
been reported (45), and clone-to-clone variation can be assessed by comparing
the ratio of p30 and env to titer. In general, Env expression levels are less
critical, and relatively low expression will support high-titer production (14).
In contrast, high gag/pol and viral vector expression is beneﬁcial for titer, since
we and others have shown a positive correlation between provirus number,
genomic RNA levels, and titer (14).
1.2.2.3. FROM PCL TO HIGH-TITER VCL—INSERTION OF MULTIPLE PROVECTORS

One of the most critical components to derived high-titer VCLs is expressing
very high levels of viral vector genomic RNA. Several approaches designed
to increase vector RNA levels have been described, including the stable
incorporation of polyomavirus early genes into the PCL to stimulate viral LTRs
(46); the “ping-pong” strategy, in which two VCLs with different envelopes
are cocultivated to increase provector numbers by continuous reinfection of the
VCL over time (47,48), and expression of vector sequences from Epstein–Barr
derived episomes (49). However, episomal vector copy number and expression
is not consistent over an extended time period. Further shortcomings regarding
these methods are safety, because it is possible that the polyomavirus early
genes induce promoters in addition to the LTR, and the reportedly increased
RCR risk associated with the “ping-pong” (50). Furthermore, the quality and
consistency of MLV vectors produced by the “ping-pong” strategy is hard to
control owing to the inherent method of cocultivation, which results in different
ratios of pseudotyped vector particles and titer produced. Reproducibility
of vector batches will not only greatly improve the safety and quality of
clinical-grade MLV vectors, but also facilitates the quality control testing of
ﬁnal material. For those reasons, and the availability of stable producer lines,
transient high-titer strategies are not considered for large-scale clinical-grade
vectors, although transient production methods are a very fast and powerful
way to provide vector material for a wide range of research applications.
In Subheading 3. we describe a method to generate stable high-titer VCL
clones avoiding the problems described above by using a “high multiplicity
of transduction” (MOT) approach. This high MOT method introduces several
(5–15) provector copies into the PCL genome. Resulting stable high-titer VCLs
produce a constant amount of viral vector with a titer of ≥ 1 × 107 cfu/mL
unprocessed cell culture ﬂuids over a period of several months, and are wellsuited for large-scale clinical-grade vector production. On the other hand, high
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proviral copy numbers generally enhance the RCR potential by increasing
the number of viral sequences available for homologous recombination. To
counteract this risk, only state-of-the-art PCLs with reduced homology such
as those described in Fig. 2B–D are recommended for this approach. Multiple
provectors are introduced by repeated transduction of PCLs at an MOT ranging
from 10–150 using concentrated retroviral MLV vectors pseudotyped with
the envelope from Vesicular Stomatitis Virus (VSV-G). Beneﬁts of the VSV-G
envelope include an extremely broad host range and the ability to concentrate
VSV-G pseudotyped vectors to very high titers by centrifugation (51). Producer
pools generated in this way have a three- to 100-fold increase in titer, depending
on the particular combination of PCL and vector (14). In addition, there is
no need to include a selection marker on the vector construct or to select the
transduced VCL pool before dilution cloning, since the high MOT approach
ensures that close to 100% of all clones contain at least one provector copy.
Several rounds of clone screening (see Subheading 1.3.) will identify producer
clones best suited for large-scale manufacture. Once candidate PCL and
VCL clones are identiﬁed, Master and Working Cell Banks are generated
and thoroughly tested for growth characteristics, molecular stability of each
retroviral component, titer over 3–6 mo, absence of RCR and other adventitious
agents (e.g., mycoplasma, bacteria, bovine virus, HBV, EBV, parvovirus B-19,
AAV, CMV, HIV-1 and -2, HTLV -1 and -2).
1.2.3. Scale-Up Issues for Retroviral Vectors

Much variability has been observed between producer clones derived from
the same pool, and often initially promising clones proved unsuitable in
scale-up from small culture vessels (10–1000 mL) to scales of 200–400 L
(data not shown). The ﬁnal clone should sustain titers throughout extended
periods of cell-culture conﬂuence, have a rapid viral particle production rate,
and produce vector with good stability in media. To identify such a clone, it
is essential to follow certain guidelines during titer screening of hundreds of
individual clones. These guidelines include: 1) the use of a well-standardized
method to evaluate titer from conﬂuent cultures at various time points, 2)
routine media exchanges at conﬂuency to evaluate the ability of a VCL clone
to produce and sustain titer over extended periods of time under large-scale
conditions, and 3) testing of alternative cell culture conditions to evaluate
the ruggedness of a VCL clone. Different culture conditions, such as shifts
in incubation temperature, serum concentrations and media supplements to
enhance culture and viral vector viability, may become important during further
reﬁnements of large-scale manufacture, and individual clones may behave quite
differently when tested for a variety of these parameters (52,53).
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1.3. Large-Scale Manufacture
Several technologies designed for attachment-dependent cells are available
to accommodate various scales, including Cell Factories™, CellCube™, roller
bottles, and perfusion-based controlled systems that use stirred-tank and
ﬁbrous-disk bioreactor technologies. Suspension-based technologies may also
be explored. Regardless of the production method, the ﬁrst step after harvest
involves clariﬁcation by cartridge ﬁltration to remove large cellular debris. The
next step is usually a concentration by tangential ﬂow ultraﬁltration (54). In
a reduced volume, the concentrate can then be treated with an endonuclease
(Benzonase) to remove contaminating host cellular DNA. The ﬁnal puriﬁcation
step is a size exclusion chromatography, taking advantage of the large 100-nm
average size of the retroviral particle. Final formulation of the vector product is
achieved by adding a buffered formulation containing a disaccharide to serve
as cryoprotectant, as well as stabilizers to prevent nonspeciﬁc binding and/or
aggregation. Sterility of the ﬁnal vector preparation is assured by ﬁltering with
a 0.2-µm cartridge ﬁlter.
1.4. Summary
This approach to generating high-titer retroviral producer lines with reduced
potential for generation of RCR and good characteristics for large-scale
production will provide vector material suitable for clinical use. The basis
for this technology are PCLs with reduced homology, the use of the high
multiplicity of transduction approach to insert multiple provectors per genome
while integrating manufacturing parameters into screening strategies, and clone
selection for large-scale vector production. Collectively, these improvements
have resulted in the development of various producer lines with unprocessed
titers exceeding 2 × 107 cfu/mL and a human factor VIII VCL yielding titers as
high as 2 × 108 cfu/mL unprocessed cell culture ﬂuids (14).
2. Materials
2.1. General Cell Culture and Cells
1. GP2-293 cells (Clontech, cat.# K1063-1, Palo Alto, CA). Human embryonic
kidney cell line 293 (ATCC, CRL 1573) stably expressing the MLV Gag/pol
protein. GP2-293 cells are cultured in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) high-glucose media supplemeted as described below, grown at 37°C,
10% CO2 and split 1⬊10 every 3–4 d. This kit also contains the expression
plasmid for the VSV-G envelope.
2. HT-1080 (ATCC, CCL 121). Human ﬁbroblasts used for target cells for retroviral
vector titration as well as the parent cell line for VCL development. HT-1080
cells and derivatives are cultured in DMEM high glucose media supplemented as
described below, grown at 37°C, 10% CO2 and split 1⬊10 every 3–4 d.
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3. DMEM, high glucose with glutamine and sodium pyruvate (GibcoBRL, Rockville,
MD). Media supplemented with 10% fetal bovine serum (FBS, HyClone, Logan,
UT) and 1 × MEM amino acids (GibcoBRL, Rockville, MD) (see Note 1).
4. Phosphate-buffered saline (PBS) pH 7.4 without calcium chloride or magnesium
chloride (GibcoBRL).
5. Trypsin-ethylene diamine tetraacetic acid (EDTA) (0.25% Trypsin, 1 mM EDTA)
(GibcoBRL).
6. Selection media: Supplemented DMEM containing, e.g., 800 µg G-418/mL ﬁnal concentration (Geneticin, GibcoBRL, Rockville, MD) or phleomycin at 100 µg/mL
ﬁnal concentration (phleomycin, Sigma, St. Louis, MO) for selection of HT-1080
derived cells after transfection with plasmids carrying the resistance markers
neor or phleor, respectively.

2.2. Solutions and Materials
1. Ca3(PO4)2 Profectin kit (Promega, Madison, WI).
2. Polybrene (Sigma, St. Louis, MO) stock concentration at 4 mg/mL DMEM highglucose media without supplements. Polybrene is dissolved in media, sterileﬁltered (0.2 µm), stored in aliquots at –80°C and kept at 4°C once thawed.
3. Various size tissue culture vessels (from 96-well plates to T-225 ﬂasks).
4. Filter: 0.45 µm to remove cell debris and 0.2 µm for sterility. Both ﬁlters with
cellulose acetate to reduce titer loss.

3. Methods
The major steps in generating high-titer, reduced-homology PCLs and VCLs
via the high MOT approach are outlined in Fig. 3. In general, approx 100
clones are analyzed after each introduction of a retroviral component starting
with gag/pol, followed by env and then the viral vector (see Note 2). The key
analysis at each step is to test for titer potential (see Note 3). The topic of
serum-free vector production is beyond the scope of this chapter, but based on
our experience, withdrawal of FBS often goes hand-in-hand with a reduction
in titer. This is particularly true in cases when FBS is reduced/withdrawn
from a high-titer producer, and we suggest to ﬁrst reduce the serum and then
generate the VCL.
3.1. PCL Generation
The human ﬁbroblast HT-1080 is a suitable parent line for developing hightiter MLV-based VCLs. It is important to start with a fresh vial of HT-1080
cells from ATCC, then generate a 10–20 vial bank and test for contamination
with mycoplasma, bacteria, and RCR to assure a clean research cell bank.
Mycoplasma and bacterial contamination testing follows any one of several
standard methods. RCR testing is carried out using either the PG4 S+/L– assay
(55) or a marker rescue assay (56). Alternatively, the human cell line 293
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Fig. 3. Simpliﬁed ﬂow chart of steps for the generation of safe and high-titer
producer clones.

(ATCC, CRL 1573) is also well-suited for a parent line, but will not be further
described here (see Note 4).
1. Seed HT-1080 cells within passage 4 (see Note 5) from the research bank
at 3.5 × 106 cells per 10-cm tissue culture dish in 10 mL media; culture at
10% CO2.
2. CaPO4-transfect the cells 24 h later using a total of 28 µg plasmid DNA coding
for gag/pol according to manufacturer’s instructions (Promega, Madison, WI).
During transfection, keep the cells at 5% CO2 to counteract the acidic nature of
the precipitation mixture. Ideally, a selection marker is expressed on the gag/pol
plasmid, and the gag/pol cDNA is engineered to follow any one of the “reduced
homology” conﬁgurations described in Fig. 2B–D. If the selection marker is on
a separate plasmid, cotransfect with the same total amount of DNA and use a
molar ratio of 1⬊10 (marker plasmid⬊gag/pol).
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3. Remove the CaPO4 precipitate after 6–12 h. A ﬁne precipitate covering the cells
should be visible with the help of the microscope. Add 10 mL fresh selection
media and incubate the cells at 10% CO2. Continue to maintain the cells under
these conditions. Select the transfected pool for about 10 d or until untransfected
control cells die. Depending on the transfection efﬁciency, it may be necessary to
expand or down-size the transfected cells during selection. As soon as the control
cells are dead, change the transfected cells to regular media (see Note 6).
4. Dilution-clone the selected pool and freeze two vials for back-up. Dilution
cloning into 96-well plates at cell densities of 0.3, 1.0, and 3.0 cells per well
follows standard procedures. Plate enough cells to harvest about 100 single cell
clones from plates with ≤30% wells with growth to ensure clonality according
to the Poisson distribution. Monitor cells every 2–3 d as they grow out to
clearly identify the number of clones per well during various stages of clone
proliferation (see Note 7). After about 7–14 d most clones are ready for transfer
into a 24-well plate.
5. Screen clones for p30 capsid expression. For that purpose, grow the clones
to a 12-well stage, harvest cells and perform an anti-p30 Western blot (14).
Alternatively, other ways to screen for gag/pol expression may be used (see
Note 8).
6. Screen Gag/pol positive clones extensively for titer potential. Ideally, this is done
by transducing the Gag/pol intermediates at a high multiplicity of transduction
using VSV-G pseudotyped MLV vectors (see Subheading 3.2.) coding for the
amphotropic envelope plus a marker gene such as β-gal or GFP. However, other
methods may be used for titer analysis as well (see Note 9).
7. Generate 10-vial banks of the top 5 Gag/pol intermediates and screen for
mycoplasma, sterility, and RCR (see earlier).
8. Introduce the env component (following the design outlined in Fig. 2B–D) to
generate the “reduced homology” PCL by repeating steps 1–6 except for the
following deviations.
Step 1: Seed all 5 top Gag/pol intermediates.
Step 2: Use a different selection marker.
Step 5: Pick about 50 clones per intermediate.
Step 6: Screen clones for Env expression via standard anti-env Western blot
using a polyclonal goat anti-env antibody (Quality Biotech, Bethesda, ML).
Alternatively, Env detection by FACS may provide a faster and more quantitative method.
9. Screen Env positive clones—which are full PCLs—extensively for titer potential.
Ideally, this is done by transducing them at a high multiplicity of transduction
using various VSV-G pseudotyped MLV vectors (see Subheading 3.2.) coding
for marker genes such as β-gal or GFP.
10. Verify p30 expression of ﬁnal top 5 PCLs.
11. Generate 10-vial bank of top 5 PCLs and screen for mycoplasma, sterility, and
RCR (see earlier).
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3.2. Generation of VSV-G pseudotyped MLV vectors
To introduce multiple copies of provectors into “reduced homology” PCLs
for long-term expression of high levels of vector genomic RNA, VSV-G
pseudotyped MLV vector material coding for the gene of interest is prepared
(see Note 10). Pseudotyping with VSV-G stabilizes the particle and allows
for a broad host range, facilitating fast and simple concentration to high titers
exceeding 1 × 109 cfu/mL (57). However, the fusogenic nature of VSV-G does
not allow high level, stable expression, and thus the vector material is produced
via transient transfection. The preferred method of introducing the vector
genome is via transduction as opposed to transfection. Transfecting the vector
plasmid likely introduces DNA from the eukaryotic expression vector as well
as partial vector sequences that may be nonfunctional, but still disrupt the
genome and provide substrate for recombination without contributing to
the functionality of a VCL. Not only is transducing the vector by the high
MOT method more efﬁcient than transfection, but the insertion of only fully
functional vector genomes is dramatically facilitated, resulting in VCLs with
very high titers, as reported previously (58). The large-scale production of
concentrated VSV-G pseudotyped vector material basically follows the outline
by Yee et al. (51) with some minor modiﬁcations.
1. Seed 1.6 × 107 GP2-293 cells (see Note 11) per T-225 ﬂask with 30 mL media.
Prepare 5–6 ﬂasks.
2. Cotransfect a total of 150 µg MLV vector and VSV-G plasmid DNA per ﬂask
at a ratio of 2⬊1, respectively, via CaPO4 transfection following manufacturer’s
procedures (Promega, Madison, WI, see Note 12) 24–48 h postseeding or when
cells are about 80–90% conﬂuent. During transfection, keep the cells at 5% CO2
to counteract the acidic nature of the precipitation mixture.
3. Remove the CaPO4 precipitate after 10–12 h. By then a ﬁne precipitate covering the cells should be visible with the help of the microscope. Add 25 mL fresh
media or just enough to cover the cells (see Note 13), and incubate at 10% CO2.
4. Harvest the viral supernatant at 24, 32, 40, 48, and 56 h posttransfection.
Exchange media carefully because the cells tend to come off the plastic support
after reaching conﬂuency (see Note 14). Several collections of the viral supernatant will increase the overall yield, because after about 8 h the titer in the fresh
media is restored to the potency of the viral supernatant before harvest. Combine
the collected supernatant, and ﬁlter with 0.45 µm to remove cells and debris
and store at 4°C.
5. Concentrate the viral particles by centrifugation at 9000g and 8°C for 6–18 h.
6. Carefully decant the supernatant, resuspend the barely visible pellet with as little
media as possible by pipeting up and down (see Note 15), aliquot, and store the
vector preparation at –80°C.
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7. Thaw one aliquot and titer the vector preparation by determining the infectious
titer if a detection method for the gene of interest is available, and/or perform
a PCR titer as described (14).

3.3. VCL Production via High MOT Approach
Inserting multiple provectors into the PCL genome generally results in
VCL titer increase. The high multiplicity of transduction (MOT) approach is
recommended only if all three retroviral components are designed to reduce
homology between the components as outlined in Fig. 2B–D. The multiplicity
of transduction or ratio of infectious particles to cell needs to be optimized
for each combination of PCL and particular vector preparation. PCL MOTs
ranging between 10 and 200 usually result in a VCL pool with high titer. VCL
pools generated by low MOT result in lower titer compared to medium-high
MOT. The highest PCL MOTs >100 generally result in slightly decreased titers
(see Note 16). The VCL pool with the highest titer is then dilution-cloned, and
clones thoroughly characterized (see Subheading 3.4.).
1. Seed 1 × 105 cells of each of the 5 PCLs per well of a six-well plate.
2. Transduce each PCL, 24 h after the cells were seeded, with the concentrated
VSV-G pseudotyped vector material (see Subheading 3.3.) using MOTs of
10, 20, 40, 100, and 200 in 1 mL media containing 8 µg polybrene/mL ﬁnal
concentration. Incubate cells with the vector material overnight (see Note 17).
3. Remove the viral supernatant and add 2 mL fresh media to the transduced cells.
4. Repeat steps 2 and 3.
5. Trypsinize the transduced VCL pools, seed 1 × 106 cells per well of a six-well
plate with 2 mL fresh media per well, and plate leftover cells in an appropriate
size ﬂask.
6. Harvest the viral supernatant two days after seeding, filter (0.45 µm), and
perform a titer assay.
7. Dilution-clone (see Subheading 3.1.) that VCL pool with the highest titer derived
from each of the ﬁve PCLs (see Note 18).
8. Select about 100-single cell VCL clones per pool and submit to analysis described
later.

3.4. Final VCL Clone Selection
Most producer clones derived from a VCL pool generated via high MOT
contain at least one provector. This is beneﬁcial since it: 1) eliminates the need
for a selection procedure before dilution cloning; 2) makes space available
for additional therapeutic genes or regulatory elements on the vector; and 3)
avoids expression of a marker gene, which may be immunogenic (59,60). At
this point as many as 500 clones (100 VCL clones for each of 5 PCLs) may
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be ready for screening. The VCL clones are subject to several rounds of titer
screening to identify the top four candidates, which are then further evaluated
for growth characteristics as outlined below.
1. Seed 1 × 105 cells of each VCL clone per well of a 24-well plate, culture in
0.5-mL media.
2. Once cells are conﬂuent, remove media and add 0.75 mL fresh media per well.
3. Harvest the viral supernatant 24 h later, ﬁlter (0.45 µm) and determine the titer.
Keep 50% of the clones with the highest titer and subject them to the second
titer round.
4. Seed 5 × 105 cells of each VCL per well of a six-well plate, culture in 2 mL
media.
5. Once cells are conﬂuent, remove media and add 2 mL fresh media per well.
6. Harvest the viral supernatant 24 h later, ﬁlter (0.45 µm) and determine the titer.
Keep 25% of the clones with the highest titer and subject them to the third and
last titer round.
7. Seed 2.5 × 106 cells of each VCL per 10-cm tissue culture dish in 10 mL media.
8. Once cells are conﬂuent, remove media and add 10 mL fresh media per well.
9. Harvest the viral supernatant 24 h later, ﬁlter (0.45 µm), store at 4°C and add
10 mL fresh media to the culture. Repeat this step for a total of 4–5 d with one
harvest every 24 h and then determine the titer (see Note 19).
10. Generate a 20-vial research bank of the top four candidates and test bank for
mycoplasma, bacterial contamination, RCR, expression of Env, and Gag/pol (see
Subheading 3.1.). Further analysis may include the doubling time of the clone,
maximal cell number/cm2 and viability of cells over extended culture period
(see Note 20)—these additional assays all provide important information for
large-scale vector production.

Most likely, the clone with the highest titer is used for clinical development.
However, in case the titer and other parameters between the four top producer
clones are similar, it is worthwhile to generate a small batch of concentrated
vector and test the material in vitro and in vivo using relevant target cells
and animal models. Unidentiﬁed characteristics of each VCL may possibly
contribute to differences in the overall transduction efﬁciency of relevant target
cells in vitro and in vivo. Testing the VCLs for general stability over a 2–4 mo
period is also very important. For that purpose, a vial from the research VCL
bank is thawed and cultured for at least 2 mo. These extensively passaged cells
are compared to the early passage research bank cells for titer, RCR, and the
molecular stability of all three retroviral components. This stability is veriﬁed
for consistency in the banding pattern of all three components in a Southern
blot following published procedures (14). Expression levels of Env and Gag/pol
between early and late passage VCLs are compared as well. Once a producer
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line has been tested for all these parameters and generates at least 1 × 107 cfu/mL
unprocessed supernatant, the line is suitable for the production of clinical-grade
material.
4. Notes
1. The media does not contain any antibacterial or anti-fungal agents because we
prefer to know if any adventitious agents contaminate the cell cultures.
2. The gag/pol component is introduced first, because its expression level is
important for the overall titer potential and gives a general idea how well
the construct will work in a given parent line. Furthermore, once a Gag/pol
intermediate is available, PCLs with various envelopes for speciﬁc applications
and target organs/molecules may be generated.
3. Testing for titer capacity from the very beginning and at each step after introduction of a retroviral component is essential, because the main objective is to
generate not only safe, but also high-titer producer clones. Several rounds of
testing for titer using transduction and transfection methods as well as a variety
of vector constructs are recommended.
4. Basic differences between HT-1080 and 293 cells pertain to their adherence
to plastic support and adaptation to serum-free media. 293 cells can easily be
adapted to suspension cultures and are available from ATCC as a serum-free
line (CRL-1573.1-FL). However, our large-scale production is based on a ﬁrmly
adherent cell line, which makes the more adherent HT-1080 cells the preferred
line.
5. In general, the passage number of cells at all stages during VCL production
should be kept low in order to reduce the chance of contamination and natural
mutational drift of any cell population.
6. Cells are generally cultured without selection pressure to select for sturdy
clones that stably express the introduced component in the absence of selection.
Furthermore, this eliminates the need to purify two selecting drugs from the
retroviral vectors.
7. HT-1080 based cells are able to grow out as single cell clones from a 96-well
plate using regular media. The use of conditioned media is not necessary.
8. Expression of Gag/pol can be analyzed using the HIV p24 capsid kit (Coulter,
Somerset, NJ) that crossreacts with the MLV p30 capsid. The MLV RT, which
is encoded on pol can also be analyzed using a nonradioactive RT assay (Roche,
Indianapolis, IN). Both kits will facilitate quantitative testing simply from
supernatant, and thus are more informative than a semiquantitative Western blot.
9. Alternatively, two independent VSV-G pseudotyped MLV vector preparations
can be generated with one vector coding for the amphotropic env and one for a
marker gene, and both vectors can be cotransduced. Transduction is the preferred
way to test the Gag/pol intermediates and PCLs, because the ﬁnal VCL needs to
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accommodate multiple provectors, and precursor cells need to express enough
Gag/pol and Env to support this high-titer viral particle production later. If these
MLV vectors are not available, the two plasmids coding for amphotropic env
and the MLV vector plasmid coding for a marker gene can be cotransfected,
although the transfection efﬁciency may vary from clone to clone and therefore
give misleading titer read-outs.
The MLV vector requires minimal sequence to accommodate a “reduced homology”
design as described in Fig. 2B–D. The vector may have the extended packaging
signal, but the start codon for gag should be mutated to a stop codon (14).
Alternatively, 293T cells (61) can be used instead, and a triple transfection can
be performed, where all three retroviral components are introduced into 293T
cells at ratios of 2⬊1.5⬊1 (vector⬊gag/pol⬊VSV-G) using the same amount of
total DNA.
Alternatively, a self-made CaPO4 mixture can be used for these large-scale
transient transfections. Nuclease-free water and 1 M CaCl2 can be purchased
from Amresco (Dallas, TX), but the 2X HEPES-buffered saline (HBS) solution
(280 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4, 12 mM dextrose, 50 mM
HEPES, pH 7.05, ﬁlter-sterilize with 0.2 µm) must be made. The accurate pH
is of great importance for successful precipitate formation. These large-scale
transfection reagents need to be compared to the commercially available Profectin
kit (Promega, Madison, TX) for transfection efﬁciency.
Use the smallest amount of media to cover the cells such that the viral particles
are concentrated, but make sure there is enough media for the cells so the pH
does not get too alkaline before the next harvest.
Even when some cells lift off from the plate, they may reattach before the next
harvest. Toward the last harvest, the cells that come off might not reattach.
Although the conﬂuency may then be reduced to <50% overall, the titer is still
high, presumably because ﬂoating, alive cells still may secrete viral particles.
Cells also detach because VSV-G expression is toxic, leading to syncytia formation and resulting eventually in cell death.
Use clear centrifugation bottles so that pellet can be seen.
VCL pools generated with an MOT >100 often show reduced viability and some
cytotoxicity. This may be caused by the toxic VSV-G envelope and/or the many
random insertions of the provirus into the PCL genome, which may compromise
its integrity and eventually lead to cell death. The ﬁnding that the maximum
number of long-term stable VCLs generally had no more than 10–15 integrated
provector copies may support this hypothesis (14).
If there is a high degree of cytotoxicity the next morning, reduce the incubation
time with the viral vector to as little as 2 h.
The titer of the VCL pool generated via high MOT should be around 1 × 106–
1 × 107 cfu/mL if the procedure has worked well. We generally ﬁnd titers of
VCL clones after dilution cloning up to 1 log higher than the pool titer. Thus, the
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pool titer is a good indication of what titer clones can be expected after dilution
cloning and extensive screening.
19. Determining the titer several times using different-sized cultures will more
accurately determine the highest titer clone. Collecting supernatant over several
days from postconﬂuent producer clones will also give an indication of the
ability of the clone to secrete viral particles over extended culture periods and
how stable the retroviral particles are under these conditions, which are more
relevant to large-scale production procedures.
20. The cell doubling time is performed by plating several sets of 1 × 105 cells/10-cm
dish and counting cells from two plates every 12 h. The average number from the
duplicates during the linear growth phase will reveal the cell doubling time. The
cell number per cm2 may be assessed by counting conﬂuent cultures over several
days of refeeding and may be clone-dependent since clones after transfections
and selection usually display a range of sizes characteristic for any particular
clone. In general, the smaller the cell, the more retroviral particles can be
produced per cm2. The viability of a postconﬂuent VCL culture can be assessed
by refeeding daily for several days while sacriﬁcing one dish per day to count
the percentage of dead and live cells.
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An Ecdysone-Inducible Expression System
for Use with Retroviruses
Karen Morse and John Olsen
1. Introduction
Gene expression systems that can be induced or regulated are particularly
useful when the gene of interest is toxic to the cell, or when the amount of
protein expressed needs to be tightly controlled, such as for gene therapy. Many
systems are available that achieve high levels of induced gene expression while
maintaining low basal expression in the absence of inducer. These systems
vary, however, in levels of induction obtainable, toxicity of the drug or hormone
used for induction, and kinetics of induction or repression.
The most commonly used system is the tetracycline-repressed regulatable
system (TrRS) (1), which is based on the regulatory elements of the tetracycline
resistance operon of Escherichia coli. The repressor protein (tetR) loses its
high afﬁnity for the operator sequence (tetO) when tetracycline is present. By
fusing the herpes simplex virus (HSV) transactivator (VP16) to the tetR, a
tetracyline-repressed transactivator was created. Transcription of genes from
a tetracycline-regulated promoter, therefore, takes place in the absence of
antibiotic, when the repressor is bound to the operator and the VP16 moiety
promotes the assembly of a transcriptional initiation complex (2). Luciferase
activity can be upregulated up to 10,000-fold using this system, and by 24 h
after removal (or addition) of antibiotic, gene expression approached the
maximum (or minimum) obtainable (1).
This system has also been modiﬁed in various ways for use as a tetracycline
induced regulatory system (TiRS), which is especially useful when rapid
gene induction is desired (the long half-life of tetracycline limits the rate of gene
induction in Tet-off systems), or in gene therapy applications where extended
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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periods of inactivity are required (1). The Tet-on system uses a modiﬁed
transactivator (rtTA) that requires tetracycline for binding to the operator (3).
More than a 1000-fold induction was achieved with this system and, as with
the TrRS system, maximal levels of gene expression were detected by 24 h
after induction (3).
In a second TiRS system, the repressor was fused to the KRAB repressor
domain of the Kox1 zinc ﬁnger protein, silencing transcription in the absence
of antibiotic (4). In this system, tetracycline binds to the repressor, preventing
it from binding to the operator sequences and allowing transcription to occur.
This method resulted in a 50-fold induction, although it took 3 d to attain
this level.
Other methods to control gene expression exist, such as the progesterone
regulatable system (PRS). Fusion of a mutated RU486-sensitive hormonebinding domain from the progesterone receptor to both the yeast GAL4 DNA
binding domain and the activation domain of the HSV VP16 protein results in
a molecule which, in the presence of RU486 (mifepristone), can bind to the
GAL4 promoter and drive transcription (5). Transgenic mice containing the
transactivator controlling the expression of the human growth hormone (hGH)
gene induced hGH up to 33,000-fold 12 h after intraperitoneal injection of
mifepristone (6). Owing to the long half-life of mifepristone in the blood, hGH
levels did not return to baseline until 100 h postinjection. It was suggested
that other progesterone antagonists might be cleared more quickly, leading to
more precise control of expression. When tested in a recombinant HSV vector
expressing the transactivator fusion protein and encoding the lacZ gene under
control of a GAL4 minimal promoter, a 150-fold induction was seen in rat
hippocampus at 48 h after mifepristone treatment (7). Because VP16 can
potentially cause an immune response in humans, and can be toxic to cells,
the p65 activation domain from NF-κB was used to replace the VP16 domain
(8). Similar levels of induction were seen with both domains in the presence
of mifepristone, and the p65 domain gave much lower basal levels of gene
expression.
A rapamycin-regulatable system (RRS) was designed, taking advantage
of the property that rapamycin forms a tripartite complex with the cellular
proteins FKBP12 and FRAP. By fusing FKBP12 to a DNA binding domain
(ZFHD1) and a peptide representing a region of FRAP (FRB) to the activation
domain from NF-κB (p65), a 1900-fold induction of hGH was obtained from
a ZFHD1-dependent promoter in an HT1080-derived cell line (9). This system
has very low basal expression, and contains only human proteins, which could
be advantageous in preventing adverse immune responses. However, rapamycin
causes immunosuppression by inhibition of FRAP activity, and biologically
inert analogs must be developed to overcome this limitation (9). This system
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has also been modified for use with adeno-associated virus vectors. Two
separate vectors are used, with one expressing the transcription factors from
a single promoter with an internal ribosome entry site (IRES) and the second
containing the gene of interest, erythropoietin (Epo), under a ZFHD1-dependent
promoter (10). After rapamycin administration, a 200-fold induction of mouse
plasma Epo levels was seen and these levels remained stable for 6 mo. Rhesus
monkeys injected with similar vectors containing the cDNA for monkey Epo
had increased levels of Epo in their plasma after administration with rapamycin.
However, after 14 d, plasma levels decreased to baseline, and readministration
of rapamycin was needed to restimulate expression.
In the remaining sections of this chapter, the ecdysone-regulated system
(ERS) is discussed in detail, including how it was modiﬁed for use with
retroviral vectors.
1.1. The Ecdysone System
The ecdysone system utilizes the insect molting hormone ecdysone as
the inducer of transgene expression. The ecdysone receptor (EcR) and the
product of the ultrasperical gene (USP) dimerize in D. melanogaster, and this
interaction is stabilized by binding to ecdysone (11). Hormone receptors have
both a ligand binding domain, which binds the hormone, and a DNA-binding
domain, which recognizes speciﬁc hormone response elements, causing activation or suppression of gene expression. To better understand this insect system
and to determine its ability to function in mammalian cells, a triple transfection
was performed in CV-1 cells using plasmids containing the two transcription
factors and a plasmid containing a chloramphenicol acetyltransferase (CAT )
reporter gene (12). After 20-hydroxyecdysone treatment (the biologically
active form of ecdysone), a threefold induction of CAT was measured. CAT
induction was not seen with either transcription factor alone, or with a reporter
gene lacking the ecdysone response element (EcRE). Because the induction
level found with this system was lower than expected, modiﬁcations were made
to increase the levels of induced transgene expression in mammalian cells.
1.2. Modiﬁcations to the Ecdysone System
for Use with Mammalian Systems
The ecdysone receptor DNA and ligand-binding domains were fused to
the N-terminal transactivating domain of the human glucocorticoid receptor
(GR), replacing the GR DNA and ligand-binding domains (12). When the EcR
transcription factor was replaced with the GEcR transcription factor, an 8- to
10-fold increase over control CAT activity was seen with 20-hydroxyecdysone
induction. Because the USP is an insect transcription factor, its mammalian
homolog, the retinoid X receptor (RXR), was used in place of USP to attempt
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to obtain even greater reporter gene induction (11). However, no induction was
seen with 20-hydroxyecdysone. In contrast, the ecdysone agonist, muristerone
A, was able to induce gene expression with both GEcR/USP and GEcR/RXR
in mammalian cells (11). A 34-fold induction was seen with GEcR/RXR in
CV-1 cells after 1 µM muristerone treatment (13). An even greater increase
in reporter activity was seen when the VP16 activation domain was fused to
an N-terminally truncated EcR. In this case, induction levels reached 200-fold
while maintaining low basal activity (13).
In addition to modifying the transcription factors, consensus binding sites
for the transcription factor Sp1 were added to the reporter gene vector between
the promoter and the EcRE elements (13). The fold induction was similar
(200-fold), while the absolute activity of the reporter gene (β-galactosidase)
was increased ﬁvefold.
To prevent endogenous mammalian transcription factors from recognizing
the EcRE, VpEcR was modiﬁed by mutating three amino acids in the P box
of the DNA binding domain and was renamed VgEcR (13). This transcription
factor recognizes a hybrid response element called E/GRE, containing half
of the inverted recognition sequence in the EcRE (AGGTCA) and half of the
inverted repeat recognized by the GR (AGAACA), separated by one nucleotide.
When VgEcR/RXR was cotransfected into cells with a CAT gene under the
control of an E/GRE-responsive promoter, similar levels of gene expression
were seen (1200-fold) compared to cotransfection of VpEcR/RXR and CAT
under control of an EcRE-responsive promoter (1300-fold) following induction
with 1 µM muristerone.
1.3. Adapting the Ecdysone System for Use
with Retroviral Vectors
In order to extend its usefulness, we have adapted the ecdysone-responsive
system for use with retroviral vectors. The transcription factors (VgEcR and
RXR) were placed in a tricistronic murine leukemia virus (MuLV)-derived
vector along with a zeocin (zeo) selectable marker (HIT-LVRzeo) (see Fig. 1).
Internal ribosome entry sites (IRES) were placed in front of RXR and zeo
and transcription in target cells is driven by promoter elements in the MuLV
LTR. A MuLV self-inactivating (SIN) vector was modiﬁed to contain ﬁve
tandem repeats of a chimeric RXR/ecdysone response element upstream of
a Drosophila heat shock promoter and encoding either GFP or lacZ reporter
genes (see Fig. 1). This vector also contains a neomycin (neo) selectable
marker gene that is transcribed from an SV40 early promoter.
Retrovirus containing the transcription factors is produced by a triple transfection of HIT-LVRzeo, pCI-VSV-G (see Fig. 1), and pCI-GPZ (see Fig. 1).
The retroviral structural genes and the reverse transcriptase and integrase are
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Fig. 1. Retroviral constructs for production of inducible vectors. HIT-LVR zeo
expresses the VgEcR and RXR transcription factors. CMVpro-R-U5, the CMV
immediate early promoter fused to the R-U5 domains of the MuLV LTR (long terminal
repeat) sequence for efﬁcient expression in 293T producer cells. ψ, the MuLV RNA
encapsidation signal. PV IRES, poliovirus internal ribosome entry site sequence.
EMCV encephalomyocarditis virus internal ribosome entry site sequence. HITSIN-iGFP or HIT-SIN-ilacZ, retroviral SIN vectors expressing GFP or lacZ from
ponasterone regulatable promoter. pCI-GPZ (17) expresses the MuLV gag and pol
genes. pCI-VSV-G (17) expresses the vesicular stomatitis virus (VSV) envelope
glycoprotein (G).

encoded by pCI-GPZ, and the virus is coated with the VSV-G glycoprotein,
which mediates entry into most cell types. Retrovirus containing the inducible
gene of interest is made, by a triple transfection of the plasmids HIT-SIN-ilacZ
(or HIT-SIN-iGFP), pCI-GPZ, and pCI-VSV-G. After transfection, sodium
butyrate is added to increase the viral titer (14). The virus released from
transfected cells into the medium is collected and ﬁltered to exclude cellular
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debris. Both viruses must be introduced into the desired cell type, and selection
is necessary for stable cell line production. Ponasterone A, a synthetic analog
of ecdysone, is used for induction, because it is more readily available than
muristerone A and has a similar afﬁnity for the ecdysone receptor (15).
1.4. Advantages and Disadvantages of the Ecdysone System
Advantages of the ecdysone system include the high inducibility and low
basal activity obtained in numerous cell types. A 20,000-fold increase in
luciferase activity was seen 20 h after application of muristerone A in a CV-1based cell line (13). Both muristerone A and ponasterone A are lipophilic,
allowing them to access to all tissues including the brain (13). These compounds
also have short half-lives, allowing precise control of gene expression. Because
components of this system were derived from Drosophila, ecdysteroids would
not be expected to affect mammalian physiology; furthermore, the promoter
has been modiﬁed to prevent recognition by endogenous transcription factors.
One disadvantage of the system is that it requires the introduction of two
plasmids, or retroviruses, in each cell for inducible expression to occur.
However, when creating stable cell lines, cells containing the transcription
factors alone (HIT-LVR zeo) can be an effective control cell line for evaluating
marker gene expression or the possible effects of the ECR and RXR transcription factors on the physiology of the cell.
2. Materials
All materials for cell culture should be sterile. Media should be stored
at 4°C.
2.1. Cells
1. We have evaluated the system with canine D-17 cells (ATCC#CCL-183),
human 293T (16), canine MDCK (ATCC#CCL-34), and mouse NIH/3T3
(ATCC#CRL-1658).
2. We have routinely used 293T cells (16) for producing MuLV viral vectors,
however, other MuLV producer cells and packaging cell systems could substitute
for these cells.

2.2. Cell Culture
1. DMEM (Life Technologies, Inc., Gaithersburg, MD) for 293T cells, with 10%
fetal calf serum (FCS), 100 U/mL penicillin (pen), 100 U/mL streptomycin
(strep).
2. MEM for D-17 cells, with 10% FCS, nonessential amino acids, 100 U/mL pen,
100 U/mL strep.
3. Dulbecco’s phosphate-buffered saline (PBS) (Life Technologies, Inc.).
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4. Trypsin ethylenediaminetetraacetic acid (EDTA) (0.05% trypsin, 0.53 mM
EDTA) (Life Technologies, Inc.).
5. 24-well plates and 10-cm diameter plates (Greiner, Lake Mary, FL) .

2.3. Virus Production
1. Plasmid constructs used for MuLV vector production (see Fig. 1): pCI-GPZ (17)
and pCI-VSV-G (17) are used to express MuLV gag-pol and the G envelope
glycoprotein of vesicular stomatitis virus (VSV). HIT-LVRzeo, HIT-SIN-iGFP,
and HIT-SIN-iLacZ (see Fig. 1) are retroviral expression vectors used to express
components of the ecdysone regulated gene expression system (K. M. Morse,
et al., manuscript in preparation).
2. Monolayers of 6.5 × 106 293T cells on 10-cm diameter plates (seeded 18–24 h
before transfection).
3. Polystyrene tubes (5 and 14 mL) (Becton Dickinson, Franklin Lakes, NJ).
4. Calcium Phosphate Transfection System (Life Technologies, Inc.) (cat. no.
18306-019).
5. 0.2-µm disposable syringe ﬁlters (Schleicher and Schuell, Keene, NH).
6. 5-cm3 and 10-cm3 syringes (Becton Dickinson).

2.4. Generation of Stable Cell Lines
1. Polybrene (Hexadimethrine Bromide) at a stock concentration of 4 mg/mL (long
term storage at –20°C) (Sigma, St. Louis, MO).
2. G418 at a stock concentration of 50 mg/mL in 50 mM HEPES (long term storage
at –20°C) (Life Technologies); zeocin at a stock concentration of 100 mg/mL
(Invitrogen, Carlsbad, CA, USA (cat. no. R250-01) (long-term storage at –20°C,
in the dark).

2.5. Analysis of Reporter Gene Expression
1. Galacto-Light Plus kit (Tropix, Bedford, MA) (cat. no. BL300P).
2. Polypropylene cuvettes (Turner Designs, Inc., Sunnyvale, CA, USA) (cat. no.
2020-955).
3. Luminometer (Turner Designs) (TD-20/20).
4. Cytoﬂuor II (Perseptive Biosystems, Foster City, CA, USA).
5. PBS plus Ca2+ and Mg2+ (PBS++).
6. Ponasterone at 1 mM concentration in 95% ethanol (Invitrogen) (Cat. no.
H101-01) (store at –20°C).

3. Methods
3.1. Cell Growth and Maintenance
The 293T cells are grown in DMEM media at 37°C and 5% CO2. These
cells should be split 1/6 every 4 d.
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Fig. 2. Schematic representation of the ecdysone system. HIT-LVRzeo encodes the
genes for the two transcription factors, the modiﬁed ecdysone receptor (VgEcR), and
the retinoid X receptor (RXR). In the presence of ponasterone, the two receptors form
a heterodimer which can then bind to a hybrid ecdysone response element (E/GRE),
which is located upstream of the Drosophila minimal heat shock promoter (HSPmin).
The gene of interest is then transcribed. DBD indicates the DNA binding domain.

1. Remove media and wash cells once with PBS (3 mL/10-cm dish).
2. Add a small amount of trypsin (2 mL/10-cm dish) and incubate at room temperature for about 1 min.
3. When cells are detaching from the plate, resuspend in fresh growth medium and
passage at the appropriate density into new cell culture dishes.

The D-17 cells are grown in MEM media at 37°C and 5% CO2. D-17 cells
should be split 1/6 every 4 d.
1. Remove media and wash cells once with PBS.
2. Add 2 mL trypsin per 10-cm dish and incubate at 37°C for a few minutes.
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3. When cells are detaching from the plate, resuspend in fresh growth medium and
passage at the appropriate density into new cell culture dishes.

3.2. Virus Production
1. Plate 6.5 × 106 293T cells/10-cm plate in 6.0–10.0 mL medium. Each plate will
give approx 6.0 mL of virus, therefore by dividing your desired ﬁnal volume of
virus by 6.0, you can determine how many plates to seed. Seeding the cells at this
density should provide plates that are 80% conﬂuent by the following day.
2. The day after seeding, change the medium in each dish to 6.0 mL of fresh
DMEM.
3. In a polystyrene tube, prepare the transfection mixes as follows (recipe is given for
1 10-cm dish using the reagents in the commercial kit and can be adjusted for more
dishes): To one tube, add 262.5 µL dH2O, 30 µL 10X HBS, 3.0 µL 1N NaOH,
and 4.5 µL PO4. To the second tube, add 7.5 µg each of pCI-VSV-G, pCI-GPZ
and either HIT-LVRzeo or the plasmid with your gene of interest (HIT-SIN-iGFP
or HIT-SIN-iLacZ). Then add dH2O to make a total of 282 µL, and add 18 µL
calcium slowly. Add the contents of the second tube to the ﬁrst tube, one drop at
a time, while bubbling with a second pipet. Incubate 20 min at room temperature
and then add 600 µL to each 10-cm dish. Mix by gently swirling the medium.
4. The next day (16–24 h after transfection) remove the medium and replace with
fresh DMEM containing 10 mM sodium butyrate.
5. At approx 48 h after transfection, harvest the retroviral supernatant and ﬁlter
using a 0.2-µm syringe ﬁlter or centrifuge 5 min at 500g. Store virus at –70°C
or use immediately. Titers of 105 infectious units/mL should be attainable with
this method.

3.3. Generating Cell Lines for Regulated Gene Expression
1. Plate D-17 cells (or the cells of interest) at 105 cells/well in 12-well plates (two
wells for each virus).
2. The next day, remove the medium and inoculate the cells with 500 µL of each
virus, or control medium, with 1 µL polybrene (8 µg/mL ﬁnal concentration).
3. After 2 h, remove the virus and add fresh medium (1.0 mL).
4. At 48 h after infection, passage the cells from each well into one 10-cm dish
containing the appropriate drug for selection (see Note 1). Remember to include
one control (uninfected) dish for each drug used.
5. Change the medium every 2–3 d, and passage when necessary. Once all of the
cells in the control dish are dead, the cells in your infected dishes should be
ready for freezing and experimental use.

3.4. Detection of Reporter Gene Expression
3.4.1. Measuring β-Galactosidase Expression
1. Plate D-17 cells into 12-well plates at 105 cells/well.
2. The next day, induce the desired number of wells with 5 µM ponasterone and
mock-induce control wells with 95% ethanol (see Note 2).
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3. At 48 h after induction (see Note 3), rinse the cells with PBS, and add lysis
buffer from Galacto-Light Plus kit (200 µL/12-well).
4. After a couple of minutes, remove the lysis buffer from the well and pellet the
nuclei and insoluble cell debris by centrifugation for 2 min at low speed. Use
supernatant immediately or store at –20°C.
5. For β-galactosidase assay, place 0.5–2 µL supernatant per reaction into a
polypropylene cuvet (see Note 4). Add lysis buffer to make a ﬁnal volume of
20 µL/tube.
6. Add 100 µL reaction buffer (see Note 5) and incubate 1 h at room temperature.
Start timing the samples when the reaction buffer is added to the ﬁrst tube and
keep the time between each consecutive addition relatively constant.
7. While samples are incubating, set up the luminometer to have a delay of 5 s and
a 100-µL accelerator volume.
8. At the end of the hour incubation, place the ﬁrst tube into the luminometer and
push the “Go” button.
9. Repeat step 8 with each tube, sequentially.

3.4.2. Measuring GFP Expression Using the Cytoﬂuor
1. Plate D-17 cells into 12-well plates at 105 cells/well.
2. The next day, induce the desired number of wells with 5 µM ponasterone and
mock-induce control wells with 95% ethanol.
3. At 48 h after induction, remove the medium from the cells and add 1.0 mL
PBS++ to each well.
4. Read the plate in the luminometer at the desired settings (see Note 6).
5. If you will be using the cells further, remove the PBS++ and add fresh medium.

4. Notes
1. The following cell lines have been tested for neomycin (G418) and zeocin
selection and appropriate concentrations for selection are, respectively, as
follows: D-17 (0.2 mg/mL, 0.06 mg/mL); NIH/3T3 (0.5 mg/mL, 0.05 mg/mL);
MDCK (0.4 mg/mL, 0.1 mg/mL). To determine the optimal drug dosage to use
for selection of other cell lines, perform a kill curve as follows:
1. Plate cells in six-well plates at a concentration of 2.5 × 105/well for NIH/3T3
sized cells. Plate one well for each drug concentration to be analyzed.
2. The next day, mock-infect cells with 1 mL/well of medium with polybrene
(8 µg/mL) for 2 h at 37°C.
3. Remove the medium with polybrene and add fresh medium (2.5 mL/well).
4. 24 h after mock-infection, passage each well into two 10-cm plates. Add
medium containing the various drug concentrations.
5. Change media every 2–3 d until the high(est) drug levels show complete
killing and the low(est) levels show cell growth. Choose the lowest level of
drug that results in complete cell killing by 7–10 d.
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2. A dose-response curve can be generated when using a cell line other than
D-17. Doses of ponasterone between 0.03 µM and 30 µM should be included to
determine the optimal dosage needed.
3. A time-course analysis can be generated when using a cell line other than D-17.
Expression measured every 24 h after induction is usually sufﬁcient to determine
the point of maximal induction. If the time course extends beyond 96 h, it is also
helpful to determine whether changing the media daily with fresh ponasterone
gives higher induction levels than not changing the media throughout the course
of the experiment.
4. The amount of cell lysate to use will vary greatly depending upon the cell line,
and also upon the dose of ponasterone and the time after induction. If you obtain
values for some samples that are above the range of the luminometer, it is best to
go back and dilute all the samples and repeat the assay.
5. The instructions included with the Tropix Galacto-Light Plus kit direct you to
use 200 µL reaction buffer and accelerator; however, we have found that the
assay works equally well with 100 µL.
6. The Cytoﬂuor II can be set up in various ways to obtain valid readings. For GFP,
the wavelength for excitation is 485 and that for emission is 530. We have found
that 10 reads/well with a gain of 80 works very well. Because there is some
variability in the readings from well to well, it is helpful when determining fold
induction to set the value for the uninduced wells at 1 (average them if there
is more than one) and then subtract the raw uninduced value from the values
for the induced wells.
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In Vivo Infection of Mice by Replication-Competent
MLV-Based Retroviral Vectors
Estanislao Bachrach, Mogens Duch, Mireia Pelegrin, Hanna Dreja,
Finn Skou Pedersen, and Marc Piechaczyk
1. Introduction
1.1. Replication-Deﬁcient vs Replication-Competent
MLV-Based Retroviral Vectors
The development of retroviral vectors has provided scientists with an
effective way of achieving gene transfer stable over cell generations. This is
possible because integration of proviral DNA into the genome of infected cells
permits duplication of the ectopic genetic information at every round of
DNA synthesis and, thus, transmission to daughter cells. Vectors have been
derived from many sorts of parental retroviruses including simple avian and
murine retroviruses, as well as mammalian lentiviruses. Nevertheless, Murine
Leukemia Virus (MLV)-derived vectors have been the most widely used both
in the laboratory and in the clinic (for reviews, see refs. 1–4).
Most retroviral vectors used thus far are replication-defective which, as a
consequence of the deletion of all, or part of, gag, pol, and env genes, cannot
replicate in and be produced by infected cells. Gene transfer systems based on
these vectors usually comprise two components. One is a proviral replicationdefective vector. In addition to the signals necessary for RNA encapsidation
into viral capsids, reverse transcription and insertion of proviruses into the
infected cell genome, it carries the ectopic genetic information to be transduced
and, most often, to be expressed. The other is a packaging cell system providing
in trans all structural and enzymatic proteins encoded by gag, pol, and env
genes. For production of infectious retroviral particles, the latter cells are
transfected by conventional transfection procedures with a plasmid carrying
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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the retroviral vector in its proviral form. Culture supernatants are collected and,
after possible concentration of retroviruses, subsequently used for infection
of cells of interest (1–4).
Replication-deﬁcient retroviral vectors are interesting when single-hit gene
transfer are desired. For safety reasons, it would also, ideally, be preferable to
avoid uncontrolled proliferation in patients undergoing gene therapy protocols.
However, such viral vectors cannot be produced, or concentrated, to titers
sufﬁciently high for signiﬁcant in vivo gene transfer. In consequence, their
use has, thus far, essentially been limited to either in vitro or ex vivo gene
transduction followed by grafting to animals or human beings (1–4). It is
important to underline that ex vivo gene transfer schemes often suffer from
relatively low gene transfer efficiency and that additional steps may be
needed to enrich for transduced cells in the transplant (see J. Gene Medicine
http://www.wiley.com/wileychi/gemmed). In certain cases, the transferred
gene offers a direct selective advantage in the recipients to the engrafted cells
and proliferation may be favored (5). However, in other cases, engraftment
of the genetically modiﬁed cells is disfavored and may require cytoreductive
treatment of recipient cells prior to transplantation. It is also important to
consider that tissue grafting (such as bone marrow and hepatic cell grafting)
in humans is associated, on its own, with nonnegligible severe short-term
and long-term risks. Moreover, it also constitutes a costly treatment. In other
words, the combined costs of retroviral vectors (which must be used in high
amounts) certiﬁed for human use and tissue grafting renders ex vivo gene
therapy extremely expensive and still make it unaffordable for large-scale
applications even in developed countries.
An interesting way to achieve increased efﬁciency of gene transfer would be
in vivo gene delivery by retroviral vectors undergoing multiple (and possibly
controlled) rounds of replication in the tissues of the recipient. It is also clear
that such an approach should allow cost-effective treatments because, on the
one hand, small inoculum of viral vectors would be sufﬁcient and, on the other
hand, tissue grafting would be avoided. It is clear, however, that safety concerns
still make this approach impossible to implement in most clinical protocols.
Nevertheless, efﬁcient in vivo delivery by replication-competent MLV-based
retroviral vectors might be of signiﬁcant value in a variety of situations.
Moreover, the latter situations could also provide favorable conditions for
improvement of the technology toward clinical applications. As a ﬁrst possible
application, one can cite anticancer suicide gene therapy using MLV-based
retroviral vectors expressing conditionally toxic genes such as that coding
for the herpesvirus thymidine kinase (6,7). It is well documented that MLVs
can replicate only in dividing cell. Appropriately targeted thymidine kinase-
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expressing vectors could, therefore, be used to kill selectively retrovirally
infected cancer cells upon administration of gancyclovir after infection has
occurred. Dissection of differentiation and proliferation signaling pathways
occurring in cells susceptible to retroviral infection, such as hematopoietic
cells, upon transduction of genes coding for key cell regulators or cytokines
constitute another obvious application, as well as oncogenesis studies in small
animals upon gene transfer of oncogenes or tumor suppressor genes.
1.2. Design of Replication-Competent Retroviral Vectors
To make replication-competent retroviruses, gag, pol, and env genes as
well as all the cis signals governing transcription, reverse transcription, and
insertion must be retained in the viral genome. Moreover, an expression cassette
for an extra gene must be inserted in the vector. Such an addition would be
particularly delicate within the 5′ part of the genome without altering virus
viability because of the presence of many essential cis-acting elements in
this region (8). Addition within the coding region would be difﬁcult as well
because of overlaps of Gag, Gag-Pol, and Env precursor open reading frames.
In contrast, the 3’ part of the retroviral genome downstream of the Env
stop codon and including the U3 region offers more ﬂexibility for cloning
of exogenous genetic information not entailing deleterious effects on virus
replication.
Gene expression from heterologous inserts can theoretically be achieved
by usage of either spliced RNA, internal promoters, or Internal Ribosome
Entry Site (IRES) elements (9) (see also, ref. 10). Splicing balance within
retroviruses is, however, delicate. Introduction of new splice sites or even usage
of existing splice sites with new gene inserts may thus cause major changes
in the splice balance, which could lead to reduced replication efﬁciency. On
the other hand, internal promoters might cause promoter interference with the
proviral long-terminal repeat (LTR) that could lead to a reduced viral transcript
amount. More interestingly, genes under the control of IRES elements are
located on the same RNA transcripts as the viral genes and expression should,
therefore, be obtained without obstructing viral replication.
Replication-competent vectors have already been derived from different
retroviruses such as the avian Rous sarcoma virus (RSV), avian leukemia
viruses, MLVs, and HIV (9–11). One of their major limitations is still the
stability of the exogenous DNA insert that is most often lost after several
rounds of replications when no selection pressure is applied to replicating
viruses. Even RSV, which naturally carries and expresses the src oncogene in
addition to gag, pol, and env genes, rapidly accumulates deletions in src if the
virus is passaged without selection for transformation capability (12).
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Fig. 1. Schematic representation of the AkvU3-EGFP replication-competent vector
and the parental wild-type Akv virus. An expression cassette containing the EGFP
gene downstream of the encephalomyocarditis virus IRES has been cloned in the Cel
II restriction site of Akv located at the 5′ end of the 3′LTR just downstream of the
inverted repeat. LTR: long terminal repeats; PPT: polypurine tract; ψ: RNA packaging
signal; SD: splicing donor site; SA: slicing acceptor site; AAAA: polyA tract. Note
that the modiﬁed AkvU3-EGFP 3’LTR will be duplicated upon reverse transcription
and will thus be found at each end of integrated AkvU3-EGFP proviral DNA (not
indicated on the ﬁgure). Transcription beginning at the 5′ end of the R sequence of the
5′LTR, the EGFP expression cassette will be present only once at the 3′ end of both
genomic and subgenomic RNAs.

1.3. Infection of Newborn Mice Hematopoietic Cells
with Akv-based Retroviral Vectors
The replication-competent retroviral vector used here (AkvU3-EGFP; ref.
13) is a modiﬁed version of the AkvBi-EGFP vector (10), which has been
derived from the Akv MLV. In this vector, a cassette comprising, from 5′ to 3′,
the encephalomyocarditis virus IRES and the Enhanced Green Fluorescence
Protein (EGFP) gene was cloned in the upstream part of the U3 region of the
3′ LTR of the proviral vector DNA (see Fig. 1). EGFP, whose ﬂuorescence
can be monitored easily in living cells, can potentially be replaced by any
other gene of interest. Newborn mice were infected intraperitoneally and
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spleen cells were analyzed for EGFP expression by ﬂow cytometry analysis
(see Note 1).
2. Materials
1. NIH /3T3 and Mus dunni fibroblasts are derived from NIH and Mus dunni
embryos, respectively. They are available from the American Type Culture
Collection (ATCC; http://www.atcc.org/).
2. BOSC 23 cells are described in ref. 14. They consist of human 293 kidney
cells expressing Mo-MuLV Gag, Pol, and Env proteins upon transfection of
appropriate expression vectors.
3. Dulbecco’s modiﬁed Eagle medium (DMEM) containing Glutamax-1 (Gibco
BRL, Life Technologies, France) supplemented with 10% fetal calf serum (FCS)
and 100U/mL penicillin and streptomycin.
4. RPMI-1640 medium (Gibco BRL, Life Technologies).
5. Akv, AkvU3-EGFP vectors are described in refs. 10 and 13.
6. The 83A25 rat hybridoma is described in ref. 15. It produces an anti-MLV Env
glycoprotein immunoglobulin.
7. 3-wk-old NIH Swiss mice were purchased from C.E.R.J. (France).
8. Polybrene, stock solution 800 µg/mL (Sigma, St. Louis, MO; cat. No. H9268).
9. Phosphate-buffered saline (PBS): 0.15 M NaCl, 0.01 M Na phosphate pH 7.0.
10. Erythrocyte lysis buffer: 3.2 × 10–5 M ethylenediaminetetraacetic acid (EDTA)
0.15 M NH4Cl, 0.01 M KHCO3.
11. 0.45-µm pore size cellulose Minisart acetate filters (Sartorius, Göttingen,
Germany).
12. 12 (phycoerythrin)-conjugated anti-mouse CD3, anti-mouse CD19, and antimouse PAN NK are from Pharmingen Europe (Germany).
13. Rhodamine-conjugated anti-rat immunoglobulin rabbit antiserum (Sigma).
14. Hank’s balanced salt solution (HBSS) (BioWhittaker Europe).
15. Ficoll-Paque™plus from Amersham.

3. Methods
3.1. Preparation of Viral Stocks
The following two-step method allows the establishment of better retrovirusproducing cells than simple transfection of NIH/3T3 cells with Akv- or AkvU3EGFP proviral DNA. In a ﬁrst step, the BOSC 23 packaging cells (which
express Gag, Pol, as well as the ecotropic Env) (14) are transfected with the
proviral DNA to produce retroviruses which, in a second step, are used to infect
NIH/3T3 cells. Culture supernatants of the latter cells are used as sources
of retroviral vectors.
1. 5 × 104 BOSC cells plated in a 100-mm diameter culture dish (Nunc) are transfected by the calcium phosphate coprecipitation procedure described in Sambrook
et al. (16) using 20 µg of either the Akv or the AkvU3-EGFP plasmid.
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2. Cells are grown to conﬂuence and retrovirus-containing culture supernatants
(DMEM culture medium supplemented with FCS and antibiotics) are collected
and placed in the presence of subconﬂuent NIH/3T3 cells overnight in the
presence of 8 µg/mL polybrene.
3. In the case of Akv, NIH/3T3 cells are directly used for retrovirus production.
4. In the case of AkvU3-EGFP, cells expressing high amounts of EGFP are sorted
by FACS 24 h later and used for virus production.

3.2. Assay of Viruses
Infection of cells surrounding a retrovirus-producing cell is favored over that
of distant cells. Focal assays are thus used to assay for replication-competent
virus stocks on Mus dunni cells because the latter cells express no detectable
endogenous retroviruses. Foci of infection are detected either in a direct
ﬂuorescence assay of EGFP (in the case of AkvU3-EGFP) or in an indirect
immunoﬂuorescence assay (focal immunoﬂuorescence assay or FIA) using
the 83A25 monoclonal antibody that recognizes most of MLV Envs (in the
cases of both Akv and AkvU3-EGFP). For AkvU3-EGFP, any difference in
outcomes of the two assays would mean that a signiﬁcant fraction of the vector
has deleted the EGFP expression cassette. When necessary, blood viremia are
quantiﬁed in the same assays except that serum samples are used in place of
virus-producing cell culture supernatants (see Notes 2 and 3).
1. Virus-producing cells are cultured at conﬂuence for 3 d.
2. Culture supernatants are ﬁltered through 0.45-µm pore size cellulose acetate
ﬁlters (Millipore).
3. Serial dilutions of ﬁltrates are prepared in duplicate in a ﬁnal volume of 200 µL
of culture medium.
4. Dilutions are added to Mus dunni cells seeded at a density of 2 × 103 cells/well of
96-well plates (Nunc) the day before in the presence of 8 µg/mL polybrene.
5. The culture medium is changed on the following day and, when conﬂuent, cells
infected by AkvU3-EGFP are scored under the epiﬂuorescence microscope
using either direct EGFP ﬂuorescence or indirect immunoﬂuorescence using an
appropriate dilution of 83A25 hybridoma culture supernatant revealed with a
rhodamine-conjugated anti-rat immunoglobulin rabbit antiserum.

3.3. Infection of Mice
Three- to four-d-old NIH Swiss mice are injected intraperitoneally with 104
colony forming units (cfu) of Akv or AkvU3-EGFP in a volume of 100 µL
phosphate-buffered saline (PBS). Noninfected mice are used as a control. Pups
are maintained with their mother until the age of 3 wk when necessary.
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3.4. Flow Cytometry of Infected Hematopoietic Cells
Mice are bled for viremia determination and the spleen is removed for
puriﬁcation of mononuclear cells. To this aim, spleens from different animals
infected under the same conditions are pooled until the age of 12 d, at which
time animals have reached a size sufﬁcient for puriﬁcation of cells from a
single spleen. Monoclonal phycoerythrine (PE)-conjugated anti-mouse CD3,
anti-mouse CD19, and anti-mouse PAN NK antibodies are used to identify T,
B, and NK cells, respectively. Flow cytometry analysis is carried out with a
FACScan ﬂow cytometer from Becton Dickinson. One example of such an
analysis carried out 7 d postinfection is presented in Fig. 2.
1. Spleens are placed in a petri dish with 10 mL of RPMI-1640 and crushed with
a 1-mL syringe piston.
2. Splenocytes are then detached by pipeting up and down.
3. Cells are centrifuged at 500g at 18°C for 5 min.
4. The pellet is resuspended in 1 vol of erythrocyte lysis buffer.
5. After centrifugation at 500g at 18°C for 5 min and resuspension in RPMI-1640
medium, cells are incubated at 37°C in the presence of 5% CO2 in a cell culture
Petri dish for 2 h to remove adherent cells essentially comprising dendritic cells
and macrophages.
6. Cells in suspension are resuspended in 8 mL of HBSS containing phenol red and
loaded over 4 mL of Ficoll solution (Ficoll-PaqueTMplus, Amersham) at room
temperature in a centrifuge tube (see Note 4).
7. The mixture is centrifuged at 330g at 18°C for 20 min and lymphocytes are
collected from the interphase and washed, ﬁrst with PBS and, then, twice with
30 mL of RPMI-1640 medium.
8. 104 cells resuspended in PBS were then used in each ﬂow cytometry experiment.
Appropriate dilutions of PE-conjugated anti-mouse CD3, anti-mouse CD19, and
antimouse PAN NK antibodies are added to cells in a volume of 100 µL at 4°C
for 30 min. Cells are pelleted and washed with PBS twice at 4°C before ﬂow
cytometry analysis.
9. Green ﬂurorescence is measured through a 530-nm/30-nm bandpass ﬁlter after
illumination with an argon laser tuned at 488 nm, whereas orange ﬂuorescence
(phycoerythrine) is measured through a 585-nm/42-nm bandpass ﬁlter.

4. Notes
1. Infection of newborn animal hematopoietic cells is far more efﬁcient than that of
adults which have developed a fully competent immune system capable of controlling retroviral infection and, sometimes, of rejection of infecting retroviruses.
2. The expression cassette may be deleted in vivo without altering the capability of
the rearranged vector to replicate. In this case, a decrease in EGFP-positive cells

350

Bachrach et al.

Fig. 2. Flow cytometry analysis of spleen cells. Newborn mice were infected with
104 cfu AkvU3-EGFP. Nonadherent spleen cells were prepared 4 d postinfection
and processed for FACS analysis using monoclonal phycoerythrine (PE)-conjugated
anti-mouse CD3, anti-mouse CD19, and anti-mouse PAN NK antibodies which allow
identiﬁcation of T, B, and NK cells, respectively. In the experiment presented here,
65% of nonadherent spleen cells turned out to be EGFP-positive. Among these cells,
39% turned out to be B cells, 13% T cells, and 5% NK cells. No green ﬂuorescent
cells were observed in noninfected and Akv infected control mice. The % of B, T, and
NK cells in the population of nonadherent spleen cells were 30%, 12%, and 1% in
noninfected control animals, respectively.
is seen caused by the rapid turnover of hematopoietic cells and EGFP-expressing
viruses may be overgrown by rearranged vectors. In this case, overall viremia
assayed by FIA might remain unchanged or be little affected.
3. In case of expression cassette deletion, polymerase chain reaction (PCR) analysis
targeting the most 3′ region of the retroviral vector can be carried out directly on
serum samples and possibly be followed by nucleotide sequencing to characterize
in detail the vector rearrangements.
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4. Conditions for purification of mouse nonadherent spleen cells are slightly
different from those for puriﬁcation of equivalent human cells because of a
difference in cell density.
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Development of Simian Retroviral Vectors
for Gene Delivery
Biao Li and Curtis A. Machida
1. Introduction
The development of retroviral gene transfer vectors has provided an effective way to deliver foreign genes into mammalian cells. This chapter will
focus on the development of a simian retrovirus (SRV) gene delivery system.
This includes the identiﬁcation of the minimal packaging signal of a type D
serogroup 2 SRV D2/RHE/OR/V1, construction of the SRV transduction and
packaging vectors, generation of the SRV speciﬁc packaging cell line and
production of the replication-deﬁcient recombinant SRV.
The type D SRVs are the predominant etiological agents of Simian Acquired
Immunodeﬁciency Syndrome, and are composed of ﬁve distinct serogroups
(1–4). More recently, a putative type D serogroup 6 SRV has been reported and
is provisionally named SRV-6 (5). The SRV genome is about 8 kb in length and
is encapsidated as a single-strand (ss) RNA in the viruses. It consists of two
long-terminal repeat (LTR) regions (5′ LTR and 3′ LTR) and four structural
genes (gag, prt, pol, and env genes) encoding the viral core proteins, the viral
protease, the viral reverse transcriptase and the endonuclease, and the viral
envelope glycoproteins, respectively. There are also two noncoding regions in
the SRV genome. The 5′ intergenic region (IR) is located between the 5′
LTR and the gag gene and is implicated as a determinant in virus packaging.
The 3′ IR is located between the env gene and the 3′ LTR and contains a
constitutive transport element (CTE) critical in the nuclear export of unspliced
SRV RNA (6–9).
Infection of the type D SRVs is predominantly found in Asian monkeys.
However, the zoonotic potential of SRV has not been well deﬁned. Studies
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using natural SRV2-infected asymptomatic cynomolgus macaques (Macaca
fascicularis) indicate that the variables of SRV2 infection are complex. Virus
loads vary greatly among individual macaques and are not correlated to disease
outcome (10). SRV infection in humans is found in persons occupationally
exposed to nonhuman primates (11) and blood donors from Guinea-Bissau,
Africa (12,13). Other studies indicate that type D SRV may be associated with
Burkitt’s-type lymphoma in children (14). Infection of type D SRV has also been
found in a patient with acquired immunodeﬁciency syndrome (AIDS) (15).
Because retrovirus vectors are able to integrate its proviral DNA into target
cell genomes, the foreign genes can be faithfully transmitted to the progeny of
the transduced parental cells. Using replication-defective retroviruses, efﬁcient
gene transfer can be achieved into a broad range of mammalian cells. However,
there are limitations with retrovirus-mediated gene transfer systems. Currently,
all available retrovirus-mediated gene transfer systems, with the exception of
lentiviral vectors, are limited to dividing cells. Random proviral integration
may cause insertional mutagenesis in the recipient genome. Inadvertent
recombination can produce replication-competent viruses. Rearrangement
or recombination during the retroviral life cycle may alter the ﬁdelity of the
transmitted foreign genes. The constraints of the packaging may limit the size
of the inserted sequence.
1.1. Retroviral Packaging Signals and Packaging Cell Lines
The packaging signal for the Moloney murine leukemia virus (M-MuLV)
is contained within the psi (ψ) region, delimited between the splice donor
site immediately downstream of the 5′ LTR and the AUG start codon of the
gag polyprotein (16,17). Additional packaging signals in the gag gene and the
U5 region in the 5′ LTR are also identiﬁed (18,19). The packaging signal for
Mason-Pﬁzer Monkey Virus (MPMV), a serogroup 3 type D SRV, is contained
in the 5′ IR and extends into the extreme 5′ portion of the gag gene (20,21).
The ﬁrst generation retrovirus packaging cell lines (16,22) are represented by
the ψ-2 and ψ-am. These cell lines contain a M-MuLV proviral DNA with a
simple deletion of the psi packaging signal. Replication-competent retroviruses
can be easily produced by a single recombination between the packaging
construct and the transduction vectors in these packaging cell lines. The
second generation packaging vectors are constructed using mutated 5′ LTR and
replacing the 3′ LTR with the SV40 polyadenylation signal (19). Production
of replication-competent viruses requires at least two recombination events in
these packaging cell lines. The third generation retroviral packaging cell lines
carry two split-genome retroviral constructs; one contains gag as well as pol
genes, and the other has only the env gene. This strategy increases the number
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of recombination events required to generate replication-competent viruses
(23,24). The replacement of the gag gene AUG start codon with a stop codon
in some third generation vectors would further prevent the translation of
gag and pol proteins from inadvertent recombinants (17,23). More recently,
amphotrophic packaging cell lines have been generated for gene transfer into
rhesus monkey hematopoietic stem cells (25). The producer cell lines which
are used for transduction of dividing and nondividing cells have also been
developed (26,27).
1.2. Future Perspectives
Although this SRV-based gene transfer system is capable of delivering
heterologous genes into nonhuman primate cells, additional effort will be
needed to optimize this system for highly efﬁcient gene transfer. Our data
indicates that the 5′ IR and the extreme 5′ portion of the gag gene sequence
is necessary for SRV packaging. The potential effect of other SRV genomic
regions on virus production will need to be further studied. The CMV promoter
used to drive the expression of the gag, prt, and pol genes in one of the
packaging vectors may not be sufﬁcient to achieve high level expression of
these genes. Use of the 5′ LTR as an intact promoter to drive multiple gene
expression may be necessary to achieve higher titers for recombinant virus
production. Generation of SRV-VSV/G (vesicular stomatitis VSV/G protein)
pseudotype virus may broaden its host range (28,29) and permit concentration
of viruses by centrifugation (30). A controllable SRV-based gene transfer
system, that can achieve tissue or cell speciﬁcity and regulate inducibility (31),
will be great assets for future applications.
2. Materials
1. Human lymphoblastoid Raji cells (ATCC No. CCL-86) are purchased from
American Type Culture Collection (ATCC) in Rockville, MD. The Raji cells
are cultured in RPMI-1640 medium (see Note 1), supplemented with 10% heatinactivated fetal calf serum (FCS, Atlanta Biological Inc., Norcross, Georgia),
100 U/mL of penicillin, 100 U/mL of streptomycin, and 1% L-glutamine. These
cultures are split 1⬊10 every 3–4 d, and should not be allowed to overgrow.
2. African green monkey kidney COS-1 (ATCC No. CRL-1650) cells are cultured
in Dulbecco’s modiﬁed Eagle medium (DMEM, Sigma, St. Louis, MO), supplemented with 2.5% heat-inactivated FCS, 7.5% heat-inactivated calf serum (CS,
Atlanta Biological Inc., Norcross, GA), 100 U/mL of penicillin, 100 U/mL of
streptomycin, and 1% L-glutamine.
3. 10X phosphate-buffered saline (PBS) is purchased from Sigma, diluted to 1X
with distilled water, and sterilized with 0.22 µm bottle top ﬁlter (Millipore,
Bedford, MA) before use.
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4. The infectious D2/RHE/OR/V1 molecular clone utilized in current studies is a
pBR322 plasmid recombinant (pBR-2R/V1) which has been previously isolated
and sequenced (4). The D2/RHE/OR/V1 full-length genome (see Fig. 1A) is
inserted into the Hind III site of pBR322.
5. The sequences, locations, and orientations of primers used in polymerase chain
reaction (PCR) and reverse-transcriptase PCR (RT-PCR) are as described (32).
6. Antibiotics: Penicillin-streptomycin is purchased from Sigma. Geneticin (G418)
is obtained from GIBCO BRL (Carlsbad, CA).
7. Tri-Reagent is obtained from Molecular Research Center, Inc. (Cincinnati, OH).
8. Enzymes. Restriction endonucleases and DNA polymerase I large fragment
(Klenow) are purchased from New England Biolabs, (Beverly, MA). T4 DNA ligase
and plaque forming unit (Pfu) DNA polymerase are from Stratagene (La Jolla, CA).
Taq DNA polymerase, MLV reverse transcriptase, and dNTPs are from GIBCO
BRL. RNase-free DNase I and RNasin are from Promega (Madison, WI).
9. The Epicurian Coli XL-blue supercompetent cells (see Note 2) are obtained
from Stratagene. Qiaquick Gel Extraction Kit is obtained from QIAGEN
(Valencia, CA).
10. N,N-bis(2-Hydroxyethyl)-2-aminoethanesulfonic acid (BES) and cesium chloride are from Sigma. Lipofectin reagent is from GIBCO BRL.
11. Fixative solution: 0.5% glutaraldehyde. Solution is prepared fresh for each use
from 8% glutaraldehyde stock solution using 1X PBS. The 8% glutaraldehyde
stock solution (Sigma) is stored at –20°C. Once thawed, the stock solution can be
stored at 4°C for up to 2 mo. CAUTION: Glutaraldehyde is a carcinogen. Use in
a fume hood and discard waste as directed by your institution.
12. Sodium Deoxycholate (Sigma) is made as 5% stock solution in distilled water,
and stored at 4°C.
13. K3Fe(CN)6 (potassium ferricyanide) and K4Fe(CN)6•3H2O (potassium ferrocyanide) are purchased from Sigma. 0.25 M stock solutions are made in
distilled water and can be stored at 4°C for up to 6 mo.
14. X-gal (Promega) solution: 40 mg/mL stock solution is prepared in N, N-dimethyl
formamide, and stored at –20°C. N, N-dimethyl formamide is purchased from
Sigma, and is stored at room temperature.
15. X-gal staining solution (prepare fresh in 1X PBS for each use): 0.01% sodium
deoxycholate, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 mM MgCl2, 0.02% Nonidet
P-40 (NP40). Immediately prior to use, add X-gal stock solution to 1 mg/mL
ﬁnal concentration.
16. Polybrene (Sigma). 4 mg/mL polybrene stock solution is made in 1X PBS and
sterilized with a 0.45-µm ﬁlter. It can be stored at 4°C for up to 3 mo.
17. 2X BES buffer: 50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 6.95. This
buffer is ﬁlter sterilized through a 0.45-µm ﬁlter and stored in aliquots at –20°C.
18. Vector pSV-β-galactosidase is obtained from Promega. Vector pcDNA3.1(+)
(Invitrogen) is used to construct the SRV packaging vectors. pRc/RSV (Invitrogen) is used as an intermediate vector in the SRV-based packaging vector
construction.
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Fig. 1. Panel A shows the genomic structure of the type D serogroup 2 simian
retrovirus D2/RHE/OR/V1. Panel B displays the structures of the SRV transduction
vectors. The SRV structural genes have been replaced by a reporter gene (lac Z) in
these transduction vectors. The gag gene start codon ATG has also been substituted
with the stop codon TAG in the transduction vector pSVmuta. Panel C illustrates the
SRV packaging vectors with a split SRV genome. These packaging vectors contain a
CMV promoter instead of the 5′ LTR, and a bovine growth hormone polyadenylation
signal in place of the deleted 3′ LTR. Portions of this ﬁgure were reprinted with
permission from Elsevier Science, and were originally published in the following
publication: Li, B., S. Nguyen, X. Li, and C. A. Machida. (2001) Simian retrovirus
vectors for gene transfer in nonhuman primate cells. Virus Research 75, 155–168.

3. Methods
3.1. Polymerase Chain Reaction (PCR)
and Reverse Transcriptase-PCR (RT-PCR)
1. Total RNA is extracted from SRV-infected Raji cells and ψ-SRV packaging cells
(see Subheading 3.4.) with Tri-Reagent.
2. First strand synthesis is conducted using 5 µg of total RNA in a core buffer
(GIBCO BRL) consisting of 500 µM each dNTPs, 200 pmol of each primer,
0.01 mM dithiothreitol (DTT), 20 U of RNasin (Promega), and 200 U of reverse
transcriptase (GIBCO BRL) in a total volume of 25 µL. All RNA templates
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are subjected to RNase-free DNase I (Promega) digestion (1 U, 37°C, 30 min)
before use in RT-PCR.
3. PCR is conducted using DNA (50 ng) or material from the ﬁrst strand synthesis
mixture (5 µL) as template in a total volume of 100 µL. The PCR buffer consists
of 20 mM Tris-HCl, 50 mM KCl, 200 µM each dNTPs, 100 pmol of each primer,
and 2.5 U Taq DNA polymerase (GIBCO BRL). When Pfu DNA polymerase (see
Note 3) is used, the reaction core buffer consists of 200 µM each dNTPs, 100 pmol
of each primer, 100 mM KCl, 100 mM (NH4)2SO4, 200 mM Tris-HCl, pH 8.75,
20 mM MgSO4, 1% Triton X-100, 1 mg/mL BSA, and 2.5 U Pfu DNA polymerase.
The reaction mixture is subjected to an initial denaturation at 95°C for 1 min,
followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C (68°C
when using Pfu DNA polymerase) for 1 min. A ﬁnal extension at 70°C (68°C when
using Pfu DNA polymerase) for 15 min is performed followed by a 4°C soak.
4. Agarose gel electrophoresis is used to examine the PCR results. The PCR
products can be recovered from the agarose gel and puriﬁed using Qiaquick Gel
Extraction Kit for subcloning.

3.2. Identiﬁcation of the Minimum Packaging Signal
in the SRV Genome
3.2.1. Construction of SRV Transduction Vectors

Four transduction vectors that contain distinct portions of the potential
packaging signal region have been constructed using the pSV-β-galactosidase
vector as a backbone.
1. A 3′ LTR fragment including the entire 3’ intergenic region of the D2/RHE/
OR/V1 genome (see Fig. 1A) is generated by PCR using primers 5′END and
3′END, and inserted into the Sal I (blunted by Klenow) site of the pSV-βgalactosidase vector by blunt-end ligation.
2. The resulting recombinant pSV3LTR is then digested with Hind III and Spe I.
PCR-generated 5′ LTR fragments containing distinct portions of the potential
packaging signal region are inserted into pSV3LTR (between the Hind III and
Spe I sites, blunted by Klenow) by blunt-end ligation. The resulting transduction
recombinants are named pSV345, pSV444, pSV650, and pSV989 (see Fig. 1B).

3.2.2. Construction of the Mutant Transduction Vector pSVmuta
(see Fig. 1B) Using a PCR Mutagenesis Strategy (see Fig. 2)

The gag gene start codon ATG has been replaced with a stop codon TAG in
this pSVmuta transduction vector.
1. Four primers, SF5LTR, UGAGTAG, LGAGTAG, and Psi-2, are designed and
synthesized for this mutation. The primers UGAGTAG and LGAGTAG are
complementary oligonucleotides containing the desired mutation, which are
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Fig. 2. PCR mutagenesis strategy for replacing the gag gene start codon ATG with
a stop codon TAG.
ﬂanked by unmodiﬁed nucleotide sequence. PCR is conducted using PFU DNA
polymerase (see Note 3). Two independent PCRs are set up. One reaction uses
primers SF5LTR and LGAGTAG; another reaction uses primers UGAGTAG
and Psi-2.
2. After conducting PCR, the PCR products are puriﬁed using 1% agarose gel
electrophoresis and the Qiaquick Gel Extraction Kit (QIAGEN). 100 ng of each
PCR fragment are mixed together as the template for secondary PCR using
primers SF5LTR and Psi-2 to generate the mutant PCR fragment.
3. The mutant PCR fragment is then gel puriﬁed using the Qiaquick Gel Extraction
Kit (Qiagen) and cloned into pSV3LTR between the Hind III and Spe I sites
(digested the pSV3LTR with Hind III and Spe I, then blunted the ends with
Klenow) by blunt-end ligation to generate the transduction vector pSVmuta.

3.2.3. Determination of SRV Packaging Sequence
by Transfection and Virus Transmissibility Approaches
1. The SRV transduction vectors are transfected into D2/RHE/OR/V1-infected Raji
cells using LIPOFECTIN Reagent to examine the packaging sequence required
for virus production (see Note 4).
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2. Cells and culture medium collected at 96 h posttransfection are separated by
centrifugation at 580g for 10 min.
3. The recovered culture medium is then filtered through a 0.45-µm syringe
ﬁlter and treated with 5 U of RNase-free DNase I (Promega) for 1 h at room
temperature. Virus particles in the culture medium are pelleted by centrifugation
(18,600g) at 4°C for 30 min and used as templates for RT-PCR with lac Z
gene-speciﬁc primers to examine the production of recombinant viruses (see
Notes 5 and 6).
4. The cell pellet is washed twice with 1X PBS, resuspended in 3 mL of serum- and
antibiotics-free RPMI-1640 medium and treated with 5 U of RNase-free DNase
I for 1 h at room temperature.
5. Total RNA is extracted from the cells using Tri-Reagent. RT-PCR is conducted
using lac Z gene-speciﬁc primers to conﬁrm the presence and expression of the
transduction vectors in the transfected cells.

3.3. Construction of SRV Packaging Vectors
1. Packaging vector pcDNA/GPP1-ψ – is constructed using the pcDNA3.1(+) vector
as a backbone. Brieﬂy, a PCR fragment containing the 5′ portion of the gag gene
(position 494-1010), with a PCR-generated Hind III site at the 5’ end, is inserted
into the Hind III and Spe I sites of vector pRc/RSV (Invitrogen) to construct
pRc/GAGATG. The sequence of the PCR-generated fragment is veriﬁed by
sequencing analyses from both directions.
2. A fragment containing the complete prt and pol genes and only the 3′ portion
of the gag gene is obtained from pBR-2R/V1 by BstE II and Xba I double
digestion. This fragment is then inserted into the BstE II (in the 5′ portion of
the gag gene) and Xba I sites of pRc/GAGATG to generate the packaging vector
pGPP1-ψ –.
3. A fragment containing the complete gag, prt, and pol genes is obtained by double
digestion of pGPP1-ψ – using Hind III and Xho I. This fragment is subsequently
inserted into the Hind III and Xho I sites of the pcDNA3.1(+) vector to generate
the packaging vector pcDNA/GPP-ψ – (see Fig. 1C).
4. To construct the packaging vector pcDNA/env-ψ –, a recombinant pcDNA/envKpn I is constructed by inserting a 2.2 kb Kpn I fragment from pBR-2R/V1
into the Kpn I site of pcDNA3.1(+). This 2.2-kb Kpn I fragment contains the 3′
portion of the SRV pol gene and the complete SRV env gene.
5. A PCR fragment, containing only the extreme 5′ portion of the env gene (ATG to
the Xba I site in the env gene region) and a PCR-generated Hind III site at its 5′
end, is digested using Hind III and Xba I. The resulting fragment is gel-puriﬁed
and inserted into the pcDNA/env-Kpn I (between the Hind III and Xba I sites)
to generate the packaging vector pcDNA/env-ψ – (see Fig. 1C). This insertion
eliminates the 3′ portion of the pol gene while retaining the entire env gene. The
PCR fragment is veriﬁed by sequencing analyses.
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3.4. Generation of SRV Packaging Cell Line ψ-SRV
The packaging vectors pcDNA/GPP-ψ – and pcDNA/env-ψ – are cotransfected into COS-1 cells using the calcium phosphate precipitation method (33)
to generate the SRV-speciﬁc packaging cell line ψ-SRV.
1. Packaging vector DNAs used for transfections are prepared by two cycles of
cesium chloride equilibrium density gradient centrifugation (see Note 4).
2. COS-1 cells are seeded (5 × 105 cells/100-mm dish, 1 × 105 cells/60-mm dish)
the day before transfection.
3. Mix 10 µg of each vector DNA with 500 µL of 250 mM CaCl2. Add 500 µL
of 2X BBS (see Note 7) dropwise into the DNA CaCl2 solution, mix well, and
incubate for 10 min at room temperature.
4. Add the calcium phosphate-DNA solution dropwise onto the COS-1 cell culture
while swirling the plate. Incubate 20–24 h in a 35°C, 3% CO2 incubator (see
Note 8).
5. Wash the cells twice with 5 mL serum-free medium, and add 7.5 mL (100-mm
dish) or 3.5 mL (60-mm dish) of complete medium into the dishes. Incubate the
plates for another 24 h in a 37°C, 5% CO2 incubator.
6. Geneticin (G418) is added at a ﬁnal concentration of 700 µg/mL to select stably
transfected packaging cells.
7. To select stable transfectants, change the medium to selection medium 24–48 h
posttransfection and allow the cells to grow for an additional 1–2 wk. Drugresistant cells are trypsinized, counted, seeded into 96-well plates at less than one
cell per well (in a volume of 0.2 mL per well) and allowed to grow in selection
medium. Wells containing only one cell are marked as potential candidates for
further characterization.
8. Following cell ampliﬁcation of packaging cell clones, genomic DNA and total
RNA are extracted. PCR using genomic DNA as template and RT-PCR using
total RNA as template are conducted using gag and env gene primers for initial
screening of packaging cell clones. Only those clones with both gag and env
genes ampliﬁed by PCR and RT-PCR are subjected to further analyses using
Southern and Northern blot approaches.
9. Southern blot analyses using genomic DNA from the transfectant clones are
conducted to conﬁrm the integration of the transfected packaging vectors. The
full-length D2/RHE/OR/V1 genome (see Fig. 1A) is used as the hybridization
probe.
10. Northern blot analyses using total RNA from these transfectant clones are
conducted to examine viral gene expression. The D2/RHE/OR/V1 genome (see
Fig. 1A) is used as the hybridization probe.
11. Transfectant clones retaining appropriately-sized positive signals for both gag
and env sequences in Southern and Northern blots are selected for use as SRV
packaging cells.
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12. Transient transfection of the transduction vector pSV989 into the SRV packaging
cells is conducted to conﬁrm production of replication-defective viruses. The
optimal packaging cell clone is named ψ-SRV. The production of recombinant
viruses is veriﬁed by reverse-transcriptase assay (4) and infection.

3.5. Detection of lac Z Gene Expression in Cells Containing
SRV Transduction Vectors
1. At 48–72 h post-transfection with SRV transduction vectors or 96 h postinfection
using lac Z gene-containing recombinant viruses, culture medium is removed.
Cells are washed twice with 1X PBS and ﬁxed at room temperature for 10 min
with freshly prepared ﬁxative solution (see Note 10).
2. Discard the ﬁxative solution using appropriate disposal methods and wash the
cells thoroughly twice using 1X PBS.
3. X-gal staining solution is dispensed into the culture plates (use 3 mL for 60-mm
plates and 5 mL for the 100-mm plates).
4. Incubate 1 h to overnight at 37°C. Cells with lac Z gene expression are stained
blue.

3.6. Infection of COS-1 Cells Using Culture Medium Containing
Replication-Defective Viruses (see Notes 5, 6, 11–13)
1. Transduction vectors pSV989 and pSVmuta are transiently transfected into the SRV
packaging cell line ψ-SRV using the calcium phosphate precipitation method.
2. Recombinant virus-containing culture medium is collected from each plate at 96 h
posttransfection, ﬁltered through a 0.45-µm syringe ﬁlter, treated with RNasefree DNase I (at a ﬁnal concentration of 5 U/mL for 1 h at room temperature)
and used immediately as an infection inoculant.
3. 12–16 h prior to infection, COS-1 cells (2 × 105 cell) are seeded in 60-mm
tissue culture dishes.
4. A 3-mL infection cocktail is prepared, composed of virus-containing culture
medium (1.0 mL), fresh culture medium (2 mL), and polybrene to a final
concentration of 8 µg/mL.
5. At time of infection, culture medium is replaced by the infection cocktail. These
cells are then incubated for an additional 48 h to 72 h at 37°C, 5% CO2.
6. X-gal staining is used to examine lac Z gene expression in the infected cells.
Transfected cells are also stained to determine transfection efﬁciency.

4. Notes
1. Use deionized distilled water in all recipes and protocol steps.
2. Transformation efﬁciency is very critical for the mutagenesis procedure. It
is recommended to use high-quality competent cells to achieve maximum
transformation efﬁciency.
3. To minimize unexpected mutations during PCR procedures, it is recommended to
use proofreading DNA polymerase, such as Pfu DNA polymerase (Stratagene).
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4. The transfection efﬁciency is greatly affected by the purity of the plasmid DNA.
It is necessary to purify the plasmid DNA using double banding through cesium
chloride gradients or to use an equivalent high-quality preparation.
5. Centrifugation may be used to concentrate the virus particles in the culture
medium. However, this procedure adversely affects viral infectivity.
6. Use 0.45-µm ﬁlters to prepare the virus-containing medium. Whenever possible,
use freshly prepared virus inoculants to infect the target cells. Even though the
ﬁltered medium can be frozen and stored at –70°C for months, the infectivity of
the retroviral preparation may be signiﬁcantly reduced.
7. It is advisable to test each lot of puriﬁed plasmid DNA and 2X BBS preparation
before use for your experiments.
8. The level of carbon dioxide in incubators containing transfected cultures is
critical for efﬁcient transfection. A Fyrite gas analyzer must be used to examine
the percent CO2 prior to incubation of transfected cells.
9. Because it takes about 1–2 mo to generate stable transfectant clones, contamination may occur during this long process. It is recommended to freeze an aliquot
of the drug-resistant cell pool and each individual transfectant clone as soon
as possible.
10. It is recommended to use a fume hood for all steps involving ﬁxatives. Longer
ﬁxation times may inhibit enzyme activity during the subsequent X-gal staining
procedure.
11. The susceptibility of the target cells to undergo infection is dependent on several
factors including viral receptor expression, expression of endogenous retroviral
envelope-like products, and the rate of cell division.
12. Virus yields are dependent on several factors, such as transfection efﬁciency,
expression level of the SRV gene products, length of time following infection
prior to virus harvest, and the ability to concentrate virus from culture medium.
It is necessary to optimize as many variables as possible to achieve high-titer
virus production.
13. Because the recombinant viruses are produced by transient transfection of
transduction vectors into the SRV packaging cell line ψ-SRV, high transfection
efﬁciency is critical for the production of recombinant retroviruses.
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Self-Inactivating Lentiviral Vectors
and a Sensitive Cre-loxP Reporter System
Lung-Ji Chang and Anne-Kathrin Zaiss
1. Introduction
Lentiviruses, such as human immunodeﬁciency virus (HIV), feline immunodeﬁciency virus (FIV), equine infectious anemia virus (EIAV), and bovine
Jembrana disease virus (JDV) are members of the Retroviridae, viruses with
enveloped capsids and a plus-stranded RNA genome. Like all retroviruses,
the RNA genome of lentivirus is converted to DNA by reverse transcription
(RT) after infection and is subsequently stably integrated into the host-cell
genome. However, unlike other retroviruses, lentiviruses can infect both slowand nondividing cells (1–3). To improve safety, U3 and U5 sequences of the
long terminal repeats (LTRs) of the lentiviral vector have been modiﬁed to
generate self-inactivating (SIN) vectors similar to those of the oncoretroviral
vectors (4,5). The aim of this chapter is to introduce a SIN lentiviral vector
system and the application of a sensitive Cre/loxP reporter system for vector
titer determination.
1.1. Lentiviral Genome Structure and Vector Elements
Lentiviruses are classiﬁed as complex retroviruses because of the multiple
regulatory steps involved in their life cycle. The lentivirus genome is a diploid,
plus-stranded RNA that is reverse transcribed into DNA (called provirus) and
integrated in the host-cell chromosomes (see Fig. 1). The proviral genome is
comprised of three conserved genes termed gag (group-speciﬁc antigen), pol
(polymerase, reverse transcriptase), and env (envelope), which are ﬂanked by
the LTRs (U3-R-U5). The LTRs serve as viral enhancer-promoter (in U3) and
polyadenylation signal (in R) controlling expression of the viral genes and
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ

367

368

Chang and Zaiss

Fig. 1. The genome organization of HIV-1. The organization of HIV-1 genes and
the essential genetic elements in the proviral DNA and viral RNA are illustrated.
The transcription of viral RNA starts from the 5′ terminus of R. Viral proteins except
for the Gag-Pol are encoded by alternatively spliced RNAs using different 5′ and
3′ splice junctions (s.j.) as depicted by arrowheads. The putative packaging signals
and cis-regulatory sequences are illustrated; TAR, Tat transactivating region; SL,
stem-loops; INS, inhibitory/instability RNA sequences; CRS, cis-acting repressive
sequences; RRE, Rev-responsive element; cPPT, central polypurine tract.

consist of untranslated regions, which contain the transcription start site and the
repeated sequences (R) important for RT and interaction with viral transactivator
Tat. In addition, the LTRs contain two integration attachment sites (attR and
attL), which are recognized by the viral integrase for integration into the host
genome. Immediately adjacent to the viral LTRs are the primer binding site
(PBS) and polypurine tract (PPT), both of which are essential for RT. One
essential element to vector function is the viral packaging signal (psi, ψ) that
interacts with capsid proteins during genome assembly. The packaging signal
also allows the viral RNA to be distinguished from other RNAs in the host cells.
Lentiviral vectors appear to require more than the conserved retroviral packaging signal (ψ) for efﬁcient packaging (see Fig. 1). Sequences in LTR, gag, and
env have all been reported to affect HIV-1 genome packaging (6–9).
Once integrated, the proviral genome will synthesize the viral transcripts
using the host RNA polymerase. The full-length viral transcript encodes the
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Gag-Pol polyprotein that provides the capsid and enzymes for RT (reverse
transcriptase) and integration (integrase). The synthesis and nuclear export of the
viral transcripts require the interaction of viral regulatory proteins with different
cis-acting sequences in the viral RNA (see Fig. 1). All lentiviral regulatory
and accessory proteins are encoded by variously spliced viral mRNAs that are
generated from the full-length viral RNA using different 5′ and 3′ splice signals
(see Fig. 1). The two essential regulatory proteins, Tat and Rev, are required
for efﬁcient Gag-Pol synthesis. Tat interacts with a 59 nt RNA structure “TAR”
at the 5′ end of the viral RNA and promotes transcriptional elongation. Rev
facilitates nuclear export of unspliced and singly spliced viral RNA by interacting with “RRE” and other cis-regulatory sequences (CRS) (10).
The minimally required viral elements for the lentiviral vector system are
the viral sequences that control Gag-Pol synthesis in a helper plasmid, and the
sequences that direct functions for genome packaging, RT, and integration in
a transducing vector construct.
1.2. A SIN Lentiviral Vector with U3 and U5 Modiﬁcations
Onco-retroviruses are known for their ability to mobilize and activate
oncogenes (11). To prevent oncogene activation and to improve safety, SIN
retroviral vectors have been developed by deleting sequences in the 3′ U3 (4).
Because only the region between the two R’s in the viral genome is converted
to DNA after reverse transcription, a 3′ U3 deletion will be passed on to both
LTRs after one round of RT. Some of the 3′ U3-deleted retroviral SIN vectors
display wild-type levels of titer, and by modifying both LTRs, the possible
reversion to the wild-type LTR can be prevented (5). Similar approaches have
been used to design SIN lentiviral vectors (12–14). To prevent wild-type
reversion, it is preferable that the 5′ U3 is replaced with a heterologous
enhancer/promoter. A lentiviral SIN vector with extensive modiﬁcations in
both the 5′ and the 3′ LTRs has been developed (see Fig. 2A, pTY) (14).
pTY has the entire 3′ U3 deleted except for the ﬁrst 24 nt encompassing the
integrase attachment site (attR). In addition, the 3′ U5 has been replaced with
the bovine growth hormone polyadenylation signal, and 35 nt of the 5′ U5
have been deleted without affecting vector function. The pTY vector exhibits a
twofold increase in vector titer after the insertion of a strong 3′ polyadenylation
signal (14).
The helper construct of the lentiviral SIN vector system, pHP, contains a
chimeric promoter that drives the expression of Gag-Pol (see Fig. 2B). pHP has
deletions in the 5′ untranslated leader, env, nef, and in the 3′ LTR (15). Beside
Gag-Pol, pHP also encodes Tat, Rev, and other HIV-1 accessory proteins (Vif,
Vpr, and Vpu) using spliced RNAs.
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Fig. 2. A lentiviral SIN vector system. (A) A lentiviral SIN vector with U3 and U5
modiﬁcations. The 5′ U3 of the SIN vector is replaced with a CMV immediate early
promoter and the 5′ U5 has a 35 nt deletion. The entire 3’ U3 and U5 are deleted except
for the 24 nt att site. A bovine growth hormone polyadenylation signal (bGHpA)
is inserted behind the 3′ R. (B) Genetic constructs of the three plasmids used for
lentiviral vector production. The HP/TY lentiviral SIN vector system uses three basic
vector constructs, pHP, pHEF-VSVG, and pTY in DNA cotransfections. An additional
eukaryotic expression plasmid, pCEP4-tat, can be included which increases vector titer
approx two- to ﬁvefold. pHP expresses all viral proteins except for Env and Nef. pTY is
a SIN transducing vector carrying the lentiviral packaging signals (ψ) with a mutation
in the major 5′ splice site, which does not affect the vector titer.

In addition to pHP and pTY, a VSV-G expression construct, pHEF-VSVG, is
needed for the synthesis of the viral envelope (see Fig. 3B). pHEF-VSVG uses
a strong human elongation factor promoter to drive the expression of VSV-G
(vesicular stomatitis virus G protein), and control of the level of this protein
may be necessary to reduce vector toxicity.
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Fig. 3. A sensitive Cre/loxP reporter system. (A) The generation of a ﬂoxed nlacZ
reporter cell line. pﬂox-nlacZ contains three reporter genes, HSV-tk, neomycin (G418)
resistant gene, and the ﬂoxed nlacZ gene (EFlα-tk-PGKp-neo-bGHpA-nlacZ). TE671
cells were transfected with pﬂox-nlacZ and selected with G418 for 10–14 d. The
single-cell clones were tested for Cre/lox recombination efﬁciency and a sensitive cell
clone, TE26, was chosen for the vector study. (B) Retro- and lentiviral SIN vector
titration using the Cre/loxP reporter system. MLV and HIV-1 SIN vectors carrying a
nlCre gene were made by DNA cotransfections and different dilutions of the vectors
were used to infect TE26 cells for titer determination as described in Subheading 3.
The unconcentrated virus titer/mL is shown.

1.3. A Sensitive Lentiviral Cre/loxP Reporter System
for Titer Determination
The routine lentiviral vector titration involves assays for reporter gene
expression such as the commonly used β-galactosidase (lacZ) enzyme assay.
The expression level of the lacZ reporter gene following lentiviral transduction
can be integration site-dependent. Thus, vector titration based on the lacZ
enzyme assay may underestimate the actual titer because a low level of
β-galactosidase activity might not be recorded. A sensitive and reliable reporter
gene assay will be useful for the evaluation of lentiviral vector efﬁciency
and safety.
Using the bacterial phage P1 Cre/lox recombination system, we have
developed a sensitive assay for the oncoretro- and lentiviral titer determination.
The Cre/lox site-speciﬁc recombination mediates DNA excision, integration,
inversion and translocation in a sequence speciﬁc manner involving only two
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genetic components: the 38-kDa phage P1 Cre (cyclization recombination)
recombinase and two 34 bp loxP (locus of X-over of P1) sites (16). The most
efﬁcient Cre/lox reaction is DNA excision from a “ﬂoxed” locus (ﬂanked
by loxP) and this reaction has been frequently applied for mouse genome
modiﬁcation (17). The Cre/lox reporter system for titer determination can be
very sensitive and accurate because the Cre-mediated DNA recombination can
permanently switch on an integrated reporter gene in a target cell which could
be engineered to carry multiple active integration loci. To establish such a
reporter cell line, the human TE671 cells were transfected with the pﬂox-nlacZ
plasmid which encodes a herpes simplex virus thymidine kinase (HSVtk) gene
and a G418-resistant gene for negative and positive selection, respectively, and
a ﬂoxed nlacZ gene (see Fig. 3A). Single-cell clones were established by G418
selection and tested for the leakiness of nlacZ expression, and the sensitivity
to the Cre-mediated recombination was examined. One of the ﬂoxed cell
clones, TE26, which exhibited no leakiness and high nlacZ activity after Cre
recombination, was chosen for the vector titration study.
A mammalian cell-adapted Cre gene with a nuclear localization signal
(nlCre) was generated by polymerase chain reaction. This nlCre gene was
inserted into SIN vectors of both MLV and HIV-1 behind the EF1 α promoter
as illustrated in Fig. 3B. Oncoretro- and lentiviral SIN vectors were produced
by DNA cotransfection using the MLV and the HIV-1 gag-pol plasmids,
respectively, and the pHEF-VSVG env plasmid as described in Subheading
3. The vectors were then used to infect the TE26 reporter cells. After 48 h
the infected cells were ﬁxed and stained with X-gal. Fig. 4 shows that before
infection, no nlacZ activity was detected but after infection, blue-nucleated
cells were easily visualized. The titers of the MLV and the HIV-1 SIN vectors
are in the range of >107 before concentration, which are 1–2 logs higher than
that obtained with traditional vector titration assays.
1.4. Safety and Improvement of Lentiviral SIN Vectors
In vivo lentiviral transductions of brain, eye, liver, and muscle tissues using
mice, rats, and monkeys have been demonstrated (18–20,21). In considering
safety, lentiviral SIN vectors are the preferable choice for future clinical
applications. Mutations in the LTRs of the pTY SIN vectors have no effect on
foreign gene expression. In addition, the pTY vectors do not contain silencing
or destabilizing elements, i.e., elements that are found in conventional retroviral
vectors, which affect long-term transgene expression (22,23; Zaiss and Chang,
unpublished). The SIN vectors may be further improved to increase the
expression of the internal foreign genes. As the native viral polyadenylation
signal, which resides in the R-U5 region, is suboptimal for the transcriptional
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Fig. 4. The illustration of nlCre virus mediated loxP recombination and activation
of nlacZ expression in the TE26 cells. TE26 cells carry several copies of integrated
ﬂoxnlacZ DNA. After viral transduction of nlCre, the ﬂoxed tk-PGK-neo-bGHpA
sequences are deleted and the EF1α promoter is connected to and activates the
downstream nlacZ reporter gene. The infected cells are shown as blue nucleated cells
after X-gal staining.

termination function, modiﬁcations of this viral sequence while preserving the
R-U5 function may further improve the lentiviral SIN vector efﬁciency.
2. Materials
2.1. Cells and Culture Conditions
1. 293, 293T cells (transformed human primary embryonic kidney cells) and TE671
cells (human rhabdomyosarcoma cells) can be obtained from American Type
Culture Collection (ATCC), Rockville, MD. The ﬂoxed reporter cell line TE26
was established in our laboratory and can be obtained upon request.
2. All cells are maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech) supplemented with 10% fetal bovine serum (FBS, Gibco BRL) and
100 U/mL of penicillin-streptomycin (Gibco BRL).
3. Stock cells are maintained in T75 ﬂasks and split 1/6 every 3–4 d. These cells
should not be overgrown at any time.
4. Six-well tissue culture plates for transfection, and 24-well plates for titration.

2.2. Plasmids
1. All plasmids used for transfection are puriﬁed by CsCl gradient centrifugation
(see Note 1).
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2. The two expression plasmids, pHP and pHEF-VSVG, which encode HIV-1 GagPol and the VSV-G envelope, respectively, provide necessary helper functions.
The third plasmid, pTY (SIN vector), carries the transgene of interest (promoter
plus the transgene open reading frame). A polylinker cloning SIN vector,
pTYlinker, is available for easy insertion of foreign genes (see Note 2).
3. To increase vector titer (up to ﬁvefold), a fourth plasmid, pCEP4Tat, which
provides additional Tat transactivation function, can be included in the DNA
cotransfection.

2.3. DNA Transfection
It is important that all materials are sterile to prevent tissue culture
contamination.
1. Six-well-tissue culture plates, T25 ﬂasks or other culture dishes.
2. 15-mL polystyrene or polycarbonate but not polypropylene tubes. Polypropylene
may reduce the efﬁciency of DNA transfection.
3. Sterile ddH2O (see Note 3).
4. 2.5 M CaCl2 (Mallinckrodt brand, see Note 4).
5. 2X BBS (BES-buffered solution): 50 mM N,N-bis(2-hydroxyethyl)-2 aminoethanesulfonic acid (BES) (Calbiochem or Sigma), 280 mM NaCl, 1.5 mM
Na2HPO4; adjust the pH with 1 N NaOH to precisely 6.98; ﬁlter the 2X BBS
solution with 0.45 µm ﬁlter and freeze in aliquots at –20°C (see Note 5).

2.4. Viral Vector Harvesting and Concentration
1.
2.
3.
4.
5.

Sarstedt 1.5-mL sterile screw-cap tubes and 15-mL and 50-mL conical tubes.
0.45-µm sterile-packed low protein-binding ﬁlters (Millex-HV, Millipore).
Polyethylene glycol 8000 (PEG 8000), 50% stock in ddH2O, autoclaved.
NaCl, 5 M stock, autoclaved.
Microfuge (max. 14,000–16,000 rpm) and bench top clinical centrifuge (max.
5000 rpm).

2.5. Lentiviral Vector Titration for LacZ Reporter Gene Expression
1.
2.
3.
4.

24-well tissue culture plates.
Polybrene (Sigma), 10 mg/mL stock (1000X), ﬁlter sterilized.
Phosphate-buffered saline (PBS).
Fixation Solution: 1% formaldehyde (0.27 µL of 37.6% stock to make 10 ml),
0.2% glutaraldehyde (Sigma, 80 µL of 25% stock to make 10 mL) in PBS.
5. X-gal-staining solution: 10 mL solution of PBS containing 4 mM K-ferrocyanide
(100 µL of 0.4 M stock), 4 mM K-ferricyanide (100 µL of 0.4 M stock), 2 mM
MgCl2 (20 µL of 1 M), and 0.4 mg/mL X-gal (200 µL of 20 mg/mL stock).
Stock ferrocyanide, ferricyanide, and X-gal should be kept frozen and away
from light (see Note 6).
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Fig. 5. A simple diagram illustrating lentiviral vector production. The HP/TV
vector system uses three DNA constructs for cotransfection of TE671 cells in six-well
plates.

3. Methods
3.1. Generation of Recombinant Lentiviral Vectors
Viral vectors are generated by cotransfection of three or four plasmids into
293, 293T, or TE671 cells (see Fig. 5). TE671 cells are easier to handle because
they attach to the culture dish better than 293 cells. All of the following steps
should be carried out in a biosafety hood. Lentiviral vectors should be handled
using NIH BSL2 safety guidelines. Extra caution should be taken if one is
not familiar with the vector background and the monitoring procedures for
replication-competent virus (RCV).
3.1.1. Cell Preparation
1. 17–20 h before transfection, each well of a six-well plate is seeded with 7 × 105
TE671 cells in 2 mL DMEM. By the time of transfection, the culture should
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have reached 95–100% conﬂuency. (Cells can also be split in T25 ﬂasks with
5 mL complete DMEM, see Note 7.)
2. The cells should be fed with fresh medium prior to adding the DNA. This can be
done during DNA incubation time.

3.1.2. DNA Transfection Using Calcium Phosphate Precipitation Method
1. Wipe clean a test tube rack and pipetmans with 70% ethanol. Prepare one
polycarbonate tube per vector sample.
2. For each well of a six-well plate, pipet sterile ddH2O (90 µL) and 2.5 M CaCl2
(10 µL) into one tube, and mix by vortexing (see examples in Fig. 6). Add the
following amount of DNA (2 µg/µL DNA stocks) to each tube: 15 µg pHP, 3 µg
pHEF-VSV-G, 8 µg pTY, and an optional 0.5 µg pCEP4Tat. Optional: a control
plasmid can be included in the DNA mixture for monitoring transfection
efﬁciency, for example, a GFP expression plasmid if the pTY construct does
not express GFP.
3. To the DNA solution for each well, add 100 µL of 2X BBS buffer at 2–3 drops
each time with gentle shaking while adding the buffer. A ﬁne precipitate will
form immediately after mixing the DNA and BBS buffer (see Note 8).
4. Incubate at room temperature (RT) for 5–45 min depending on the turbidity (pale
white suspension) of the DNA solution. If the DNA precipitates form quickly and
the solution looks very turbid, allow the solution to sit at RT for only 5–10 min
before adding it to the culture well.
5. During DNA-calcium phosphate incubation, the culture medium should be
replaced with 2 mL fresh medium (see Note 9).
6. The DNA precipitate (200 µL/well) is added dropwise while swirling the plate
with the other hand. If DNA is added too fast, the strong local pH changes may
result in reduced transfection efﬁciency.
7. Incubate the culture plates overnight at 37°C in a 3% CO2 incubator which
further improves transfection efﬁciency.

3.2. Viral Vector Harvesting and Concentration
3.2.1. Harvesting Virus
1. The next morning (15–20 h after DNA addition), remove the medium, wash the
cells once with 1–2 mL medium if necessary, and add fresh medium (1–2 mL). At
least 70–80% of the transfected cells (up to 100%) should express the cotransfected
GFP, which can be monitored directly under an inverted ﬂuorescent microscope.
2. The virus is secreted into the medium. From this time-point on (15–20 h after
DNA addition), virus can be harvested every 12 h for 3–4 d by collecting the
cell culture medium. The highest titer falls in between the second and the ﬁfth
harvest (see Note 10).
3. For unconcentrated virus stocks, virus supernatant is ﬁltered using a 0.45-µm
low-protein binding ﬁlter to remove cell debris. Virus aliquots should be stored
at –80°C until use (extended exposure to RT or repeated freeze-and-thaw reduces

Fig. 6. Examples of producing two different lentiviral vectors. The diagram shows the production of two different lentiviral
vectors, A and B, scaled for three-well and two-well transfections, respectively, using a six-well tissue culture plate.
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the titer). The transfected cells normally produce lentiviral vectors with titers
ranging from 105–106 transducing units per milliliter of culture medium.
4. For concentrated virus preparation, virus supernatant can be pooled and frozen at
–80°C immediately after collection for later concentration use.

3.2.2. Lentiviral Vector Concentration by Microfuge Centrifugation

Small volumes of lentiviral vectors can be concentrated 30–50-fold by a
simple centrifugation protocol using a microcentrifuge.
1. Filtered virus supernatant is transferred as a 1-mL aliquot into a 1.5-mL sterile
screw-cap tube with one side marked with a marker (Sarstedt) (see Note 11).
2. With the marked side facing out, spin the tube at 20,800g at 4°C in a microfuge
for 2.5 h.
3. Carefully transfer the tubes to a biosafety hood and discard most of the supernatant by pipeting, but leave behind approx 20–30 µL volume.
4. Rigorously vortex each tube for 20 s and vortex gently and continuously at 4°C
in a mixer or shaker for 2–4 h or overnight.
5. The same vector sample should be pooled together and realiquoted to avoid titer
variations among different tubes. The virus aliquots should be stored at –80°C.

3.2.3. Concentration by PEG 8000 Precipitation

For large volumes of virus concentration, we recommend the PEG 8000
precipitation method. The protocol is quite gentle to lentiviruses and the
recovery is close to 100%. The only drawback is the presence of high concentrations of PEG in the ﬁnal virus pellet, which may affect subsequent operation.
However, most tissue culture cells are not affected by the low volume of PEG
in the concentrated virus stock.
1. Collected virus supernatant is centrifuged at 2000g for 10 min to remove dead
cell debris and the supernatant is ﬁltered through a 0.45-µm low protein-binding
ﬁlter into a 50-mL conical tube and kept on ice.
2. To the virus supernatant, add 50% PEG 8000 to ﬁnal concentration of 5%, and
leave on ice.
3. To the virus-PEG sample, add 5 M NaCl to ﬁnal concentration of 0.15 M, and
mix by inverting the tube several times.
4. The virus and PEG mix is incubated at 4°C overnight.
5. After overnight incubation, the virus-PEG mix is centrifuged in a bench top
clinical centrifuge at 2000g at 4°C for 10 min.
6. Discard the supernatant carefully not to disturb the white virus pellet.
7. The virus pellet can be resuspended in any desired buffer at low volume (usually
at 1/100 of the original sample volume). The pellet can be easily dissolved in
PBS or any buffer solution by gently pipeting up and down.
8. The virus stock can be stored at –80°C in small aliquots.
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Fig. 7. Titration of lentiviral SIN vectors carrying a nlCre reporter gene. The diagram
illustrates titer determination by using different dilutions of a concentrated nlCre
reporter SIN vector stock on TE26 cells in a 24-well tissue culture plate. For virus titer
of 107/mL, 0.1–1 µL of supernatant will be optimal in this assay.

3.3. Titration of Lentiviral nlCre Vectors
The titration assay described below determines the number of infectious
units per mL of virus using the Cre/lox system (Fig. 7).
1. Split TE26 cells at 6 × 104 cells per well in a 24-well plate (approx 90%
conﬂuent). Allow cells to attach to the plate (2–4 h to overnight).
2. Mix different volumes of nlCre virus stock (usually 2–20 µL for virus with
expected titer of 10 5–10 6/mL) with 200–300 µL growth media containing
4–8 µg/mL polybrene.
3. Add the diluted virus to each well and incubate the plate at 37°C in a 5% CO2
incubator overnight.
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4. The next morning, add 0.5 mL growth media to each well and incubate the
plate for another 24 h. (Incubation time can be up to 48 h from the time the
virus was added.)
5. For lacZ enzyme assay, wash cells twice with PBS, and ﬁx at RT with the ﬁxative
for exactly 5 min (300 µL/well).
6. Wash cells three times with PBS and add 300 µL X-gal staining solution to each
well and incubate the plate at 37°C overnight (see Note 6).
7. Determine virus titer by counting blue cells directly using an inverted microscope.

4. Notes
1. CsCl banding is necessary (24), because the quality of plasmid DNA is critical
to transfection efﬁciency; puriﬁed DNA should be dissolved at 2 µg/µL in
molecular biology grade ddH2O (BRL).
2. pHP, pTYlinker, pTYEFnlacZ, pTYEFeGFP, pHEF-VSVG, and pCEP4tat are
all available from NIH AIDS Research and Reference Reagent Program (http://
www.aidsreagent.org/). pHP transformed bacteria should be grown at 30°C
during plasmid ampliﬁcation to prevent deletion. For the transducing vector
construct (pTY), an internal promoter is necessary but a foreign polyadenylation
signal should not be included.
3. The quality of water is critical to transfection. Molecular grade of ddH2O should
be used for the preparation of all buffers and DNA solutions.
4. Many other brands of CaCl2 do not work.
5. The pH of the 2X BBS will decrease after ﬁltration and after sitting at 4°C
overnight. The ideal working pH is 6.95–6.96. The working stock of 2X BBS can
be kept in RT but its pH may change with time. Therefore, the DNA incubation
time will need to be adjusted accordingly by monitoring the cloudiness of the
DNA precipitates.
6. The pH of the X-gal solution for the β-galactosidase assay is critical if the
cells have background enzyme activity. This can be prevented by increasing the
reaction pH to 8.0–8.5 using Tris-HCl buffer.
7. Consistent high titer is obtained usually from the six-well plate transfections.
8. The pH of BBS is critical to the transfection efﬁciency. If the DNA solution
remains very clear or becomes very turbid immediately after adding the 2X BBS,
the transfection efﬁciency will be low. A slightly turbid mixture which becomes
more turbid with time indicates the success of DNA precipitation.
9. To ensure the optimal pH, use a fresh bottle of medium (less than 1 mo old).
10. For harvest of 12-h periods, feed cells with low volume of medium (1 mL per
well for the six-well plates) to enrich virus concentration.
11. Mark one side of the tube and remove medium from the other side of the tube
after centrifugation to avoid disturbing the virus pellet. The maximal volume in
each tube should be kept below 1 mL during centrifugation to avoid possible
breakage of the tube.
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Lentiviral Vectors for Gene Transfer
to the Central Nervous System
Applications in Lysosomal Storage Disease Animal Models
Deborah J. Watson and John H. Wolfe
1. Introduction
Recombinant viral vectors have been used to study a variety of fundamental
issues in developmental neurobiology, as well as pathogenesis and treatments for
various neurodegenerative diseases. Lentiviral vectors are valuable tools for neurobiology research, because of their ability to transduce nondividing cells such
as neurons, to introduce new genes into central nervous system (CNS) cells in
vivo and in vitro. In this chapter, we provide a variety of detailed methods for
evaluating lentiviral transduction of the CNS in the mucopolysaccharidosis
type VII (MPS VII) mouse model.
1.1. Usefulness of Lentiviral Vectors for Gene Transfer
into the Brain
Lentiviruses such as human immunodeficiency virus type-1 (HIV-1) are
plus-stranded RNA retroviruses. Lentivirus preintegration complexes interact
with the nuclear pore and undergo active transport into the nucleus of nondividing cells (reviewed in ref. 1), where the proviral DNA is integrated into
the genomic DNA of the host cell. This feature is the primary reason that
lentiviruses are being developed as gene transfer vectors for postmitotic cells
in the CNS (2,3). Other lentiviral vectors have been developed using HIV-2 (4),
FIV (5,6), EIAV (7), and combinations of SIV and HIV-1 (8).
Lentiviral vectors have a number of additional advantages for transduction
of CNS cells. These vectors may be able to mediate long-term expression of
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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therapeutic genes because the recombinant provirus is integrated into the host
genome and can persist for the lifetime of the cell. The methods to produce
replication-defective vectors with recombinant genomes (see Subheading 3.)
theoretically eliminate the possibility of transferring any HIV-1 viral genes
to the target cell. Self-inactivating (SIN) vectors reduce the probability of
oncogenesis by promoter insertion. In SIN vectors, viral promoter activity is
deleted from the integrated provirus form due to deletions in the U3 region of
the 3′ long-terminal repeat (LTR) that are copied during reverse transcription
to the 5′ LTR. Removal of the viral promoter activity eliminates competition
with the internal promoter in the expression cassette. In addition, in the
integrated provirus, transcription is initiated downstream of the encapsidation
(ψ) sequence, reducing the chance that a vector genome can be encapsidated
(9). Lentiviral vectors may have the capacity to carry as much as 8 kb of genetic
material into the target cell [approx twice the capacity of adeno-associated
virus (AAV) vectors; (10)], facilitating the transfer of larger expression
cassettes. This capacity should allow for the generation of a wide variety of
useful experimental vectors, with multiple expression cassettes and promoters,
bicistronic or tricistronic cassettes linked by internal ribosomal entry sites,
regulatable or tissue-speciﬁc promoters, and genomic elements rather than
minimal cDNAs.
Another feature of the lentiviral vector system is that the virions can express
a surface protein that bypasses the usual HIV receptors and co-receptors,
thus changing or expanding the range of cell types that the vector can bind to
and enter. This is done by pseudotyping, which involves replacing the HIV-1
envelope glycoprotein with an envelope glycoprotein from another virus,
such as the vesicular stomatitis virus glycoprotein (VSV-G). A major cellular
receptor for VSV-G is thought to be phosphatidylserine, a lipid component of
plasma membranes (11). Pseudotyping with VSV-G allows transduction of a
wide range of cell types from various species, including the mouse, that HIV-1
does not normally infect [see (12)]. With these conditions, the major factor
governing which cell types express the transgene is the vector-encoded internal
promoter. Importantly for in vivo experiments in the CNS, in which small
volumes of vector are injected into brain structures, the stability of VSV-G
also allows concentration of the vector by ultracentrifugation. One major
disadvantage to the use of VSV-G, however, is the difﬁculty of generating
stable packaging cell lines expressing VSV-G at high levels. A number of
inducible systems are currently being developed to overcome this problem.
Finally, envelope glycoproteins from other viruses, including Mokola, EbolaZaire, Rabies, and MuLV (amphotropic) have been used to pseudotype HIV
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vectors and target their entry to certain cell populations (13,14), including
neuronal and glial populations of the CNS (15).
1.2. Animal Models of Lysosomal Storage Diseases
to Assess Gene Transfer into the Brain
The lysosomal storage diseases are classic examples of metabolic disorders
in which the lack of a lysosomal enzyme results in accumulation of an
undegraded substrate. Lysosomes increase in size and number, becoming
storage lesions that threaten the cellular integrity of neurons and other CNS
cells, as well as cells of many other organs including the heart, liver, spleen,
skeletal system, and retina. A large number of animal models of lysosomal
storage diseases have been characterized (see Table 1), including both naturally
occurring and genetically engineered mouse models [reviewed in (16,17)].
Furthermore, a wide variety of large animal models—including dogs, cats,
cattle, sheep, and goats—have been identiﬁed, characterized, and captured in
breeding colonies. These large animal models will be critically important for
the scale-up of gene transfer studies from rodents.
One well-studied lysosomal storage disease, mucopolysaccharidosis type VII
(MPS VII), is caused by a lack of the lysosomal acid hydrolase β-glucuronidase
[GUSB; (18)], which is involved in the degradation of glycosaminoglycans
(GAG). Onset is usually in childhood and mental retardation is a common
feature (for a review, see ref. 19). Naturally occurring animal models of
MPS VII have been described in dogs, cats, and mice (see Table 1). The
mouse GUSB cDNA has been cloned, and the mutation causing the MPS
VII phenotype was shown to be a single-base deletion, which results in an
essentially null mutant with less than 1/200th the amount of wild-type RNA
and no detectable enzyme activity (20). MPS VII mice have a signiﬁcantly
shorter life-span than wild-type mice (average 5–6 mo) and show obvious
bone disease, weakness, and immobility as they age (20,21). Although they are
grossly indistinguishable from normals at birth, storage lesions can be detected
histopathologically and accumulated glycosaminoglycans can be detected
biochemically at or before birth (22–24). The normal and mutant alleles can
be distinguished in heterozygous and homozygous mice at birth by genotype
using the polymerase chain reaction (PCR) to amplify the region containing the
mutation, followed by digestion of the PCR product with a restriction enzyme
with a recognition site that overlaps the mutation (25,26).
Animal models of MPS VII, coupled with a variety of methods to detect
β-glucuronidase activity (25), have been valuable research tools for gene
transfer experiments. A major advantage is that efﬁciency of transduction
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Table 1
Animal Models of Lysosomal Storage Diseases
Disease Name

Enzyme/Gene

Species

References

1. Disorders of Glycosaminoglycan Catabolism (mucopolysaccharidoses)
MPS I: Hurler Disease, Scheie Disease α-L-iduronidase
Cat, Dog, Mouse (19)
MPS II: Hunter Disease
Iduronate sulfatase
Dog, Mouse
(19)
MPS IIIA: Sanﬁlippo A Disease
Heparan N-sulfatase
Dog, Mouse
(19,51,52)
MPS IIIB: Sanﬁlippo B Disease
α-N-AcetylglucosMouse, Emu
(53,54)
aminidase
MPS IIID: Sanﬁlippo D Disease
N-Acetylglucosamine
Goat
(19)
6-sulfatase
MPS IVB: Morquio B Disease,
β-Galactosidase
Cat, Dog, Sheep, (19,55)
GM-1 gangliosidosis
Cattle, Mouse
MPS VI: Maroteaux-Lamy Disease
N-Acetylgalactosamine Cat, Rat, Dog,
(19,56)
4-sulfatase
Mouse
(arylsulfatase B)
MPS VII: Sly Disease
β-Glucuronidase
Dog, Mouse,
(19–21,
Cat
57,58)
2. Disorders of Glycoprotein Degradation
α-Mannosidosis
α-Mannosidase
Cattle, Cat,
(59–61)
Guinea Pig,
Mouse
β-Mannosidosis
β-Mannosidase
Goat, Cattle
(61)
α-Fucosidosis
α-Fucosidase
Dog
(61)
Sialidosis, type I, II, congenital
α-Neuraminidase
Mouse
(61)
Galactosialidosis
Protective protein/
Sheep, Mouse
(62)
Cathepsin A (PPCA)
Aspartylglucosaminuria
Aspartylglycosaminidase Mouse
(63)
Schindler Disease
α-N-Ac-GalactosMouse
(64)
aminidase (aminidase)
Mucolipidosis II (I-cell disease)
N-Acetylglucosamine-1- Cat
(65)
phosphotransferase
3. Disorders of Glycolipid and Glycogen Degradation and Lysosomal Trafﬁcking
Fabry Disease
α-Galactosidase A
Mouse
(64)
Tay-Sachs Disease
α-hexosaminidase
Mouse
(66)
(GM2-gangliosidosis)
(Hex A gene)
Sandhoff Disease
α- and β-hexosaminidase Cat, Mouse
(66)
(GM2-gangliosidosis)
(Hex B gene)
GM2-activator deﬁciency
GM2 activator (GM2A Mouse
(67)
(GM2-gangliosidosis)
gene)
GM2-gangliosidosis
Undetermined
Dog, Pig
(66)
Niemann-Pick A and B
Acid sphingomyelinase Mouse
(68,69)
Niemann-Pick C
NPC-1
Cat, Dog, Mouse, (70)
Nematode
Acid lipase deﬁciency,
Liposomal acid lipase
Mouse
(71)
Wolman disease,
Cholesterol ester storage disease
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Glycogen Storage Disease type II,
Acid maltase deﬁciency (AMD),
Pompe Disease
Gaucher Disease
Metachromatic Leukodystrophy
Krabbe Disease,
Globoid cell leukodystrophy,
Galactosylceramide lipidosis
Batten Disease, Juvenile
neuronal ceroid lipofuscinosis
Sphingolipid Activator Protein
Deﬁciency

α-Glucosidase

Glucocerebrosidase
Arylsulfatase-A
Galactosylceramidase
(galactocerebroside
β-galactosidase)
Multiple gene
products associated
with lysosomes
SAP-B, SAP-C, SAP
precursor
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Cat, Sheep,
Cattle, Dog,
Quail, Mouse
Dog, Mouse
Mouse
Dog, Cat,
Sheep, Mouse,
Monkey
Sheep, Dog,
Mouse
Mouse

(72)

(73)
(74)
(75)

(76)

(67)

Note: Genetics, phenotype, and pathology of individual animal models of lysosomal storage
diseases are discussed in detail in the chapters listed in this table and the references therein.

(usually assayed with a reporter gene) and therapeutic efﬁcacy (usually assayed
with a functional therapeutic gene) can be assessed with the same transgene.
β-glucuronidase activity can be localized in tissue sections using enzyme
histochemistry, allowing three-dimensional mapping of the distribution of
the gene product in the brain (27). Quantitation of β-glucuronidase enzyme
activity in tissue homogenates allows direct comparison of various vectors or
promoters. As new viral vectors are developed, many of them have been tested
in the MPS VII mouse, including vectors based on herpes simplex (28,29),
adenovirus (30), adeno-associated virus (27,31,32), retroviruses (33–35), and
lentiviruses (36).
1.3. Treatment of Lysosomal Storage Disorders
After synthesis, lysosomal enzymes are posttranslationally modiﬁed in the
endoplasmic reticulum (ER) and the Golgi apparatus by the addition of a mannose6-phosphate (M-6-P) residue (see Fig. 1). Binding of the glycosylated enzyme
to the M-6-P receptor targets the enzyme to the lysosomal compartment, where
it is enzymatically active in the low pH environment. Some enzyme, however,
can be released from the cell via the constitutive secretory pathway, bind to
M-6-P receptors on neighboring cells, be endocytosed and trafﬁcked to the
lysosomes, and is then able to degrade any accumulated, stored substrate. This
process is known as cross-correction (37). Thus, a group of cells secreting the
therapeutic enzyme becomes the center of a sphere of correction. The radius of
the sphere depends on several factors including the amount of enzyme secreted
from the source, the limits to diffusion of the enzyme through the tissue such
as the extracellular matrix (ECM), the stability of the enzyme, and the degree of
uptake by the surrounding cells. Cross-correction expands the therapeutic effect
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Fig. 1. Synthesis and trafﬁcking of lysosomal acid hydrolases and mechanism of
cross-correction.

in most lysosomal storage diseases such as MPS VII. However, not all lysosomal
storage diseases involve a secreted enzyme, including Gaucher disease and
Niemann-Pick type C. In these cases, correction will have to be truly “global” in
that the therapeutic gene product must be introduced into every diseased cell.
Therapeutic approaches for lysosomal storage diseases include infusion of
recombinant enzyme (enzyme replacement therapy), transplantation of normal
heterologous cells (bone marrow transplantation), and gene transfer (see Fig. 2).
Although storage lesions can be corrected in non-CNS organs by enzyme
replacement or cell transplantation, entry of circulating enzyme into the CNS is
prevented by the blood-brain barrier, unless performed in utero or in perinatal
life (38,39). To target CNS pathology in lysosomal storage diseases in animal
models, the enzyme must be supplied locally. For example, heterologous cells
expressing the therapeutic enzyme have been directly transplanted into the
brain parenchyma as grafts. Grafts of genetically engineered nonneural cells
[such as ﬁbroblasts (33)] or of normal or engineered neural progenitor or stem
cells (40,41) are two options. Alternatively, CNS cells can be corrected by
direct gene transfer using viral or nonviral vectors.
1.4. Lentiviral Vector Production
The development of stable packaging cell lines that produce high titers of
lentiviral vectors has been hindered by the toxicity of constitutive VSV-G
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Fig. 2. Therapeutic strategies for lysosomal storage diseases.

expression (see refs. 42–45). For this reason, many groups continue to use
transient triple transfection to generate their vector stocks. Although this
requires large amounts of high-quality plasmid DNA, the method is reliable
in producing 106 or higher transducing units per ml of culture supernatant.
At least three plasmids are required (see Fig. 3): one encoding the envelope
glycoprotein (most commonly VSV-G), one encoding the packaging proteins
(minimally including gag and pol, often including tat and rev on the same
plasmid, and in some cases the accessory genes vif, vpr, vpu, and nef ), and
one encoding the genome [including the intact or self-inactivating LTRs, the
promoter and cDNA of interest and, in some cases, WPRE and cPPT elements,
which increase titer and expression (46,47)].
2. Materials
2.1. Transfection
1. A highly transfectable cell line such as human embryonic kidney 293T (available
from ATCC, Rockville, MD, # CRL 1573).
2. Growth media for 293T cells: Dulbecco’s modiﬁed Eagle’s medium (DMEM)
with glutamine, supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum (FBS).
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Fig. 3. Examples of plasmids used for production of HIV-1-based lentiviral vectors
(10,48). In the ﬁrst generation core packaging plasmid, the encapsidation signal (ψ) is
deleted and the env proteins are not expressed.

3. Poly-D-lysine (Sigma P0899).
4. Borate buffer (dissolve 2.38 g boric acid and 1.27 g borax in 500 mL water; ﬁlter
sterilize; store at 4°C up to 6 mo).
5. Reagents for calcium phosphate transfection: 2 M CaCl2, 2X Hepes-buffered
saline (HeBS) (16.4 g NaCl, 11.9 g HEPES acid, 0.21 g Na2HPO4, adjust the pH
to 7.05–7.12, adjust the volume to 1 L of water and ﬁlter sterilize). The CalPhos
transfection kit from Clontech (K2051-1) also works well.
6. High-quality plasmid DNA: transfer plasmid, packaging plasmid, envelope
plasmid. For 10-cm plates, 20 µg transfer plasmid, 15 µg packaging plasmid,
5 µg envelope plasmid (48). For 15-cm plates, 45 µg transfer plasmid, 33.75 µg
packaging plasmid, 11.25 µg envelope plasmid.
7. Polybrene (hexadimethrine bromide; Sigma H9268), 800 µg/mL (100X) stock
solution in PBS.
8. Large polyallomer centrifuge tubes (such as Beckman #326823) for concentrating
the vector in a Beckman SW28 ultracentrifuge rotor.
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2.2. Stereotactic Surgery
1. Anesthesia: scale to weigh the mice, ketamine (Ketaset, Fort Dodge Animal
Health, Fort Dodge, IA) and Xylazine (Phoenix Pharmaceutical Inc, St. Joseph,
MO), 0.9% sterile saline, disposable sterile syringes with 27-gauge needles.
2. Surgical Preparation: A small electric shaver, ethanol swabs (Fisher 06-669-62),
a scalpel, small surgical clips (such as Bulldog-type serreﬁnes, Fine Science
Tools #18050-28), stereotaxic frame (such as Kopf Small Animal Stereotaxic
Frame Model 900, David Kopf Instruments), felt pen.
3. Drilling and injection: Drill and drill bits (such as Foredom FM3545 control
with MH145 handpiece, available from Kopf), Hamilton syringe with a blunt
30-gauge needle for vector injections; pump (such as a Stoelting 310; Stoelting
Co., Wood Dale, IL 60191), a two-arm halogen light.
4. Postoperative care: absorbable suture thread (such as coated Vicryl with C3
needle, Ethicon, Inc.), heating pad.
5. Perfusion: Dissecting tray or styrofoam block covered with foil and placed in
a glass dish, sterile PBS (4°C), ﬁxative (such as 4% paraformaldehyde in PBS,
pH 7.4, 4°C), large scissors for cutting the skin, sharp, ﬁne scissors, large blunt
forceps, hemostat or needles, butterﬂy needle (23 × 3/4 inch infusion set, Abbott
Laboratories #4565, Chicago IL), three-way valve, infusion pump, and tubing.
6. A manual for stereotaxic surgery such as R. K. Cooley and C. H. Vanderwold
(1990) Stereotaxic surgery in the rat: A photographic series. A. J. Kirby Co.,
London, Ontario. ajkirbyco@pobox.com. Other reviews have been published
recently (49,50).
7. A mouse brain atlas such as: K. B. J. Franklin and G. Paxinos (1997) The mouse
brain in stereotaxic coordinates. Academic Press, New York. Additional guides
are available on-line at http://www.nervenet.org/mbl/mbl.html

2.3. Reagents for Detection of β-Glucuronidase
on Frozen Tissue Sections
1. Solution 1 (Chloral hydrate formalin ﬁxative): 1% chloral hydrate in 20% (v/v)
neutral buffered formalin in distilled water: Mix 0.1 g chloral hydrate (Sigma
C8383), 20 mL neutral buffered formalin, 80 mL deionized water. Chloral
hydrate is extremely hygroscopic. A DEA license is required for chloral hydrate
purchase and use. Store at 4°C.
2. Solution 2 (Chloral-formal-acetone ﬁxative): Mix 7 parts acetone to 3 parts
solution 1. The solution will be cloudy when ﬁrst mixed. Put at 37°C until clear,
then ﬁlter through 0.45-µm ﬁlter. Store at 4°C.
3. Solution 3 (0.2 M sodium acetate buffer): Mix 20 mL of 1 N HCl, 40 mL of 1 M
sodium acetate and 140 mL deionized water. Adjust pH to 4.5. Store at 4°C.
a. Solution 3a (0.05 M sodium acetate, pH 4.5): Dilute solution 3 at 1⬊4 with
deionized water and adjust the pH to 4.5. Store at 4°C.
b. Solution 3b (0.05 M sodium acetate, pH 5.2): Dilute solution 3 at 1⬊4 with
deionized water and adjust the pH to 5.2. Store at 4°C.
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4. Solution 4 (0.25 mM napthol AS-BI β-D-glucuronide in 0.05 M sodium acetate
buffer, pH 4.5): Add 13.7 mg napthol AS-BI β-D-glucuronide (Sigma N1875)
to 100 mL of solution 3a. Dissolve with stirring at 37°C, but do not raise the
temperature above 50°C. Store at 4°C.
5. Solution 5 (0.25 mM napthol AS-BI β-D-glucuronide in 0.05 M sodium acetate
buffer, pH 5.2): Add 13.7 mg napthol AS-BI β-D-glucuronide (Sigma N1875)
to 100 mL of solution 3b. Dissolve with stirring at 37°C, but do not raise the
temperature above 50°C. Store at 4°C.
6. Components of the substrate solution:
a. Solution 6a (4% pararosaniline chloride): Dissolve 0.04 g pararosaniline
chloride (Sigma P3750) in 1.0 mL 2 N HCl. Make 1 d before use and vortex
well to mix. Store at 4°C for up to 3 wk.
b. Solution 6b (4% sodium nitrite): Dissolve 0.04 g sodium nitrite (Fisher
S347-250) in 1 mL deionized water. Make 1 d before use and vortex well to
mix. Store at 4°C for up to 1 wk.
7. To make the ﬁltered substrate solution (prepare 10–30 min before staining): Mix
equal volumes of solution 6a and 6b (add the pararosaniline to the sodium nitrite
to minimize precipitation). Add 1 vol of the mixture to 500 vol of solution 5 (for
example, 20 µL of the 6a/6b mixture to 10 mL of solution 5). Filter through a
0.45-µm ﬁlter before use.
8. 1% aqueous methyl green extracted 3–4 times with CHCl3.

3. Methods
3.1. Transfection
1. Coat 10-cm or 15-cm diameter tissue culture plates 4 h to overnight at RT with
1 mg/mL poly-D-lysine in borate buffer. Rinse well with sterile water before
plating the cells (see Note 1).
2. Split 293T cells at 1.5 × 106 cells per 10-cm plate or 2.1 × 107 cells per 15-cm
plate (see Note 2).
3. The following day, gently change the medium to 9 mL (10-cm plate) or 20 mL
(15-cm plate) fresh growth medium 2–4 h prior to transfection.
4. Combine the plasmid DNAs in water to 438 µL (10-cm plate) or 985.5 µL
(15-cm plate), then add 62 µL (10-cm plate) or 139.5 µL (15-cm plate) 2 M
CaCl2 (see Note 3).
5. While mixing thoroughly, add the DNA mixture dropwise to 500 µL (10-cm
plate) or 1.125 mL (15-cm plate) 2X HeBS. Let the mixture stand at room
temperature for 20 min to allow formation of the precipitate, then add dropwise
to the plate of cells (see Note 4).
6. Eight to twelve hours after transfection, aspirate the transfection mixture and
gently rinse the cells.
7. Replace the medium with 5 mL (10-cm) or 12.5 mL (15-cm) culture medium
(see Note 5).
8. Collect and replace the medium every 24 h for 3 d (see Note 6).
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3.2. Collection and Concentration of the Viral Supernatant
1. Collect the viral supernatant and gently but immediately replace fresh prewarmed
(37°C) medium on the cells. Keep the viral supernatant on ice during processing.
2. Centrifuge the viral supernatant for 5 min at 1000 rpm, 4°C, to remove cellular
debris.
3. Filter the viral supernatant through a 0.45-µm ﬁlter (see Note 7).
4. For concentration of the viral supernatant, centrifuge the medium at 50,000g
for 2 h at 4°C (see Note 8).
5. Keep the tube on ice while resuspending the pellet with a pipetman. Some groups
prefer to resuspend the pellet gently overnight at 4°C but others maintain that
speed is of the essence to preserve the titer. Store aliquots of the vector at –80°C
(see Note 9).

3.3. Titering Lentiviral Vectors
1. For marker genes, we ﬁnd that a functional titer (i.e., a value in transducing
units/mL) is the most useful measure of the amount of vector produced. We
routinely titer on 5 × 104 293T cells plated in a 24-well plate and transduced the
day after plating. The vector is titered in 10-fold dilutions with 8 µg/mL polybrene,
and the cells are assayed 48 h after transduction. Alternative approaches include
immunohistochemistry to detect expression of the transgene in the titering cells, or
FACS analysis where possible. However, some proteins are difﬁcult to detect, and
in this case the use of a p24 gag enzyme-linked immunosorbent assay (ELISA)
(NEN Life Sciences, see below) or a reverse transcriptase assay may be useful.
Another alternative is to construct vectors with an internal ribosomal entry site and
a marker gene downstream of the cDNA of interest, although the lower abundance
of the downstream protein requires a sensitive detection method.

3.4. Assays for Replication-Competent Recombinants
1. Test for virus production in transduced target cells: Condition medium on
transduced cells for 48 h, collect and ﬁlter it through a 0.45-µm ﬁlter to remove
any cell debris, then apply it to a fresh plate of target cells. Assay the target cells
for the presence of the transgene encoded in the vector genome.
2. To test for the presence of packageable viral RNA in transduced cells, transfect
transduced cells with packaging and envelope constructs, condition the medium
for 48 h, then assay the medium on a fresh plate of target cells. If cells were
transduced with a vector containing the rev-response element and a packaging
signal surrounded by splice donor and acceptor sites, expression of rev from
the packaging construct will prevent the packaging signal from being spliced
out, allowing genomic-length RNA to be made and packaged. If the cells were
transduced with a SIN vector, no genome-length RNA should be made.
3. To test for expression of viral genes in transduced cells, assay for the presence
of p24 gag in the conditioned medium. ELISA kits are commercially available
(Alliance HIV-1 p24 ELISA kit; NEN Life Science Products #NEK050).
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4. The issue of positive controls and sensitivity of these assays should be carefully
considered. Investigators using lentiviral vectors as experimental tools may not
have access to a P3 facility in which to work with wild-type HIV, or to minimize
the risk of cross-contamination, may not wish to work with wild-type HIV in
their laboratories. In some cases, media from the transfected producer cells can
serve as positive controls (see Notes 10–15 on biosafety and laboratory handling
of lentiviral vectors).

3.5. Anesthesia
1. A combination of ketamine and xylazine can be used for intraperitoneal (ip)
injections. Make up a solution of 5–10 mg/mL ketamine and 0.5 mg/mL xylazine
(diluted with 0.9% sterile saline) in a syringe with a 27-gauge needle. Weigh
the mouse and inject the anesthesia intraperitoneally to a dose of 100 mg/kg
(ketamine) and 5–10 mg/kg xylazine for adult mice. The diluted anesthetic
should be discarded after approx 2 wk. Ketamine is a DEA Schedule 3 drug and
must be purchased by an investigator with a DEA license.
2. The susceptibility of mutant mice to anesthetics is often different from that of
wild-type mice and should be determined for the particular strains of interest. For
example, MPS VII mice require only half the dose of normal mice.

3.6. Surgical Preparation of the Animals
1. Shave the head with an electric razor. Swab the scalp with ethanol, then make
an incision along the midline to expose the skull. Place a drop of Artiﬁcial Tears
Ointment (Phoenix Pharmaceutical Inc, St. Joseph, MO, #XC 50120) on each eye.
2. Mount the mouse in a stereotaxic frame. Make sure the animal’s head is level
and ﬁxed in position by the earbars and the toothbar. Attach small surgical clips
to the scalp and let them hang to the side of the head, to hold the scalp out of
the way. Mount a ﬁne-tip pen into the needle guide and align it to bregma, the
intersection of the saggital and coronal sutures. Based on the coordinates in a
mouse brain atlas, adjust the anterior-posterior and medial-lateral coordinates
so that the pen lies over the structure of interest. Make a mark on the skull
to guide the drilling, then replace the felt pen with the drill in the arm of the
stereotaxic frame.
3. Commonly used coordinates include (in mm, relative to bregma): [AP –2, DV
+2, ML +2] for hippocampus; [AP 0, DV +2.5, ML +2] for striatum; [AP 0, DV
+1, ML +2] for cortex; and [AP –2, DV +4, ML +1.5] for thalamus. It is possible
to inject multiple structures at one injection site by raising the needle after the
ﬁrst injection; for example, striatum and cortex, or thalamus and hippocampus
can be injected together.

3.7. Drilling and Injection
1. Carefully drill a hole through the skull, constantly raising the drill to check the
progress. Note that, due to their bone disease, the skulls of MPS VII mutant mice
are considerably thicker than those of wild-type mice.
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2. On the stereotaxic frame, replace the drill with the injection syringe attached to
the pump. Swing the arm of the syringe-holder to the side in order to load the
needle with vector. Keep the vector on ice at all times. Flick the tube or pipet up
and down a few times to mix the vector before loading it into the needle. If the
needle clogs repeatedly, brieﬂy centrifuge the vector before use.
3. Beginning at bregma, reposition the needle over the drill hole according to
the coordinates of the target region. Lower the needle until the tip just passes
the skull, stopping before the dura and cortex are penetrated. Note the reading of
the scale and slowly lower the needle the appropriate depth into the brain. Be sure
that the needle has penetrated the dura; if the drilling was performed carefully,
the dura may remain intact and will not be easily penetrated by a ﬁne, blunt
needle. Once the needle is at the target depth, lower the needle an additional
0.5 mm, then raise it again before starting the injection.
4. Inject the vector: various investigators use from 1 to 5 µL per site, with injection
rates ranging from 0.1–2 µL/min. We recommend 0.2 µL/min and no more than
2 µL per site or a total of 10 µL of volume injected per mouse brain.
5. Leave the needle in place at least 3 min before raising the needle. Raise the
needle very slowly. The goal is to allow the tissue to seal behind the needle,
avoiding backﬂow of the injected vector out of the hole.
6. Monitor the mouse’s breathing and pinch response throughout the procedure and
adjust the anesthesia if necessary.

3.8. Postoperative Animal Care
1. Release the mouse from the stereotaxic frame and wet the scalp gently with
a cotton swab.
2. Suture the the scalp. Cover the ﬂoor of a cage with paper towels and put it on a
heating pad. Wet a few food pellets and place them on the ﬂoor of the cage.
3. When surgery is performed with appropriately sterilized equipment, it is usually
not necessary to use antibiotic ointment on the wound or to include antibiotics
in the drinking water.
4. When the animals have fully recovered from the anesthesia (usually 1–3 h)
remove the cage from the heating pad, remove the paper towels, and replace
it in the ventilated rack.
5. Check the mice the following day to make sure the scalp wound is healing. Mice
will often chew out the sutures.

3.9. Perfusion
1. Deeply anesthetize the mouse (see Subheading 3.5.).
2. Perfusions should be performed in a fume hood. Place the mouse belly-up with
the tail toward you on a dissecting tray or a styrofoam block covered with foil
in a ﬂat glass dish. If necessary, use needles to pin the mouse in place. Make a
midline incision through the skin to expose the abdominal wall. Starting from
the lower abdomen, hold the muscle layer up with forceps and slice open the
abdominal wall with sharp scissors, being careful to not puncture any underlying
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organs. When the rib cage is reached, hold the base of the rib cage up with the
forceps and slice through the diaphragm to the left in order to open the chest
cavity and avoid the heart. Slice to the left, then to the right to expose the heart.
Flip the rib cage up toward the animal’s nose and pin it but do not cut it off. Make
an additional lateral slice on one side of the chest wall so blood and ﬁxative can
drain out of the chest cavity into the dissecting tray.
3. The heart should still be beating. Locate the right atrium, the small, dark red
chamber in the upper left rear area of the heart. Using very sharp scissors, make a
small snip as far away from the rest of the heart as possible. Blood will begin to
ﬂow into the chest cavity. Holding the heart with large blunt forceps, quickly pierce
the left ventricle with a butterﬂy needle and begin perfusing with PBS. Do not insert
the needle too deeply. If ﬂuid begins to ﬂow from the nose or mouth of the animal,
withdraw the needle slowly until it stops or reinsert the needle. After a few minutes
of perfusion, the needle can be clamped with a hemostat to hold it in place, or ﬁxed
in place with needles. We commonly use about 10 mL of PBS for an adult mouse.
Watch for the liver to lighten in color as an indicator. After the blood has been
ﬂushed out of the mouse, switch to ﬁxative and continue the perfusion. Use about
the same number of mL of ﬁxative as the mouse weighs in grams. Fixative should
be infused at a very slow ﬂow rate in order to avoid damaging the tissue. The tail
will often curl, or the paws may twitch, in response to the ﬁxative.
4. Carefully open the scalp and skull and remove the brain. Some investigators
prefer to post-ﬁx the brain in the same ﬁxative overnight at 4°C before embedding the tissue (see Notes 16–18 on preparation of tissue for β-glucuronidase
histochemistry).

3.10. Analysis of β-Glucuronidase Expression on Frozen Tissue
Sections
1. Bring the slides to room temperature (20 min, RT) and draw a ring around the
sections with a hydrophobic slide marker (such as PAP pen, Kiyota Intl. Inc).
2. Immerse the sections in solution 2 for 30 min at 4°C.
3. Wash the slides in three changes of solution 3a. It is essential to rehydrate the
slides well. If the slides are in a rack, 3 × 10 min incubations with agitation
at 4°C will sufﬁce.
4. Incubate the slides in solution 4 for 4 h to overnight at 4°C.
5. Remove the slides, aspirate the remaining ﬂuid, and remark the hydrophobic
well if necessary.
6. Place the slides horizontally in a ﬂat tray and add the ﬁltered substrate solution
to cover the sections.
7. Incubate the trays horizontally overnight in a humidiﬁed 37°C incubator.
8. Stop the reaction by rinsing the slides well in distilled water. Counterstain with
1% methyl green if desired.
9. Control slides are prepared by drying cells from normal mice, MPS VII mice, and
transgenic mice overexpressing β-glucuronidase onto eight-chambered slides.
Slides are stored at –20°C.
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4. Notes
1. HEK293T cells are extremely fragile and media should always be changed with
great care. Coating the culture plates with poly-D-lysine helps the cells to adhere
during transfection. Cells should be split at a ratio of approx 1⬊6 every 4 d.
2. After extensive passage, the transfection efﬁciency of a culture of 293T cells
will decline. It is advisable to freeze several vials of low-passage cells so a liquid
nitrogen stock is available when this happens.
3. The ratio of transfection mixture to culture medium should not exceed 1⬊10.
4. The pH of the 2X HeBS is critical for a high transfection efﬁciency and each
batch should be carefully tested.
5. Make sure the plates sit ﬂat in the incubator so the medium is evenly distributed.
If necessary, place a weight on top of the lid to minimize evaporation.
6. Many other methods of transfection are available. We have continued to use
the calcium phosphate method of transfection because it has proved efﬁcient, reproducible, and inexpensive for large transfections. However, the composition of the
medium should be compatible with the transfection method (for example, serumfree medium is recommended for use with some lipid transfection reagents).
7. It is absolutely essential to filter the vector before transferring it to target
cells. Contamination of a target cell culture with the producer cells can lead
to uninterpretable data.
8. It is easier to use a swinging bucket rotor so the pellet will be collected at the
bottom of the tube rather than on the side. After concentration the viral pellet can
be very sticky and require scraping and pipeting to remove it from the tube.
9. Vector frozen in serum-containing medium survives freezing better than vector
frozen in serum-free medium.
10. All waste material should be collected in a biohazard bag inside the tissue culture
hood, and the bag should be sealed before removing it from the hood.
11. Use of glass and sharps should be minimized.
12. A virucide, such as Conﬂikt detergent and disinfectant (Fisher #04-355-34),
should be used to wipe down the hoods and pipetmen after use.
13. All contaminated material should be autoclaved before disposal, all viral production should be restricted to one hood if possible and producer cultures should be
kept in a separate incubator if possible.
14. Injected animals should be kept in positive-pressure cages in a Biosafety Level
II room.
15. All laboratory protocols should be approved by the Institutional Biosafety
Committee. All animal protocols should be approved by the Institutional Animal
Care and Use Committee.
16. The optimal ﬁxative for the detection of β-glucuronidase enzyme activity is 1%
chloral hydrate in 20% neutral buffered formalin in distilled water (solution 1),
although other ﬁxatives such as 4% paraformaldehyde also work.
17. After perfusion and ﬁxation of the brain overnight, the brain is embedded in
OCT embedding compound (Sakura Finetek 4583; VWR 25608-930) and slowly
frozen on a bed of dry ice.
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18. Cryosections of 20-µm thickness are optimal for detection of enzyme activity.
Sections are stored at –20°C until use.
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A Highly Efﬁcient Gene Delivery System Derived
from Feline Immunodeﬁciency Virus (FIV)
Sybille L. Sauter, Mehdi Gasmi, and Thomas W. Dubensky, Jr.
1. Introduction
Feline immunodeﬁciency virus (FIV) is an appealing candidate for viral
vector development because recombinant FIV vectors efﬁciently transduce
dividing and nondividing cells and thus provides an alternative to primate
lentiviral vectors derived from simian immunodeﬁciency virus (SIV) or human
immunodeﬁciency virus (HIV). FIV naturally infects diverse Felidae worldwide
and feline gene therapy vectors are equipped with human-tropic envelopes and
hybrid long terminal repeats (LTRs), to overcome FIV’s cat-speciﬁc tropism
and low activity of the FIV LTR in human cells, respectively. The simple
genome organization of FIV with only three accessory/regulatory proteins
facilitates vector development. Recombinant FIV vectors generate titers
comparable to other lentiviral systems, and accessory proteins are not needed
for high titer or efﬁcient transduction. Compared to HIV vectors, FIV vector
development is still in its infancy, but initial in vivo data in various species
and tissues indicate long-term gene expression at therapeutic levels, and,
therefore, FIV vectors hold great promise for gene therapy applications.
Before we describe the generation of high-titer, replication-incompetent
feline gene delivery systems, we will brieﬂy discuss FIV biology and genome
organization to highlight the questions that needed to be addressed during
vector development.
1.1. General Biology of FIV
FIV was initially isolated from peripheral blood lymphocytes of a domestic
cat (Felis catus) presenting a syndrome of immunodeﬁciency (1). Because
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natural transmission mainly occurs horizontally through biting and scratching,
sexual, and vertical transmissions have also been reported in experimental
settings (2,3). In vivo, FIV is found in CD4+ T lymphocytes, but also in CD8+
T lymphocytes, B lymphocytes, and circulating monocytes (4,5). Certain
molecular clones of FIV such as 34TF10 can productively infect the feline
ﬁbroblast cell line CrFK in vitro (6). FIV tropism is determined by the viral
envelope protein (7–10), the LTRs as well as the accessory proteins Vif and
Orf2, which play an important role in primary target cell infectivity (11,12).
Interestingly, both primary isolates and CrFK-adapted FIV strains do not need
the feline CD4 molecule for infection (13), but can interact speciﬁcally with
the feline or human chemokine receptor CXCR4 to enter target cells (14–18).
However, CXCR4-independent mechanisms might also be involved in the
interaction between the FIV envelope with feline primary T cells (19) and
interleukin 2 (IL-2) independent T-cell lines (15).
In domestic cats, FIV pathogenesis is primarily characterized by a progressive incapacitation of the immune system. Similar to HIV, mechanisms of
CD4 cell depletion such as indirect triggering of apoptosis in uninfected cells
(20,21) and impaired T-cell regeneration owing to premature involution of the
thymus in juvenile cats (22) are induced by FIV infection. Another clinical
hallmark of FIV pathogenesis is the development of neurological abnormalities
in some infected animals. Given the common structural and biochemical
properties between HIV and FIV enzymatic proteins, drugs that inhibit HIV
replication, such as reverse transcriptase (RT) and certain protease inhibitors,
also inhibit FIV enzyme activity in vitro (23–26). In vivo, RT inhibitors have
improved clinical manifestations of FIV infection, notably in young cats (27).
1.2. FIV Genome Organization
Phylogenetic analyses have revealed that FIV is more closely related to
nonprimate lentiviruses than to the HIV/SIV subgroup (28). The 9.2-kb genome
of FIV harbors typical retroviral/lentiviral structures (see Fig. 1). As for all
retroviruses, the FIV proviral genome is ﬂanked by two LTRs and coding
sequences include the gag, pol, and env retroviral genes along with other
open reading frames (ORF), whose expression relies on alternative splicing
mechanisms. Most of these ORFs encode accessory/regulatory proteins that
have been characterized and display structural and/or functional similarities
with proteins encoded by other lentiviruses more or less distant in evolution.
1.2.1. Long Terminal Repeats (LTRs)

The 5′ LTR U3 region of the FIV proviral genome encodes the viral
enhancer/promoter that drives transcription of FIV RNA in infected cells.
Transcription regulatory elements consist of putative binding sequences for
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Fig. 1. FIV proviral genome organization relative to other lentiviruses. The relative positions of characterized open-reading
frames within each genome are shown.
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the transcription factors AP-1, AP-4, ATF, a C/EBP tandem, NF1, and nuclear
factor κB (NFκB) as well as two imperfect direct repeats, a CCAAT box and
a TATA box (29). Various studies were conducted to determine whether the
FIV genome encoded its own transactivator and de Parseval et al. recently
have brought strong evidence that Orf-2 is capable of transactivating the basal
activity of the FIV enhancer/promoter by up to 20-fold depending on the cell
type (30). The mechanism of this transactivation observed in feline as well as
in human ﬁbroblasts has yet to be deﬁned.
1.2.2. Structural and Enzymatic Proteins (Gag/Pol, Env)

The FIV Gag polyprotein is issued from the translation of the unspliced
genomic RNA. The FIV protease processes Gag into three proteins—matrix,
capsid, and nucleocapsid—that form the mature FIV particle. As observed
for HIV-1, a double cleavage between capsid and nucleocapsid releases both
proteins as well as a 2-kDa peptide whose function is unknown (31). The pol
transcript encodes the viral enzymes protease, RT, deoxyuridine triphosphatase,
and integrase and translation is achieved by ribosomal frameshift. The resulting
molecule is a Gag/Pol multiprotein and as in other retroviruses the ratio of Gag
to Pol is 20 to 1 (32). Comparative studies between the primate and the feline
protease identiﬁed common amino acid residues involved in the recognition of
protease ligands, important for the development of protease inhibitors that are
effective against different virus species (25,33,34). The FIV RT is sensitive to
nucleoside analog inhibitors, however, long-term treatment induces the emergence of resistant viral strains that contain speciﬁc mutations within the RT
coding sequence (35,36). The presence of deoxyuridine triphosphatase (DU)
within the FIV genome constitutes additional evidence of FIV’s relation to
nonprimate lentiviruses, which also encode the enzyme unlike HIV or SIV. DU
is found in prokaryotic and eukaryotic cells, and promotes the hydrolysis of
dUTP to dUMP in order to prevent misincorporation of deoxyuridine during
DNA synthesis. The FIV integrase is located at the C-terminus of the Gag/Pol
polyprotein and is responsible for site-speciﬁc cleavage of FIV viral DNA
ends, DNA strand-transfer, and integration (37).
Common to all retroviral envelopes, the fully processed FIV Env is a
glycoprotein heterodimer with the two subunits SU and TM noncovalently
attached. FIV Env also holds virus tropism determinants within its sequence
and although HIV and FIV may interact with CXCR4 to enter target cells, they
share little homology in their envelope protein sequences. Interestingly, Serres
(38) recently reported structural and physical analogies between the trimeric
models of TM ectodomains of HIV, SIV, and FIV and the IL-2 molecule of
their respective species. These ﬁndings suggest that three more-or-less distantly

Highly Efﬁcient Gene Delivery System

409

related immunodeﬁciency viruses have evolved a common structural feature to
speciﬁcally interact with their host target cells.
1.2.3. FIV Accessory Proteins Vif and Orf2

The vif gene has been found in all lentiviral genomes except for that of
equine infectious anemia virus (EIAV). Although sequence analyses show little
homology between vif genes of different lentiviruses, their size and location
within viral genomes is well conserved. Vif is involved in cell-free virus
infectivity, as evidenced by the incapacity of Vif-deleted mutants to replicate
in feline PBMCs. FIV Vif is localized in the nucleus of productively infected
cells (39), suggesting that Vif’s effect on virus infectivity could occur at the
nuclear level prior to virion release from the producer cells. Orf2 constitutes
a Tat-like factor that stimulates FIV enhancer/promoter basal transcription
activity (30). Although a stem-loop structure analogous to the Tat responsive
element (TAR) of primate lentiviruses has been described in the FIV LTR (40),
its involvement in Orf2-mediated transactivation has not yet been determined.
1.2.4. FIV Rev and the Rev Responsive Element (RRE)

The rev gene is found in all lentiviral genomes, and its product—the Rev
protein—is a key factor in lentivirus replication. Rev is encoded by two exons
present on multiply spliced mRNAs. The ﬁrst exon overlaps and shares the
same coding frame with the 5′ region of the env gene. The second exon is
located downstream of env and extends into the U3 region of the 3′LTR. Rev
constitutes the switch that triggers late gene expression in the virus life cycle
when present at a sufﬁcient concentration within the cell nucleus. Rev promotes
the nuclear export of unspliced and singly spliced mRNAs, such as the full
genomic RNA. The Rev protein interacts with a highly structured sequence, the
Rev responsive element (RRE) present on target mRNAs. The RRE typically
located in the central region of env in other lentiviruses was mapped at the 3′
end of the FIV env gene (41) and contrary to early reports, the FIV Rev/RRE
system is functional in human cells.
1.3. Development of FIV-Based Vectors
Recombinant FIV vectors provide an alternative to primate lentiviral vectors and offer possible solutions to some issues raised by vectors derived from
HIV. FIV is noninfectious in humans because despite exposure to FIV, no
seroconversion in human populations has occurred (42–45). Moreover, phylogenetic analysis suggests FIV is only distantly related to primate lentiviruses
(28,46,47). The generation and in vitro evaluation of FIV-based vectors,
ﬁrst described in 1998 (48), was followed by the optimization of FIV vector

410

Sauter, Gasmi, and Dubensky

technology (49,50). That FIV vectors are an extremely efﬁcient gene delivery
system. Potential for gene therapy applications was shown in subsequent in vivo
studies using a variety of transgenes, animal models, and target organs/cells.
Transduction of the primate and murine central nervous system (51–54), murine
liver (54), hamster muscle (49), and rabbit airway epithelium (55) resulted in
long-term expression at therapeutic levels. Although these initial studies were
carried out with VSV-G pseudotyped FIV vectors, FIV viral particles have also
been successfully pseudotyped with the amphotropic envelope derived from
the 4070A murine leukemia virus. In fact, MLV, HIV-1, and FIV-based vectors
carrying the amphotropic envelope have a prolonged half-life in human serum
compared to these vectors pseudotyped with VSV-G (56), a particularly
important ﬁnding for those applications requiring direct injection into blood
vessels.
FIV vectors transduce proliferating and nonproliferating cells arrested
in the G0/G1, G1/S, or G2/M phase including a variety of established cell
lines as well as primary human cells such as monocyte-derived macrophages,
postmitotic neurons, skin ﬁbroblasts, aortic smooth muscle cells, hepatocytes,
airway epithelia, and dendritic cells (48–50,55). So far, there is no report of a
cell type refractory to FIV vector transduction or a cell type that displays a large
discrepancy in transduction efﬁciency of nonproliferating versus proliferating
cells of ﬁvefold or higher.
When FIV vectors were ﬁrst developed, relatively little was known about
the sequence requirements for efﬁcient packaging of the FIV RNA genome
or the activity of certain cis elements in human cells. By analogy with other
lentiviruses, the location of the putative packaging signal for FIV was suspected
downstream of the 5′ LTR, possibly extending into gag coding sequences.
More was known about the activity of the FIV promoter in human cells: reports
described that feline-speciﬁc tropism of FIV is governed by low transcriptional
activity of the FIV LTR in human cells as well as its envelope (29,57–59).
Because FIV infects human cells without spreading of the virus in culture
(60,61) low levels of infection of human primary PBMCs were observed albeit
without evidence for FIV integration into the genome. Currently, we still have
little understanding as to what receptor(s) other than CXCR4, cell-surface
heparans and a recently reported 40-kDa protein (19) may be involved in
FIV wild-type infection, and because of that we suggest that state-of-the-art
safety measures developed for other lentiviral vectors be also applied to FIV
vectors despite lack of any evidence for disease in humans caused by exposure
to FIV.
The ﬁrst steps towards FIV vector development addressed basic questions
such as i) the ability to accommodate heterologous human-tropic envelopes,
ii) the FIV LTR activity in human cells, iii) the packaging signal’s size and
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location, iv) the need for RNA export elements in the transfer vector and
packaging constructs, and v) the inﬂuence of accessory proteins on titer and
transduction efﬁciency. All presently described FIV vector systems have been
derived from FIV-34TF10, a variant of the Petaluma strain (47). In an effort
to reduce the potential for homologous recombination, later generation FIV
constructs have minimal sequence overlap between components. FIV vector
development followed the general design of state-of-the-art lentiviral/retroviral
vector technology such as separating the cis-acting sequences involved in
the transfer of the viral genome to target cells from the sequences encoding the
trans-acting viral proteins. This “split-genome” strategy results in separate
expression plasmids for the FIV transfer vector, the packaging plasmid, and
the envelope plasmid. Because of this, currently described FIV vector systems
consist of three or four components depending on whether the Rev protein
is expressed from a separate plasmid (Fig. 2). Recombinant FIV vectors are
replication-incompetent and limited to a single round of the infection process
in the target cell without spreading further.
Recombinant FIV vectors are generated via transient transfection in the
highly transfectable human kidney cell line 293T (62) and titers of approx
1 × 106 cfu/mL in unconcentrated supernatants were achieved (49,50). Major
factors inﬂuencing the titer of FIV vectors include the choice of the production
cell line, the design and expression level of the structural and enzymatic helper
genes and the levels of vector RNA. Another critical factor is the molar ratio
of the vector, packaging and envelope components because this ratio strongly
inﬂuences the percentage of infectious versus noninfectious viral particles.
Relative transduction efﬁciencies of FIV vectors using a panel of human, feline
and rodent target cells varied up to two logs (48,50), suggesting that the choice
of cell line used for titration (and titering method) are additional factors to
consider. To facilitate titration of those FIV vectors without convenient readout, a real-time PCR titering method was developed (55).
1.3.1. FIV Transfer Vector

To overcome the FIV LTR’s low transcriptional activity in human cells, a
strong ubiquitous promoter such as CMV replaces the U3 region of the 5′ LTR,
which is the sole restriction to FIV replication in human cells (48). The CMV
promoter/enhancer region was fused to the R repeat in such a way that the
natural spacing between the CMV-derived TATA box and the FIV mRNA cap
site was preserved. This hybrid LTR promoter strategy, previously applied to
MLV and HIV vectors (63–66), allows FIV vector production in human cells.
Downstream of the 5′ hybrid promoter, the putative FIV packaging signal is
anticipated, yet interestingly no information on its size and exact location was
available until the question was raised in the context of FIV vector design.
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Fig. 2. Schematic presentation of the plasmid components for the FIV-based gene
delivery system. Represented are (A) the FIV transfer vector, (B) the FIV packaging
plasmid, and (C) a plasmid coding for a heterologous viral envelope. The FIV packaging plasmid can be Rev/RRE independent using heterologous export elements such
as the CTE, or the packaging functions use an Rev/RRE export element with the
Rev protein being driven by a separate plasmid (B). Prom. = promoter, pA = poly
A signal.

Currently, all described FIV vectors include the 270 nucleotides between the
5′ LTR and the gag start codon plus various lengths of gag coding sequence
ranging from 250 bp (49) to 1250 bp (48) without signiﬁcant effect on titer.
Recent studies analyzed the potential of SIV and HIV viral particles to package
FIV transfer vectors and showed that the primate proteins are capable of
packaging genomic FIV RNA but with an approx 100-fold lower efﬁciency
compared to homologous vector RNA (67).
Another cis-element of the FIV transfer vector is the signal for RNA export
necessary to transport unspliced or singly spliced RNA messages from the
nucleus to the cytoplasm. FIV’s natural RNA export system (FIV Rev/RRE), as
well as substitutions with heterologous export elements such as the cytoplasmic
transport element (CTE) from Mason Pﬁzer monkey virus (68) or the HIV
Rev/RRE export system were explored as well (49,50). Typically, Rev is
expressed from the packaging plasmid and its RRE binding site is located on
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both, the FIV transfer vector and packaging plasmid. The prototype of an FIV
transfer vector is shown in Fig. 2A. Heterologous export systems such as the
Rev/RRE system from HIV-1 achieved 1.5- to ﬁvefold increased titers (50),
whereas the CTE export element gave titers comparable to the FIV Rev/RRE
system as long as the CTE was located less than 250 bp upstream of the 3’FIV
LTR. In general, the FIV vector requires an export element for high titer vector
production, although the nature and location of the export element is ﬂexible
and certain heterologous export systems may help to increase titers relative to
FIV’s own export system. The capacity of FIV vectors is approx 8 kb once the
sequences coding for all structural and enzymatic proteins are removed.
1.3.2. FIV Packaging Plasmid

The packaging plasmid codes for gag/pol and supplies all necessary enzymatic and structural core proteins required for the FIV vector particle in trans.
A heterologous promoter and poly A signal at the 5′ and 3′ end, respectively,
replaces both FIV LTRs including the putative packaging signal. In addition,
the plasmid also provides an RNA export element and a prototype of the
FIV packaging plasmid with a Rev/RRE export element included in the same
packaging plasmid (three plasmid system) or provided on a separate plasmid
(four plasmid system) is shown in Fig. 2B. In the absence of any export system
in the FIV packaging construct, the titer dropped by as much as four to ﬁve
logs. Future modiﬁcations of the packaging plasmid may include the use of
degenerate codons to increase expression levels, gain independence from
export elements as described for HIV Gag/Pol (69) and eliminate sequence
homology to the packaging signal.
First-generation packaging plasmids retained the FIV-34TF10-derived
accessory proteins Vif and Orf2, and later generations of FIV vectors are devoid
of both accessory proteins (49,50). To study possible effects of vif and orf2 coding
regions and/or their proteins, packaging plasmids were generated containing
either vif or orf 2 alone, both genes or none. Because FIV-34TF10 is naturally
dysfunctional in Orf2 expression (47), its orf 2 coding region was substituted
with that of the fully functional orf 2 of the molecular FIV strain FIV14 (49).
Transduction efﬁciencies of vectors prepared without the vif and orf 2 genes
did not differ substantially from those with accessory gene expression in either
dividing or nondividing target cells, similar to the ﬁnding with HIV vectors,
where efﬁcient transduction does not require any accessory proteins except
for one reported case of diminished liver transduction after in vivo injection
of recombinant HIV-1 vectors lacking the accessory Vpr and Vpu proteins
(70). Interestingly, studies report efﬁcient transduction of primary human
hepatocytes by FIV vectors irrespective of the presence or absence of sequences
coding for FIV accessory proteins (50,54). Altogether, it may not be surprising
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that FIV vectors lacking accessory proteins show undiminished titer and
transduction efﬁciency, although it cannot be ruled out that accessory proteins
or their sequences may play a role in the transducibility of certain species or
tissues that have not yet been examined.
1.3.3. Envelope Plasmid

The ﬂexibility to incorporate non-FIV envelopes into FIV viral particles
provides an exciting opportunity for cell and tissue targeting using the natural
or modiﬁed tropism of heterologous viral envelopes. A heterologous promoter
and poly A signal regulate envelope expression and a prototype envelope
plasmid (Fig. 2C) does not differ in general design from envelope cassettes
described for other lentiviral vectors.
The general pseudotyping capability of the FIV particle is not yet explored to
great detail, but the pantropic VSV-G (71) and the amphotropic 4070 A-derived
envelopes (72) efﬁciently pseudotype FIV vectors (56) and thus FIV vectors
may incorporate further heterologous envelopes. Interestingly, the Gibbon
Ape Leukemia Virus (GALV) envelope efﬁciently pseudotypes MLV, but not
HIV vectors, and our own observations indicate that the GALV envelope does
not pseudotype FIV vectors either (unpublished data). However, successful
pseudotyping of HIV vectors with the GALV envelope after exchange of the
cytoplasmic tail of GALV with that of the MLV envelope in an effort to mimic
the amphotropic envelope, was reported (73). Although HIV vector titers
with the GALV envelope are low, alternative envelopes, and envelope hybrids
widen the opportunity to transduce speciﬁc cell types and enhance the FIV
vector’s utility for a range of applications where more restricted tropism is
beneﬁcial.
Attractive features of the VSV-G envelope include efﬁcient transduction of
a wide range of target cells and the ability to concentrate FIV vectors to high
titers (>1 × 109 cfu/mL) via simple centrifugation (74). Recombinant VSV-G
pseudotyped FIV vectors have therefore been particularly useful for initial
in vitro and in vivo proof-of-concept studies to analyze the inﬂuence of cis
elements and accessory proteins.
Additional aspects to consider when chosing an envelope for FIV vectors
include the viral particle’s sensitivity to human serum as well as the overall
antigenicity in particular for applications where repeat administration may
be needed. For example, MLV-based vectors produced in certain human cells
are resistant to inactivation by human complement (75–77), whereas vectors
produced in a nonhuman (canine) cell were rapidly susceptible to inactivation
both in vitro and in vivo (78). Besides the producer cell, the envelope may
contribute to complement sensitivity also (75,79,80). With that in mind,
amphotropic or VSV-G tropic MLV, HIV, and FIV vectors produced in human
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cells were tested for their relative complement sensitivity to human serum.
In contrast to their VSV-G counterparts, all three amphotropic pseudotyped
vectors survived when incubated with human serum (56). Sensitivity of VSV-G
pseudotyped vectors to human serum seems to result from an assault by
VSV-G speciﬁc antibodies directly or via complement activation. These data
suggest that FIV vectors with an amphotropic envelope may have substantial
advantages compared to VSV-G pseudotyped vectors for certain human gene
transfer applications, particularly those requiring intravenous administration.
1.4. In Vivo Gene Delivery by FIV Vectors
The promise of FIV vectors for direct gene delivery was ﬁrst demonstrated
by efﬁcient transduction of hamster muscle (49), followed by transduction of
mouse and primate brain, rabbit airway epithelium, and mouse liver. Extensive
transgene expression and duration in a variety of tissues and species is seen in
the absence of inﬂammatory responses. A particularly promising gene therapy
approach to cystic ﬁbrosis is the stable expression of a transgene in 5–10% of
airway epithelium transduced with FIV vectors from the apical side, since that
level of transduction achieved is in a range considered to be therapeutic (55).
FIV vectors may also be applied for diseases affecting the cerebellum such
as spinocerebellar ataxias (SCA), as suggested by detailed analysis of the cell
types transduced by FIV vectors following injection into mouse cerebrum,
revealing that Purkinje cells among others were successfully transduced
(51). Corrections of disease symptoms in the hemophilic and the β-glucdeﬁcient mouse models after injection of FIV/FVIII and FIV/β-gluc vectors,
respectively, indicate hope for the future treatment of genetic diseases such
as hemophilia A and mucopolysaccharidosis VII (54). For in vivo studies,
transiently generated FIV vectors were concentrated to achieve titers ranging
from 1 × 107–1 × 109 cfu/mL using a variety of methods including ultraﬁltration,
centrifugation, ion exchange chromatography and PEG-precipitation.
1.5. Safety Modiﬁcations
The major safety concern for lentiviral vectors is the emergence of replicationcompetent virus, which usually arises from homologous and to a lesser extent
nonhomologous recombination (81,82). In an effort to reduce the substrate
for homologous recombination, the sequence homology between FIV vector
components was minimized. Corresponding safety modiﬁcations of the FIV
vector system include i) separation of viral structural and enzymatic genes into at
least two expression cassettes, gag/pol and a heterologous env, ii) replacement of
the FIV LTRs with a heterologous promoter and poly A signal in the packaging
plasmid, iii) reduction of sequence homology between the individual retroviral
components, and iv) the use of human producer cells instead of feline cells. All
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presently described FIV vectors were generated in human cells and follow the
design of the split-genome approach with minimal sequence overlap (49,50).
To further separate the FIV components, expression of the FIV Rev protein was
driven by its own expression plasmid, resulting in a four-plasmid transfection
system for FIV vector production. Alternatively, heterologous export elements
such as the CTE eliminated the need for FIV Rev and RRE sequences altogether,
however, one area of sequence overlap remains in the currently described FIV
vectors, namely between the 3′ area of the putative packaging signal in the
FIV vector and the 5′ part of the packaging plasmid.
Following these general guidelines, minimal FIV packaging constructs
deleted in orf and vif sequences were designed. A minimal packaging construct
with only 6 bp of noncoding sequence upstream of the major splice donor
(MSD) site while deleting the 17 bp normally located between the MSD
and the gag start codon is as functional as a packaging plasmid without this
modiﬁcation. The most advanced packaging constructs contain heterologous
HIV Rev/RRE or CTE export elements.
Minimal FIV vector constructs retain only cis-acting elements such as LTRs,
packaging signal and RRE sequences. However, owing to its dual function as a
part of the putative packaging signal as well as the 5′ coding part of gag, partial
sequence of the 5′ gag-coding region is retained. The shortest packaging signal
reported in an FIV vector without titer loss includes the 270 bp between the
5′ LTR and the gag start codon plus the ﬁrst 350 bp of the gag-coding region
(49). These ﬁrst deﬁnitions of the putative packaging signal await further,
more detailed analysis of the minimal requirements for maximal packaging.
Additional safety features include the introduction of a stop codon approx 300 bp
downstream of gag start to avoid production of a Gag/Pol multiprotein in case
recombination between the FIV vector and packaging plasmid occurs (48).
Extensive testing for replication-competent virus generated during FIV
vector production has not yet been described, but our efforts to monitor FIV
p24 (capsid) expression levels in human and feline target cells exposed to hightiter FIV vectors and passaged for a period of six weeks did not result in any
p24 expression levels above background (unpublished data). Analogous to
the RCL testing of primate lentiviral vectors, additional RCL assays for FIV
vectors including quantitative PCR need to be developed to assure the safety of
this nonprimate lentiviral gene delivery system. An advantage of FIV vectors is
the fact that biosafety testing of these vectors can occur in the natural host.
1.6. Future Direction
Will lentiviral vector systems derived from various species perform in a
similar fashion in primates? Some lentiviruses naturally favor certain tissues
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and cell types, a feature often deﬁned by the envelope component. However, as
in the case of FIV-34TF10 where deletion of functional orf2 results in modiﬁed
cell tropism, it is conceivable that differences in the activity of cis-elements
and nonenvelope proteins such as the integrase or RT modulate the overall
efﬁciency of a given lentiviral vector in primates. Comparing different lentiviral
systems is a difﬁcult task because inequalities in vector material ﬂaws most
vector comparisons. To assess relative efﬁciencies of bovine, equine, feline,
simian, and human lentiviral vectors, all molecular components going into the
vector preparation must be generated and treated in the same manner, starting
with the quality of the plasmids, the design of the vector components, vector
production, puriﬁcation, and titration.
To further improve the potency of FIV-mediated gene transfer, additional cisacting elements such as the posttranscriptional regulator from the woodchuck
hepatitis virus (WPRE) (83,84) and the central DNA ﬂap, which boosts nuclear
import of the preintegration complex (85), may be incorporated as other retroand lentiviral systems have previously shown the positive effects of these elements (86–88). Future efforts to improve the safety and expression level of the
FIV core proteins may include the use of degenerate code to i) avoid sequence
homology, ii) increase expression, and iii) generate an mRNA independent
of any export element as described for the expression of HIV core proteins
(65,69,89,90). Another major step towards safe FIV vectors is the generation of
self-inactivating (SIN) vectors previously described for MLV and HIV vectors
(91–93). FIV SIN vectors (92–96) will eliminate remaining transcriptional
activity of the wild-type FIV LTR in human target cells by removal of the
critical U3 promoter/enhancer elements, thus abolishing production of genomic
FIV RNA in the target cell. An added beneﬁt may be increased expression
of the transgene since possible interference between the LTR with internal
promoters is eliminated.
Currently, FIV vectors are generated in a transient fashion and most
puriﬁcation/concentration steps are still rather crude. It is well established that
titer and quality of any retroviral/lentiviral vector preparation are important factors ultimately inﬂuencing in vivo efﬁcacy. Vector preparations can vary greatly
in their quality, especially concerning the ratio of infectious to noninfectious
viral particles as well as level and nature of contaminants. We expect, that
FIV vectors can be readily puriﬁed using similar methods described for the
production of high-quality MLV-based vectors (97). Another major improvement will be the availability of stable high-titer producer cell lines to facilitate
a commercially feasible manufacturing process that will, in turn, deliver
good quality vector at the clinically relevant titers required for therapeutic
responses.
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2. Materials
2.1. General Cell Culture, Cells, and Plasmids
1. 293T cells. Human embryonic kidney cell line based on 293 cells (ATCC,
CRL 1573) stably expressing the large T antigen of SV40 (62). 293T cells are
cultured in Dulbecco’s modiﬁed Eagle’s medium (DMEM) high-glucose media
supplemented as described below, grown at 37°C, 10% CO2, and split 1⬊10
every 2–3 d (see Note 1).
2. CrFK cells (ATCC, CCL 94). Feline kidney cell line used to propagate the
34TF10 FIV virus and as target cell line for FIV vector titration. CrFK cells are
cultured in DMEM high-glucose media supplemented as described later, grown
at 37°C, 10% CO2, and split 1⬊5 every 3–4 d.
3. HT-1080 (ATCC, CCL 121). Human ﬁbroblast cell line used as target cell line
for FIV vector titration. HT-1080 cells are cultured in DMEM high-glucose
media supplemented as described later, grown at 37°C, 10% CO2, and split
1⬊10 every 2–3 d.
4. DMEM, high glucose with glutamine, and sodium pyruvate (GibcoBRL, Rockville,
MD). Media supplemented with 10% fetal bovine serum (FBS, HyClone, Logan,
UT) and 1X MEM amino acids (GibcoBRL, Rockville, MD), (see Note 2).
5. Phosphate-buffered saline (PBS) pH 7.4 without calcium chloride or magnesium
chloride (GibcoBRL, Rockville, MD).
6. Trypsin-ethylene diamine tetraacetic acid (EDTA): 0.25% Trypsin, 1 mM EDTA
(GibcoBRL, Rockville, MD).
7. VSV-G envelope expression plasmid (Vesicular Stomatitis Virus glycoprotein),
(Clontech, cat#K1063-1, Palo Alto, CA).
8. FIV wild-type molecular clone 34TF10 (47) from the NIH AIDS Research and
Reference Reagent Program (cat. no. 1236).

2.2. Solutions, Materials, Kits, and Equipment
1. Ca3(PO4)2 Profectin kit (Promega, Madison, WI) for small-scale FIV vector
production (up to approx 100 mL).
2. Ca3(PO4)2 transfection solutions for large-scale FIV vector production (>100 mL).
Nuclease-free water (Amresco, Dallas, TX); 1 M CaCl2 (Amresco); 2X HEPESbuffered saline (HBS); 280 mM NaCl, 50 mM HEPES, 1.5 mM NaH2PO4; adjust
to pH 7.1 and sterile ﬁlter using a 0.2-µm ﬁlter, store at 4°C (see Note 3).
3. Polybrene (Sigma, St. Louis, MO) stock concentration at 4 mg/mL DMEM highglucose media without supplements. Polybrene is dissolved in media, sterileﬁltered (0.2 µm), stored in aliquots at –80°C and kept at 4°C once thawed.
4. Polyethylene glycol (PEG ultrapure, MW 8000; Sigma). 40% PEG (w/v) solution: dissolve PEG in PBS and autoclave.
5. AZT (zidovudin; 35 mM 3′-azido-3′deoxythymidine; GlaxoWellcome, Pittsburgh, PA).
6. Poly-L-lysine (Sigma).
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7. PetChek kit (IDEXX, Westbrook, ME) to detect FIV p24 (capsid) via ELISA
procedure.
8. Various size tissue culture vessels from 96-well plates to T-225 ﬂasks.
9. 10-layer cell factory (6320 cm2) with ﬁtting vent ﬁlters (Nunc, Naperville, IL).
10. Aspirator vessel (1000 mL; VWR, San Diego, CA).
11. 10-L carboys (VWR).
12. Filters with 0.45- and 0.2-µm size exclusion with various ﬁltration volumes
from 0.5 to 1000 mL (Schleicher & Schuell, Keene, NH; Nalgene, Burlington,
NC) (see Note 4).
13. Hollow ﬁber unit (A/G Technology Corporation, Needham, MA).
14. Clariﬁcation ﬁlter (Sartorius, Edgewood, NY).

3. Methods
This section will highlight four basic steps towards the production of
FIV vector preparations with high in vivo efﬁcacy. Those steps include the
construction, generation, concentration and titration of FIV vectors. Each step
will greatly inﬂuence the quality and titer of the ﬁnal FIV preparation and a
ﬂow chart in Fig. 3 summarizes this process.
3.1. Construction and Analysis of FIV Vector Components
The general molecular design of the two FIV-based components—FIV vector
and packaging construct—is shown in Fig. 2 and discussed earlier. Special
care should be taken to generate minimal FIV components and reduce the
potential for homologous recombination by eliminating the maximal amount
of nonfunctional FIV sequence.
3.1.1. FIV Vector Construct

The smallest size packaging signal without titer loss includes the sequence
downstream of the 5′ LTR plus 350 bp of 5′ gag. Similarly, the area upstream of
the terminal polypurine tract should be deleted unless the FIV RRE is retained
at the 3′ end of the FIV vector. For high titer FIV vectors, high-genomic RNA
levels are assured by the 5′ CMV/FIV LTR hybrid promoter in human cells
which in turn will help increase titer—an observation from MLV-based vector
systems (98).
3.1.2. FIV Packaging Construct

For the FIV packaging plasmid, sequence upstream of the major splice
donor (MSD) as well as the 17 bp between the MSD and the start of gag/pol
may be eliminated without titer loss. At the same time, the coding sequence
for vif and orf2 may be removed because these elements did not contribute to
vector production or transduction efﬁciency.
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Fig. 3. Flow chart of large scale FIV vector preparation for approx 5–50 L.

Analysis of MLV-based vector systems suggests a positive correlation
between expression level of the packaging components and titer. Therefore,
thorough testing of FIV packaging constructs for FIV p24 (capsid) expression
using the PetChek kit (IDEXX, Westbrook, ME) is recommended to assure that
the helper construct with the highest expression levels in the 293T production
cells can be identiﬁed.
Once all vector components are constructed, the production of large-scale,
high-quality plasmid preparations with low endotoxin levels (<5 EU/mg
DNA) is recommended to assure consistency between FIV vector preparations
because minor contaminations in plasmid preparations can greatly inﬂuence
the efﬁciency of the CaPO4 transfections.
3.2. FIV Vector Production
To achieve a high titer and good quality FIV vector preparation the following
production parameters need to be optimized:
1.
2.
3.
4.
5.

Ca3(PO4)2 transfection procedure;
ratio of plasmids;
conﬂuency of 293T cells;
viral supernatant harvesting schedule;
treatment of viral supernatant after harvest.

The 293T producer cells are a critical component of FIV vector production
and thus, a working cell bank with about 50 vials at ≥2 × 106 cells/vial from
early passage cells should be generated. After testing the bank for viability,
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Table 1
Amount of Total DNA, CaPO4 Reagents and 293T Cell Number
for Efﬁcient FIV Vector Production in Various Size Tissue Culture Vessels
Size tissue
culture vessel

# Cells seeded

Media
(mL)

Total DNA

CaCl2
(µL)

2X HBS
(µL)

10-cm dish
6-cm dish
6-well plate
12-well plate
24-well plate
48-well plate

3.0 × 106
1.5 × 106
3.0 × 105
2.0 × 105
1.0 × 105
2.0 × 104

10.2
15.2
12.2
11.5
11.2
10.5

28.2
15.2
15.2
12.2
11.2
10.2

95.2
50.2
19.2
17.2
13.4
10.6

840
450
160
160
130
115

sterility and mycoplasma, fresh 293T cells from the working cell bank should
be thawed every 3 mo to reduce the possibility of contamination with adventitious agents. A regular schedule for cell maintenance will contribute to the
reproducibility of FIV vector preparations and although there is no evidence
for FIV infections in humans, we recommend that strict safety precautions
will be followed (see Note 5).
3.2.1. Small-Scale FIV Vector Production

Small-scale FIV vector production from 0.5 to 10 mL can be achieved by
transiently transfecting 293T cells using tissue culture vessels ranging from
48-well plates to 10-cm dishes. The general procedure is described later for
the 10-cm dish and Table 1 summarizes the different amounts of total DNA,
CaPO4 components and cell numbers required for the different size culture
vessels.
1. Seed 293T cells from the research bank at 2.8 × 106 cells per 10-cm tissue culture
dish in 10 mL media, culture at 10% CO2.
2. Calcium phosphate-transfect the cells 24 h later using a total of 28 µg plasmid
DNA and follow manufacturer’s instructions. During transfection, keep the cells
at 5% CO2 to counteract the acidic nature of the precipitation mixture.
3. Remove the calcium phosphate-precipitate after 6–12 h. By then a ﬁne precipitate
covering the cells should be visible with the help of the microscope. Add 10 mL
fresh media and incubate the cells at 10% CO2.
4. Harvest the viral supernatant either once around 36–48 h posttransfection for
the highest titer or collect the supernatant several times at 24, 32, 40, 48, and
56 h posttransfection and store at 4°C or process immediately. Exchange media
carefully since the cells tend to come off the plastic support after reaching
conﬂuency (see Note 6). Several collections of the viral supernatant will increase
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the overall yield, since after about 8 h the titer in the fresh media is restored to
the potency of the viral supernatant before harvest.
5. Combine the collected supernatant, ﬁlter (0.45 µm) to remove cells and debris
and store at 4°C. Use this viral supernatant either directly for transduction of
target cells or ﬂash-freeze and store at –80°C until use.

3.2.2. Large-Scale FIV Vector Production

For larger scale FIV vector production using cell factories, the following
procedure is recommended.
1. Per cell factory, seed 1.25 × 108 293T cells in 1500 mL of media and incubate
at 10% CO2.
2. When the cell factories are 90% conﬂuent (usually 48 h later), cotransfect the
cells with a total of 3.5 mg DNA per cell factory with roughly a 2⬊1⬊0.5 ratio
of vector⬊gag/pol⬊env and carefully add the CaPO4-DNA mixture to the cells.
During transfection, keep the cells at 5% CO2 to counteract the acidic nature
of the precipitation mixture.
3. Remove the calcium-phosphate-precipitate after 10–12 h. By then a ﬁne precipitate
covering the cells should be visible with the help of the microscope. Add 1000 mL
of fresh media or just enough to cover the cells and incubate at 10% CO2.
4. Harvest the viral supernatant at 24, 32, 40, 48, and 56 h posttransfection.
Exchange media (1000 mL each) carefully because the cells tend to come off the
plastic support after reaching conﬂuency. Combine the collected supernatants,
ﬁlter with 0.45 µm to remove cells and debris and store at 4°C in 10 L carboys.

The puriﬁcation/concentration step for the large-scale FIV vector preparation
is described later.
3.3. Puriﬁcation and Concentration of FIV Vector Preparations
Once FIV vector-containing supernatants are generated, they should be
processed as soon as possible or else kept at 4°C preferably not longer than
2–3 d. The simplest way to concentrate FIV vectors is via centrifugation at
6000g overnight at 4°C (see Note 7). After centrifugation the supernatant is
removed carefully, the pellet resuspended in either media or buffer, aliquoted,
and ﬂash-frozen at –80°C. Another way to concentrate the vectors and remove
some media contaminants at the same time is to carry out a PEG precipitation
as follows.
1. Once the viral supernatant is harvested and ﬁltered, add PEG to a ﬁnal volume of
10%, mix well, and incubate at 4°C for at least 6 h (see Note 8).
2. Pellet the precipitate at 4°C and centrifuge at 1500g (Sorvall, tabletop centrifuge)
for 15 min.
3. Carefully discard the supernatant and dissolve the pellet containing the FIV
vectors in desired buffer or media.
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To concentrate and purify large volumes (50 L) of viral supernatant containing FIV vectors, an ultraﬁltration method is recommended. For this procedure,
the supernatant is processed as follows.
1. Harvested viral supernatant is clariﬁed using a 2-ft2 0.65-µm sartoclean GF
capsule ﬁlter.
2. Using a 35-ft2 A/G ultraﬁltration hollow ﬁber unit, the vector preparation will
concentrate down approx 50–70-fold (see Note 9).
3. Divide material into 500-mL centrifugation bottles and pellet vector at 6000g
overnight at 4°C.
4. Carefully decant supernatant and wash pellet (see Note 10) with 10 mL PBS.
5. Resuspend pellet in desired buffer or media, centrifuge at 1500g for 5 min
to remove solids. Aliquot the vector-containing supernatant, ﬂash-freeze and
store at –80°C.

3.4. FIV Vector Titration
Titer determinations based on colony-forming units (cfu/mL) or equivalents
may vary greatly depending on the method and cell line used for titration. This
is generally true for all retroviral/lentiviral titer determinations and is reﬂected
by data indicating that relative transduction efﬁciencies of FIV vectors using a
panel of human, feline and rodent target cells vary up to two logs (48,50). Our
own data demonstrates that highest titers were achieved using the feline CrFK
cells followed by murine 3T3 cells = human 293T cells > human HT-1080
cells > human HeLa cells (data not shown), which clearly demonstrates the
inﬂuence of the target cell on FIV vector titer. Although the feline CrFK
cells consistently gave the highest titer results, we recommend using a human
titering line such as HT-1080 because a human target cell seems most relevant
for gene therapy applications. Another complication for titer determinations is
pseudotransduction—the transgene’s protein detection in the target cell owing
to nonspeciﬁc transport of the protein rather than transduction by the vector.
Transport of protein can be facilitated by “empty” gag/pol particles as well as
vesicles generated by the VSV-G envelope followed by unspeciﬁc fusion of
these particles with target cells. Incubation with the RT inhibitor AZT during
transduction will prevent transduction-based protein expression and thus
help determine the level of pseudotransduction. Alternatively, most proteins
transported to targets by gag/pol or VSV-G particles are not stable for more
than a few days and titer determination performed several days posttransduction
should eliminate most of the pseudotransduction.
4. Notes
1. 293T cells are generally adherent but easily lift off the plastic support. The
following suggestions can reduce lifting of 293T cells: i) exchange media
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regularly and very carefully, ii) prevent culturing of cells past the conﬂuent stage,
and iii) coat the tissue culture ﬂasks with poly-L-lysine to increase adherence
of 293T cells to plastic support. Coating procedure: add 5 mL of a 1⬊5 diluted
(in PBS) 0.01% poly-L-lysine solution to the 10-cm dish and incubate for a
minimum of 10 min at room temperature, aspirate off, and plate the cells.
The media does not contain any antibacterial or antifungal agents because we prefer to know if there are any adventitious agents contaminating the cell cultures.
The pH of the 2X HBS is very critical to the success of the CaPO4 transfection
method. We recommend that one big batch is made and then tested for optimal
performance.
The ﬁlters should contain cellulose acetate to reduce titer loss. Filters (0.45 µm)
are used to remove cell debris from FIV viral particles while viral particles will
pass through the ﬁlter. The 0.2-µm size is used for sterile-ﬁltration of ﬁnal FIV
vector preparations. For the removal of cell debris from large volumes (>500 mL),
ﬁltration ﬂasks (vacuum) are recommended because they assure sterility, reduce
endotoxin contamination, and serve as a storage container for the FIV vectors
until further processing.
All disposable materials such as pipets, ﬂasks, and tubes that came in contact
with FIV vectors should be rinsed with 10% bleach (prepared daily) before ﬁnal
disposal. When handling the virus, two pairs of gloves, protective clothing, and
goggles should be worn at all times.
When cells lift off from the plate, they may reattach before the next harvest.
Although the conﬂuency at the later harvests may be reduced to <50% overall,
the titer is still high, presumably because ﬂoating, alive cells still may secrete
viral particles. Cells also detach because VSV-G expression is toxic, leading to
syncytia formation and resulting eventually in cell death.
Use clear centrifugation bottles so vector pellet can be seen.
Precipitating FIV vectors with PEG has the advantage that once PEG is added to
the viral supernatant, the vector will stay relatively stable for up to 1 wk at 4°C.
When concentrating, the viral supernatant may become too viscous and then
PBS can be added for dilution.
During the PBS washing step, try to dislodge loosely attached protein, which is
usually dark in color and has a gelatinous appearance.
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A Multigene Lentiviral Vector System Based
on Differential Splicing
Yonghong Zhu and Vicente Planelles
1. Introduction
Lentiviral vectors are promising tools for gene transfer (1–4). Like oncoretroviral vectors, they offer the unique advantage of stably integrating into the
genome of the host cell, thus providing the basis for sustained gene expression.
In contrast to the classical oncoretrovirus derived vectors, lentiviral vectors
are highly efﬁcient at infection of nondividing cells because of the presence
of nuclear localization signals on several virion associated proteins, which
include matrix (MA), viral protein R (VPR), and integrase (IN) in the case of
human immunodeﬁciency virus type-one (HIV-1) (5).
Signiﬁcant progress has been made in the development of lentiviral vectors.
Currently, a three-element system is widely utilized in in vitro gene transfer
experiments (1). This system uses three plasmids for virion production: a
transfer construct that harbors the reporter and/or therapeutic gene, and also
the necessary cis-acting sequences for RNA packaging, reverse transcription
and integration; a packaging construct that provides viral proteins in trans
(mainly Gag, Pol, Tat, Rev), and a third element, which provides in trans a
heterologous envelope glycoprotein, most typically the vesicular stomatitis
virus glycoprotein G (VSV-G) (6–8). The use of a heterologous glycoprotein
to package viral cores is referred to as “pseudotyping.” Other glycoproteins
can be used for pseudotyping lentiviral vectors, such as the HTLV (9), MLV
(10), and ﬁlovirus (11) envelope glycoproteins, as well as the rabies virus
glycoprotein G (12).
VSV-G-pseudotyped lentiviral particles are highly stable, and virus stocks
containing this glycoprotein can be concentrated by ultracentrifugation, without
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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apparent loss of infectivity. These particles can transduce a wide range of
cell types.
1.1. Splicing Patterns of HIV-1
Lentiviruses have complex gene arrangements compared to those of oncoretroviruses. As an example, the HIV-1 genome contains gag, pol, and env, the
genes encoding the essential structural components that deﬁne retroviruses.
The HIV-1 genome also encodes two transactivators, tat (a transcriptional
transactivator) (13–15) and rev (a posttranscriptional transactivator) (16–18).
Beyond the structural components and transactivators, HIV-1 encodes four
accessory genes (vif, vpu, vpr, and nef ) (19).
All nine genes encoded by HIV-1 are under the control of a single promoter,
which is contained within the 5′ long-terminal repeat (LTR) (see Fig. 1).
Differential splicing patterns of HIV-1 primary transcripts largely determine
the expression pattern of viral proteins (20), although other mechanisms,
such as overlapping reading frames, translational frameshifting, and weak
translational start codons are also involved. The unspliced primary transcript
serves both as the viral genome and mRNA for Gag and Gag-Pol production.
The full-length genomic transcript possesses a series of splice sites by which
different mRNAs can be derived based on the recognition of splice donor and
acceptor sites by the cellular machinery. Vif, Vpu, and Env are encoded on
singly spliced mRNAs. Tat, Rev, and Nef are products from doubly spliced
mRNAs. Vpr is produced via singly and doubly spliced mRNAs (21).
Splicing and transport of differentially spliced mRNAs occur in the nucleus
of the host cell and is partly dependent on cellular factors. The Rev protein is
a posttranscriptional transactivator of the HIV-1 that regulates the appearance
in the cytoplasm of spliced and unspliced forms of viral mRNAs by way of
recognition of a target sequence termed the Rev-responsive element (RRE)
(22–24). Whether Rev acts on RNA export or by inhibition of splicing, or both,
has not been completely elucidated at present. In the early stages of the viral
infection, when levels of Rev are low, expression of doubly spliced mRNAs
(encoding Tat, Rev, and Nef ) is predominant, because they can be exported

Fig. 1. (see facing page) Splicing patterns of HIV-1 primary transcripts. Tat, Rev,
and Nef are produced from doubly spliced mRNAs, which are predominant during
early infection. Vif, Vpu, and Env are made from singly spliced mRNAs, which are
predominant during the late stage of infection. Vpr was shown to originate from both
singly and doubly spliced mRNAs. The Gag and Gag-Pol products are expressed
from unspliced RNA, which also serves as genomic RNA, and is predominant late
in infection.
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with high efﬁciency from the nucleus in the absence of Rev. Thus, Tat, Rev,
and Nef are termed “early proteins.” As Rev accumulates, it begins to exert
its function as a posttranscriptional activator by interacting with the RRE and
facilitating the transport of unspliced and singly spliced mRNAs. As a result,
in the late stages of infection, the balance of viral protein products is shifted
to direct higher levels of expression of the structural proteins (Gag-Pol, Env)
as well as Vif, Vpu, and Vpr. During late stages, there is also an accumulation
of full-length genomic viral RNA for encapsidation in viral particles (see
Fig. 2).
A cellular nuclear protein, Sam68 (Src-associated protein in mitosis), was
found to speciﬁcally interact with the RRE and partially substitute for as well
as synergize with Rev in RRE-mediated gene expression and virus replication
(25). Thus, it is not surprising that lentiviral vectors containing the RRE but
not the rev open reading frame are still effective in supporting gene expression
(25,26).
1.2. Design of Multigene Expression System Regulated
by Differential Splicing
The ability to induce expression of multiple genes by a lentiviral vector may
present important beneﬁts. An example of a gene therapy protocol that would
beneﬁt from the availability of multigene lentiviral vectors is immune therapy
against cancer. In order to provide an effective immune response against tumor
antigens, transduction of various stimulatory cytokines and co-stimulatory
receptors may be required (2). Stripecke and collaborators used a cytomegalovirus (CMV) immediate early promoter in combination with an internal
ribosome entry site (IRES) to direct multigene expression (2).
Multigene lentiviral vectors may also be useful in basic research. We recently
studied the functions of the viral accessory gene vpr from HIV-1 and the simian
immunodeﬁciency virus isolate, SIVagm, by using multigene lentiviral vectors
based on splicing (27). These vectors expressed the gene under study and also
a marker, the green ﬂuorescent protein (GFP). These lentiviral vectors allowed
expression of the genes under study in a genetic background resembling that
of the virus from which they were derived. Therefore, the levels and kinetics of
expression of the genes of interest were relevant to those of a viral infection. In
addition, the presence of the marker gene allowed us to discriminate transduced
vs untransduced cells in the same experiment, which allowed speciﬁc detection
of the biological effects of Vpr in transduced cells.
In this chapter, we describe the construction of a novel lentiviral vector
system that uses differential splicing patterns of HIV-1 RNA (28). Two reporter
genes were introduced in this system. The ﬁrst reporter gene encodes the
human costimulatory molecule, B7.1, and was cloned into the vpr locus. The
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Fig. 2. Regulation of Nuclear viral RNA export by Rev. During the early stages of
HIV-1 infection, in the absence of Rev, unspliced and singly spliced viral RNAs are
retained in the nucleus. Thus, only fully spliced mRNAs are effectively transported
to the cytoplasm, to give rise to the early proteins, Tat, Rev, and Nef. As infection
progresses, Rev accumulates in the nucleus. Rev binds to the RRE of unspliced and
singly spliced RNAs, and facilitates their nuclear export. As a result of the accumulation
of Rev protein, the late proteins, Vif, Vpr, Vpu, Env, Gag, and Gag-Pol are expressed
from unspliced and singly spliced RNAs. The unspliced RNAs in the cytoplasm can
also be packaged into virions and serve as viral genomes.

expression of B7.1 should, therefore, resemble the pattern of Vpr expression,
which involves both singly and doubly spliced viral mRNAs (21). The second
reporter gene, the enhanced GFP was cloned in place of nef, which is a product
of doubly spliced mRNA. Although B7.1 is expressed as a cell surface molecule
and can readily be detected by immunoﬂuorescence, GFP is a ﬂuorescent
protein that is expressed throughout the cell without being associated with
membranes. Thus these two proteins provide a nonoverlapping expression
pattern, which should produce sensitive and speciﬁc detection at a single-cell
level. All other viral genes were mutated and nonfunctional except for tat and
rev. Three different combinations of rev and tat were applied to regulate the
expression of B7.1 and GFP. In the ﬁrst transfer vector (DHIV-B7-GFP-tatrev),
both rev and tat were kept intact (see Fig. 3A); in the second transfer vector,
DHIV-B7-GFP-tatrev(-), we introduced a deletion in rev but kept tat intact (see
Fig. 3B). Because the Tat protein plays a role in apoptosis induction (29–32),
we sought to construct a Tat mutant, Tat(M), that would retain transactivation
ability, but would be devoid of apoptosis induction. This was accomplished by

438

Zhu and Planelles

Multigene Lentiviral Vectors

439

engineering a frameshift mutation at codon 24, which led to a truncated Tat
protein devoid of the apoptosis-related domain. This mutant was engineered
in the third transfer vector, DHIV-B7-GFP-tat(M)rev(-) (see Fig. 3B). This
Tat mutant could transactivate with about 20% of the efﬁciency of wild-type
Tat (see Fig. 3C).
1.3. Characterization of Multigene Vectors Regulated by Splicing
To make pseudotyped virion particles, each of the above transfer constructs
was cotransfected with a packaging plasmid, pCMV∆R8.2∆vpr (33) (see
Fig. 3D) and a plasmid encoding the vesicular stomatitis virus glycoprotein G
(HCMV-VSV-G) (6,7). Vector stocks were concentrated by ultracentrifugation
(34). For simplicity, each vector is named after the transfer construct utilized.
DHIV-B7-GFP-tatrev vector stocks displayed similar titers relative to the
monocystronic vector, pHR′-GFP, indicating the feasibility of using lentivirus
splicing vectors as a means to direct multigene expression (see Fig. 4A, B). In
addition, splicing-based vectors infected dividing and nondividing cells with
equal efﬁciency (see Fig. 5).
The vector, DHIV-B7-GFP-tatrev(-) displayed a lower infectivity titer when
compared to its parental vector, DHIV-B7-GFP-tatrev. This drop in titer was
expected because DHIV-B7-GFP-tatrev(-) does not express Rev.
DHIV-B7-GFP-tat(M)rev(-) had a comparable titer to DHIV-B7-GFPtatrev(-). We speculate that the titer of DHIV-B7-GFP-tat(M)rev(-) should not

Fig. 3. (see opposite page) Design of multigene lentiviral vectors regulated by
splicing. (A) The transfer vector, pHR′-GFP was derived from a lentiviral vector by
Naldini et al. (35). (B) Multigene vectors based on natural HIV-1 splicing patterns.
The vpr open reading frame was eliminated by mutating its translational start codon,
which overlaps vif. An Xba I restriction endonuclease site was introduced downstream
from vif, for cloning of B7.1. A B7.1 cDNA was cloned between Xba I and a natural
EcoR I site within vpr. Discontinuous lines depict splicing events. SD, splice donor;
SA, splice acceptor. Only splice donors and acceptors controlling expression of the
reporter genes are shown. (B) Mutations in the tat and rev open reading frames. The rev
open reading frame was inactivated by deletion of its second coding exon. The mutant
gene, tat(M), was constructed by introducing a frameshift mutation after codon 24 of
tat. (C) Effect of tat truncation on transactivation of the LTR. Plasmids expressing
the indicated tat version were cotransfected with a reporter construct containing the
HIV-1 LTR followed by the luciferase gene (27). At 48 h posttransfection, luciferase
activity was measured, and expressed as percent of that of the positive control,
DHIV-B7-GFP-tatrev(-), which expresses wild-type tat. As a negative control pCMVthy1.2 (36) was used. (D) The lentiviral packaging construct, pCMV∆R8.2∆vpr, was
described previously (33).
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Fig. 4. Relative titration of multigene vectors. Each indicated transfer plasmid was
transiently cotransfected with pCMV∆R8.2∆vpr and HCMV-VSV-G in 293T cells.
Vector supernatants were harvested and concentrated by ultracentrifugation, viral
stock was frozen at –80°C. Titration was done as follows. One million HeLa cells
were infected with viral stocks, and at 48 h postinfection cells were stained with a
phycoerythrine-conjugated B7.1(CD80)-speciﬁc monoclonal antibody and analyzed
by ﬂow cytometry. Detection of p24 core protein in the concentrated vector samples
was performed by ELISA. (A) The titer of the single gene vector, pHR′-GFP, was
arbitrarily deﬁned as 100%. (B) For each vector, the titer was ﬁrst normalized to the
p24 content of the vector stock, and then adjusted to the titer of pHR′-GFP, which
was deﬁned as 100%.
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Fig. 5. Multigene vectors transduce non-dividing cells with high efﬁciency. HeLa
cells were growth-arrested with aphidicolin or treated with normal medium. After 24 h,
cells were infected with the indicated vectors. GFP and B7.1 expression analysis was
performed via ﬂow cytometry at 24 h postinfection. Multiplicities of infection (MOI)
are indicated. The lack of proliferation of aphidicolin-treated cells was conﬁrmed by
cell counting as well as ﬂow cytometry for the duration of the experiment.

be affected by the defect in tat at the level of vector production because the
packaging construct can provide wild-type Tat in trans. At the level of gene
expression in transduced cells, we found that the intensity of ﬂuorescence
for both reporter genes was only slightly decreased in cells transduced with
DHIV-B7-GFP-tatrev(-). Thus, inclusion of Tat(M) in a lentiviral vector did not
have deleterious effects on either vector production or gene expression. Finally,
the cellular distribution of the reporter proteins by the various multigene
vectors was veriﬁed by ﬂuorescence microscopy (see Fig. 6).
In conclusion, multigene lentiviral vectors regulated by splicing retain the
typical features of conventional lentiviral vectors. They effectively infect
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Fig. 6. Direct immunoﬂuorescence detection of cells transduced with multigene
lentivirus vectors. Cells were transduced with indicated vectors. Forty-eight hours
posttransduction, cells were stained for B7.1 using a phycoerythrine-conjugated
anti-CD80 monoclonal antibody, ﬁxed with paraformaldehyde, and visualized under
a ﬂuorescence microscope.
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nondividing cells, integrate into the host cells and direct high-level expression
in the transduced genes.
2. Materials
2.1. Cell Culture
1. Human embryonic kidney cell line, 293T.
2. Human cervical cancer cell line, HeLa.
3. Dulbecco’s modiﬁed Eagle medium (DMEM) (Bio-Whittaker, Walkersville,
MD) supplemented with 10% fetal calf serum (FCS) (Omega Scientiﬁc, Inc.,
Bedford, OH) plus penicillin and streptomycin.
4. 15-cm diameter tissue culture dishes (Corning, Inc., Corning, NY).
5. 10-cm diameter tissue culture dishes (Corning, Inc.).
6. T-175 tissue culture ﬂasks (Corning, Inc.).
7. 10-mL disposable plastic pipetes (Corning, Inc.).

2.2. Solutions and Reagents
2.2.1. Transfection by Calcium Phosphate Precipitation
1. 2X HBS (HEPES buffered saline) 100 mL: HEPES (acid) 1 g, NaCl 1.6 g,
Na2HPO4 (0.25 M) 0.72 mL, KCl (1 M) 1 mL. Adjust pH to 7.12 with 5 M NaOH
using 1 M NaOH for ﬁne adjustments. Filter solution, make 10-mL aliquots,
and store at 4°C (see Note 1).
2. 2 M CaCl2: Filtered and stored at 4°C.
3. 10 mM chloroquine: Filtered and stored at –20°C (light sensitive).
4. Other solutions and reagents
Polybrene (Sigma, St. Louis, MO): 10 mg/mL in PBS, store at –20°C.
FACS buffer: PBS with 2% FCS and 0.02% sodium azide, 0.5 mM ethylenediaminetetraacetic acid (EDTA) (ﬁltered and stored at 4°C).

3. Methods
3.1. Calcium Phosphate-mediated Transfection
1. Plate 293T cells in 15-cm tissue culture dish. Pay close attention to the growth
status of the cells (see Notes 2 and 3). When cells reach 60–70% conﬂuence,
perform transfection as follows.
2. Feed the cells with 18 ml of fresh culture medium, brought up to room
temperature.
3. Add 12.5 µg of transfer plasmid, 12.5 µg of packaging plasmid (pCMV∆R8.2∆
vpr), and 5 µg of envelope expression plasmid (HCMV-VSV-G) (for one dish)
into a 50-mL conical tube and adjust the volume to 875 µL with sterile, doubledistilled water (or other high purity water). Simply increase the volumes and
amounts of DNA proportionally when transfecting multiple dishes.
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4. Add 125 µL of 2 M CaCl2 into the DNA solution, mix well and put on ice for
5 min. Add 1000 µL of 2X HBS solution drop wise, while applying vigorous
agitation to the solution. Place on ice for 20 min.
5. Add the mixture to the cultured cells drop wise, and gently rock the dish.
6. Add 100 µL of 10 mM chloroquine to the culture.
7. Incubate cells at 37°C with 5% CO2 for 6–8 h. Longer incubation times may
result in better transfection efﬁciencies (see Note 4). If possible, we recommend
a parallel transfection experiment with a GFP expression plasmid to check the
quality of transfection solutions (see Note 5). Other transfection reagents can
also be used (see Note 6).
8. Replace the medium with 20 mL of fresh medium. You should see a fine
precipitation on the cells under microscope. Cells should be incubated for the
next 36 h. Be aware that the cells become very fragile after transfection and,
therefore, you should avoid moving the dish or ﬂask.
9. On day 3 (36 h after removing transfection solution), harvest the medium, and
add back 20 mL of fresh culture medium to the cells. Centrifuge the harvested
medium at 1000g in an RT7 centrifuge with an RTH-750 rotor (Sorvall, Newton,
CN) for 10 min, collect the supernatant and store at 4°C. This step of centrifugation removes cellular debris. Repeat collections daily up to day 7. A ﬁltration step
can be included (optional) before concentration (see Note 7).

3.2. Vector Concentration by Ultracentrifugation
1. We have used Discovery 100S centrifuge with a Surespin™ 630 rotor (Sorvall)
for vector concentration. This system consists of swinging bucket rotors that
ﬁt 35-mL tubes, and various manufacturers make similar ones. Before starting
concentration, lubricate the rotor, clean up the buckets and also lubricate the screw
tops. Both the rotor and the centrifuge chamber must be prechilled to 4°C.
2. Place the collected supernatant in the ultracentrifuge tubes. Label the tubes and
carefully balance them in pairs. Load tubes in buckets and cap them, then place
rotor in the centrifuge.
3. Centrifuge at 45,000g, 4°C for 2 h. Decant the supernatant leaving behind
200–300 µL. (If you have extra collections to concentrate, you can reload the
supernatant again to these tubes and perform 1–3 extra centrifugations.) After
the ﬁnal round of concentration, discard the supernatant and resuspend the
concentrated vector stock in 200 µL of fresh medium for each tube. Cap tubes
with Paraﬁlm and place at 4°C overnight.
4. The next day, vortex brieﬂy and pool all tubes of the same vector, aliquot, and
freeze at –80°C (also see Note 8).

3.3. Vector Titration by GFP and B7.1
Titration of multigene vectors is accomplished by monitoring expression
of the reporter gene of choice in the target cells. HeLa cells are convenient
because they can be grown quickly and are genetically stable. However, vectors
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pseudotyped with VSV-G can infect most cell types and, therefore, the choices
of target cells for titration are virtually unlimited.
1. Plate 1 × 106 HeLa cells in 10-cm tissue culture dishes. After cells are attached
(this usually takes overnight incubation), incubate cells with 10 µg/mL polybrene
in complete medium for 1 h.
2. Thaw the vector stock quickly in a 37°C water bath, add 100 µL, 10 µL
concentrated and 1000 µL unconcentrated supernatant separately to the dishes
and place in the incubator.
3. On day 2, change the medium and culture another 24 h.
4. On day 3, detach cells by incubation in 2 mM EDTA in 1X PBS. To examine
the GFP expression, cells are gently centrifuged (1000g) and ﬁxed in 0.2%
paraformaldehyde (2% stock in 1X PBS). To examine B7.1 expression, cells
are ﬁrst washed with FACS buffer and then stained with a 1⬊200 dilution of
anti-B7.1 antibody conjugated to PE (BD, San Diego, CA) in FACS buffer at
4°C for 30 min. Samples are then washed with FACS buffer and centrifuged.
Resuspend the cell pellet in 0.5 mL of 0.2% paraformadehyde. The titer can be
calculated according to the following formula:
Titer = [F × C0 / V] × D
F = frequency of GFP or B7.1 positive cells by ﬂow cytometry; C0 = total
number of target cells at the time of infection; V = volume of inoculum;
D = virus dilution factor.

Alternatively, the titer can be measured manually under the ﬂuorescence
microscope.
4. Notes
1. For calcium phosphate-mediated transfection, it is critical to adjust the pH of the
HBS solution precisely. Slight deviations from pH = 7.12 will have a negative
effect on the transfection efﬁciency.
2. For the production of lentiviral vectors, 293T cells are grown in DMEM with 10%
FCS plus antibiotics. These cells should not be passaged for periods exceeding
2 mo. After 2 mo in culture, 293T cells should be discarded and a new, lowpassage vial should be thawed for future transfections. Cells are typically
competent for transfection 1 wk after being thawed. 293T cells can be passaged
in medium containing either heat-inactivated or noninactivated FCS. However,
we ﬁnd that cells passaged in noninactivated serum produce higher lentivirus
vector titers.
3. Transfection efﬁciency is closely related to the degree of conﬂuence of the
cells. In our hands, 60–70% conﬂuence at the time of transfection produces
the best results.
4. The DNA mixture should be incubated on the cells for at least 6 h. Alternatively,
an overnight incubation can be performed, as long as it does not exceed 16 h.
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5. If possible, always perform a parallel transfection with a plasmid expressing
GFP. Twenty-four hours following transfection, check the GFP expression levels.
If the control transfection shows about 40% or higher efﬁciency, we consider
the transfection acceptable.
6. Other transfection reagents, such as Lipofectamine 2,000 (Invitrogen, Carlsbad,
CA) or TransFast™ (Promega, Madison, WI) can be used as alternatives to the
calcium phosphate method. These methods are typically less labor-intensive
than the calcium phosphate method and comparable in efﬁciency. However,
when performing large numbers of transfections, the calcium phosphate method
provides a more economical option.
7. Alternatively, before the ultracentrifugation, the precleared supernatant can be
ﬁltered through a 0.45-µm pore size ﬁlter.
8. The vector stocks are very stable at –80°C. Avoid multiple rounds of freeze-thaw
as the titer will drop signiﬁcantly. Concentrated vector stocks can be kept at
4°C for up to 1 wk.
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Production of Trans-Lentiviral Vector
with Predictable Safety
John C. Kappes, Xiaoyun Wu, and John K. Wakeﬁeld
1. Introduction
1.1. Retroviral Recombination
Retroviruses use homologous recombination to reverse transcribe a doublestranded copy of DNA from their RNA genome. Safety advancements in
retroviral vector design include the development of packaging systems that
provide all of the retroviral proteins in trans to a replication-defective gene
transfer vector. The packaging component expresses viral structural proteins
that are required for assembly of the virus particle and is stripped of cis-acting
sequences necessary for efﬁcient transfer and replication of the viral genome
(1). These cis-acting sequences are retained within the gene transfer vector
where they facilitate its encapsidation, reverse transcription, and integration.
Nonetheless, this split design does not completely exclude encapsidation of
other viral and cellular RNA, including that derived from the viral packaging
construct. Copackaging of packaging and vector RNA genomes enables genetic
recombination to occur during reverse transcription and thus, the rejoining of
viral structural protein-coding sequences and cis-acting sequences of the vector.
If recombinants are formed that contain replicative functions it is possible they
may propagate and spread to infect other cells. Thus, the inadvertent production
of replication-competent retrovirus (RCR) (2–5) constitutes the principal safety
concern for the use of retroviral vectors in human clinical protocols (6–8).
1.2. Lentiviral Vectors
Elucidation of the human genome sequence opens up vast possibilities
for gene function-discovery and gene therapy-based treatment modalities.
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ

449

450

Kappes, Wu, and Wakeﬁeld

Lentiviruses represent a subfamily of the retroviridae, and lentivirus-based
vectors offer unique opportunities to manipulate and understand human genetics. Their ability to integrate into the genome of their host, including somatic
cells, affords unique advantages as vectors for gene transfer (9–11). This is
being realized both for the application of lentiviral vectors as research tools
for deciphering gene function and in preclinical studies wherein their unique
properties have suggested transforming the promise of gene therapy into reality
(12–17). The principal concern with lentiviral vectors, particularly for human
gene therapy, is the possibility that replication-competent lentivirus (RCL)
could emerge through genetic recombination. In recent years, tremendous
progress has been made to incorporate safety features into the lentiviral vector
molecular design. The most advanced third-generation packaging construct
includes many safety design features. For the HIV-1 based vector, all of the
accessory genes (vif, vpr, vpu, nef ) have been deleted. In addition, tat and rev
have been either deleted or separated from the packaging construct (18–21).
With only the gag and pol genes remaining, it does not seem feasible for
genetic recombination to generate a virus with pathogenic features like that of
the parental virus. Safeguards have also been built into the gene transfer vector.
The self-inactivating design feature deletes the viral transcriptional promoter
and enhancer elements. Self-inactivation relies on a deletion made in the U3
region of the 3′ LTR of the DNA that produces the vector RNA. By reverse
transcription the 3′ U3 deletion is duplicated in the 5′ LTR, markedly reducing
transcription of full-length vector RNA in transduced cells (22,23).
1.3. Lentiviral Vector Recombination
The most sensitive approach for detecting RCL is a functional assay involving marker rescue that was originally developed for oncoretroviral vectors
(7). Cell lines containing an integrated copy of a drug resistance selectable
retroviral/lentiviral vector are transduced with test preparations of vector stocks
and passaged several times. Then the culture medium can be tested for the
presence of virus that can confer/transfer drug resistance to naive cells. The
conference of drug resistance would indicate transfer of the vector, presumably
via a replication-competent virus. In the case of lentiviral vectors, the marker
rescue assay has been used by infecting HeLa cells, which harbor an integrated
copy of a lentivirus vector encoding a selectable marker, with stocks of
test vector. A positive assay result requires the formation of a recombinant
within the transduced HeLa cells that is capable of expressing genes for
virion production (gag/gag-pol), encapsidation of the marker gene mRNA, recognition and entry of progeny virions into naive target cells (env), reverse transcription and integration of the recombinant’s genome and ﬁnally, marker-gene
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expression. To date, this type of in vitro assay (Gag transfer and marker gene
rescue) has not provided any evidence for the generation of RCL (24,25).
To understand the safety risks associated with lentiviral vectors at a more
fundamental level, a highly sensitive biological assay was developed to speciﬁcally detect vector recombination in transduced cells, independently of the
generation of RCL (26). In one form, the assay consists of a cell line containing
a stably integrated copy of the puromycin resistance gene that is Tat inducible.
Genetic recombination between a tat-containing packaging construct and the
gene transfer vector in infected cells could generate env-minus recombinant
lentiviral genomes (LTR-gag-pol-tat-LTR). Using this approach env-minus
LTR-gag-pol-tat-LTR recombinants have been detected and biologically
ampliﬁed for analysis (26). Sequence analysis of the recombinants indicated
the 5′ sequence consisted of U3, R, U5, and the ψ packaging signal (derived
from the vector) joined with the gag open reading frame (derived from the
packaging construct). Analysis of 3′ sequence also revealed a genetic linkage
between the packaging construct and the gene transfer vector. Interestingly, on
the 3′ end of the vector, non-homologous recombination occurred within the
poly(A) tract of the packaging construct’s mRNA. This ﬁnding was unexpected
and suggests that eliminating homologous sequences between the vector and
packaging construct alone may not prevent genetic recombination (see Fig. 1).
Using a modiﬁed, tat-independent version of the above DNA mobilization
assay, preparations of third generation and SIN vectors were analyzed and found
to generate env-minus proviral recombinants capable of mobilizing retroviral
DNA when pseudotyped with an exogenous envelope protein (27,28).
1.4. Predicting Vector Safety
Quality assurance methods based on in vitro RCR monitoring have signiﬁcant limitations for predicting vector safety in vivo. Moreover, existing animal
models also have limitations for evaluating the potential of lentiviral vectors
to induce disease in vivo. Therefore, the burden has been placed on the vector
design itself to ensure the greatest level of safety that is achievable. Preferably,
the vector design would afford a tangible means to assess its potential in
vitro for generating RCL in vivo. The ability of HIV-1 cores to acquire and
utilize cellular membrane proteins such as CD4/CCR5 or CXCR4 for infection
(29–31) suggested the possibility that env-minus recombinant virus could
infect dividing and nondividing cells through alternative mechanisms (env
independent). Infection with xenotropic endogenous retroviruses was thought
to have occurred via alternative viral or cellular receptors provided in trans (32).
Env-minus HIV-1 was recently shown to infect CD4-minus and CD4-positive
cells through an alternate entry pathway, independent of its gp120 surface
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Fig. 1. Genetic analysis of env-minus recombinant lentivirus. From puromycin
resistant HeLa-puro cells containing recombinant lentiviral vector genomes (26), a
PCR fragment of viral DNA was ampliﬁed, cloned and sequenced. In nine clones that
were analyzed, the 3′ end of the vector was joined to the poly(A) tract of the packaging
construct. Three clones, each with different points of recombination within the
poly(A) tract are depicted. For the complete nucleotide sequence between the U3
region of the vector and the poly(A) tract of the packaging construct, see ref. 26. The
diagram illustrates how the recombinants were likely generated during synthesis of
the negative-strand DNA.

glycoprotein (33). These ﬁndings underscore the signiﬁcance of generating envminus lentiviral recombinants (LTR-gag-pol-LTR). Moreover, they illustrate
how the trans-lentiviral vector (TLV) design is exploited to generate vector
with predictable safety. Since gag-pol is required for the emergence of any
RCL, the combination of the trans-vector design with an in vitro assay that
monitors for recombinants devoid of functional gag-pol, provides a means to
predict (surrogate marker) the possible emergence of RCL in vivo.
1.5. Trans-Lentiviral Vector Design
The design of the TLV system was developed from a basic understanding of
HIV assembly. Retrovirus assembly involves precursor polyproteins encoded
by the gag, pol, and env genes. The Gag polyprotein plays a central role in
virion assembly and is itself sufﬁcient to produce noninfectious particles. The
Pol polyprotein is translated as a Gag-Pol fusion protein that is produced by
either a ribosomal frame-shift or read-through of the termination codon. In the
lentivirus subfamily, Pol consists of protease (PR), reverse transcriptase (RT),
and integrase (IN). Thus, assembly of the viral enzymes occurs in the context
of a large Gag-Pol precursor polyprotein. During and after virion assembly,
dimerization of PR induces proteolysis and subsequent cleavage of the Gag
and Gag-Pol precursors into their mature protein products. This results in a
rearrangement of the cleaved Gag and Pol polypeptides within the virion, lead-
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ing to condensation of the virus core, a process that is essential for formation
of infectious virions (for reviews see refs. 34,35).
Expression of the viral enzymes in the form of a Gag-Pol precursor polyprotein is important for the formation of infectious retroviral particles, controlling their expression in proper ratios and their assembly into virions (for review
see ref. 34). The arrangement of the Gag-Pol precursor is conserved (Gag-PRRT-IN) and likely facilitates the proper organization of the viral enzymes within
the mature virus particle (36), which is required for their respective enzymatic
functions in vivo. Studies on HIV-1 suggest the Pr160Gag-Pol precursor protein
itself plays an important role in the formation of infectious virus. Deletion and
site-speciﬁc mutations in the RT or IN coding regions cause defects in virion
assembly, production, maturation, and composition (37–41).
In addition to Gag, Pol, and Env, lentiviruses express accessory proteins that
modulate virus pathogenicity. The HIV-1 vpr gene encodes a small accessory
protein (approx 15 kDa) that is packaged into virions through an interaction
with the C-terminal region (p6) of the Gag precursor protein (42–46). HIV
virion-associated accessory proteins (Vpr and Vpx) have been exploited
as vehicles to package protein of both viral and non-viral origin into HIV
virions by their expression in trans (47–51). Fully functional RT and IN can
incorporate into HIV-1 virions independently of the Gag-Pol precursor protein
by expression in trans as fusion partners of Vpr (47,48). Complementation
analysis of various Gag-Pol mutations indicated that RT-IN deﬁcient Gag-Pol
(Gag-Pro) can assemble to form infectious virions when RT and IN are provided
in trans. Complementation of Gag-Pro with Vpr-RT-IN fusion protein restores
virus infectivity to a level near that of wild-type virus (48). These ﬁndings
formed the basis for the trans-lentiviral vector design, wherein the Gag/GagPro packaging functions are split from the RT-IN functions.
2. Materials
Multiple genetic design elements have been included in the state-of-the-art
lentiviral vectors. The central design feature of the trans-lentiviral vector is
the splitting of gag-pol into two separate genetic elements: one that expresses
Gag-Pro and another that expresses Vpr-RT-IN (see Fig. 2). As such, it should
be realized that not every aspect of Subheadings 2.3. and 3. described below is
absolutely required for producing trans-lentiviral vector (TLV) with predictable
safety. For example, other envelope glycoproteins may be used for pseudotyping TLV virions. SIN vectors may also be used in place of gene transfer vectors
that contain a complete LTR. Even the TLV packaging construct could be
modiﬁed to resemble third generation constructs, as long as the gag-pro design
feature was preserved.
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Fig. 2. Genetic elements of the trans-lentiviral packaging system. The trans-vector
packaging construct is illustrated as pCMV-gag-pro. The pCMV-gag-pro construct
retains the RT-IN nucleic acid sequence, however, its translation has been blocked by
introducing a TAA translation stop codon at the ﬁrst amino acid position of RT. The
pCMV-vpr-RT-IN construct encodes the Vpr-RT-IN fusion protein, which is packaged
into the Gag/Gag-Pro particles, providing the reverse transcriptase and integrase
function in trans. Proteolytic processing by the viral protease liberates mature and
enzymatically active RT (p51/p66) and IN proteins. The N-terminal RT protease
cleavage site has been preserved and is illustrated by the shaded bar.

2.1. DNA Expression Plasmids
1. pMD.G. The pMD.G plasmid was constructed for eukaryotic expression of the
vesicular stomatitis virus G glycoprotein (52).
2. pCMV-vprRTIN trans-enzyme expression plasmid. This plasmid expresses VprRT-IN fusion protein in mammalian cells. By coexpression with HIV-1 Gag
functional RT and IN are incorporated into virions in trans.
3. pCMV-gag-pro trans-packaging construct (26). This plasmid expresses the Gag
and Gag-Pro polyproteins and is sufﬁcient for assembly of virus particles and
incorporates the Vpr-RT-IN fusion protein when expressed in trans.
4. pCMV-gag-pol lentiviral packaging construct (see Note 1). This plasmid expresses
the Gag and Gag-Pol polyproteins and is sufﬁcient for assembly of virus particles
and incorporates the Vpr-RT-IN fusion protein when expressed in trans.
5. pCMV-GFP gene transfer vector (26). This construct provides the lentiviral gene
transfer vector and contains the GFP reporter under control of the CMV promoter.
6. pCMV-tat (26). Transfection of this plasmid results in the transient expression
of HIV-1 Tat protein.
7. pCMV-tat-rev. Transfection of this plasmid results in the transient expression
of HIV-1 Tat and Rev proteins.

2.2. Cell Lines, Cell Culture, and Medium Supplements
1. 293T: Human embryonic kidney cell line expressing the SV40 T antigen.
2. HeLa (American Type Culture Collection). This is an epithelial-like cell line
derived from a carcinoma of the cervix (human).
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3. HeLa-puro. These cells contain at least one integrated copy of LTR-ψ-puromycinLTR DNA and express high levels of puromycin upon induction with Tat (26).
4. HeLa-tat. These cells constitutively express the ﬁrst exon of HIV-1 tat (53).
5. 293T-puro. 293T-puro cells contain at least one integrated copy of LTR-ψ-puromycinLTR DNA (introduced using a retroviral vector) and express high levels of
puromycin upon induction with Tat.
6. Penicillin, streptomycin (Invitrogen Life Technologies).
7. DMEM: Dulbecco’s modiﬁed Eagle’s medium (Gibco-BRL) supplemented with
2 mM L-glutamine (Invitrogen Life Technologies) and 100 U/mL penicillin and
100 µg/mL streptomycin (Invitrogen Life Technologies).
8. FBS: Fetal bovine serum, heat inactivated (Hyclone Inc.).

2.3. Solutions and Materials
0.45 µm Acrodisc 25 sterile ﬁlter (Gelman Sciences, Ann Arbor, MI).
Puromycin (Sigma).
DEAE-Dextran (Sigma), mol. wt. 500,000.
Crystal violet (Sigma): 0.2% crystal violet, 25% isopropanol, and 5% acetic
acid.
5. 2.5 M CaCl2. Filter sterilize and store at 4°C.
6. 2X BBS (pH 6.95): 50 mM N,N-bis (2-hydroxyethyl)-2-aminoethanesulfonic
acid, 280 mM NaCl, 1.5 mM Na2HPO4. Filter sterilize and store at –20°C.
7. PBS: Phosphate-buffered saline (Invitrogen Life Technologies).

1.
2.
3.
4.

3. Methods
3.1. Construction of Split Packaging
and Trans-Enzyme Components
It is important to note that not all Gag-Pol mutations can be rescued
efﬁciently. Site speciﬁc mutations in catalytic domains and deletion mutations,
especially those that remove large segments of the RT and IN coding region,
can severely diminish trans-complementation efﬁciency and TLV titer (48).
This appears to be due to dominant negative effects in the case of catalytic
mutations and assembly defects in the case of gag-pol deletion mutations
(unpublished). Therefore, careful consideration is warranted prior to constructing or modifying the trans-lentiviral packaging construct from that depicted
in Fig. 2 (see Note 2). The design of the trans-enzyme construct (Vpr-RT-IN)
has also been optimized to achieve maximal complementation. At the junction
fusing vpr in-frame with RT-IN, 33 nucleotides of 3′ PR sequence are included
to preserve the N-terminal PR cleavage site of RT (48). Providing RT and
IN as a single fusion molecule (Vpr-RT-IN) is also necessary for efﬁcient
complementation. Although this may be caused in part by more efﬁ cient
liberation of mature RT (p51/p66) and IN, the RT-IN polypeptide fusion itself
facilitates virion assembly.
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3.2. Generation of Trans-Vector Stocks
3.2.1. Transfection

Production of TLV stocks by transient transfection requires four DNA
components: 1) pCMV-gag-pro (packaging construct); 2) pCMV-vpr-RT-IN
(trans-enzyme construct); 3) pMD.G (VSV-G envelope); and 4) a transducing
vector (e.g., pCMV-GFP). Although most DNA transfection methods will
work, the following detailed protocol is described to generate high titer vector
stocks. The protocol will produce 1 mL of concentrated TLV stock at 1–5 × 108
infectious units (IU)/mL.
1. Plate 293T cells in 20 six-well culture plates using DMEM (2 mL/well) containing 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (complete
DMEM). The cells should be plated at a density (approx 700,000 cells/well) to
achieve 70–80% conﬂuency within 18–24 h (see Note 3). Three to four hours
prior to DNA transfection, add 1 mL of complete DMEM to each well.
2. Using 5-mL polystyrene tubes, mix 3 µg of pCMV-gag-pro, 1.5 µg of pCMVvpr-RT-IN, 1 µg of pMD.G, and 3 µg of pCMV-GFP in a ﬁnal volume of 135 µL
of sterile H2O. These relative DNA concentrations are optimized to generate
maximal titer stocks. Total DNA concentrations should not exceed 12 µg without
corresponding adjustment in volume. To the DNA-H2O mixture add 15 µL of
2.5 M CaCl2 and mix using a vortex.
3. While vortexing at a moderate to high speed, slowly (dropwise) add 150 µL of
2X BBS. Allow the tubes to stand at room temperature for 3–6 min. The volumes
and amounts of DNA described in steps 2 and 3 are for transfecting a single well
of a six-well plate. By increasing the volumes and correspondingly the DNA
concentrations a maximum of 12 wells can be transfected for each 5-mL-tube
reaction mixture.
4. Dropwise, thoroughly mix 300 µL of the transfection mixture into the medium of
each well of a six-well plate. Place the cultures at 37°C in a 5% CO2 environment
(see Note 4).
5. Culture the cells for 12–18 h (see Note 5). Carefully remove the transfection
medium, wash two times with PBS and add 3 mL of complete DMEM. After
24 h, add an additional 1 mL of complete DMEM (total 4 mL/well). Culture
cells for an additional 24 h.

3.2.2. Concentration of Vector Stocks
1. Collect and combine (if replica transfection are performed) the culture supernatants in 50-mL tubes and clarify by low-speed centrifugation (1000g, 10 min).
2. Filter the supernatant by passage through sterile 0.45-µm Acrodisc ﬁlters.
3. Concentrate the virions by ultracentrifugation (125,000g, 2 h, 4°C). Resuspend
the pellets in 1 mL DMEM, aliquot and store at –80°C.
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3.2.3. Titration of Vector Stocks

To determine the titer, dilutions of vector stocks are prepared and used to
infect cultures of 293T cells. Two days after infection, GFP positive (green)
cell colonies are counted using a ﬂuorescence microscope. In cases where the
vector contains a selectable marker gene (such as puromycin, hygromycin,
neomycin, and so on) titers may be determined by culturing the transduced
cells for an appropriate period of time in antibiotic selection medium (see
Note 6).
1. The day before titration/infection, seed 24-well tissue culture plates with 293T
cells (60,000 cells/well).
2. Using 5-mL polypropylene tubes, in a total transfer volume of 150 µL/tube make
four ﬁvefold serial dilutions of the vector stock in DMEM containing 0.1% FBS
and 8 µg/mL DEAE-dextran. Make a 1⬊1000 dilution of the original stock as the
ﬁrst of the dilutions. Incubate for 10 min at room temperature.
3. Remove the medium from the 293T cells and infect the cells by adding 125 µL of
each dilution to each well. Incubate the 293T cultures at 37°C for 2 h with gentle
rocking every 20 min. Remove the vector inoculum and add 1 mL of complete
DMEM. Culture at 37°C for 48 h.
4. Visualize the cells for GFP+ expression using an inverted ﬂuorescence microscope. The dilution containing approx 25 to 100 GFP positive cell colonies
should be selected to determine the titer. Each cluster/colony of GFP+ cells is
counted as a single infectious unit. In cases where the vector contains a selectable
marker, add fresh complete DMEM supplemented with the appropriate antibiotic
and continue culture of the cells at 37°C. After culturing in selection medium
for an appropriate time, stain the surviving cells with crystal violet and count the
number of blue-stained colonies per well (see Note 7).

3.3. Quality Control of Vector Stocks Predicting TLV Safety
Safety considerations should always be considered when using lentiviral
vectors, especially in future human clinical trials. In the past, in vitro assays
demonstrating the inability of vector stocks to generate RCR were used as a
key measure of safety. Our ﬁndings that genetic recombination produces envminus recombinant provirus that expresses viral gene products and mobilizes
retroviral nucleic acids when pseudotyped with an exogenous Env (26),
underscore the limitations of using RCR to predict vector safety in vivo,
especially in the long term. Below, we describe methods capable of detecting
env-minus recombinant lentivirus containing a functional gag-pol structure.
The combination of this assay with the trans-vector, which lacks gag-pol, will
provide greater assurance against the possible emergence of RCL in vivo.
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Vector stocks at titers of 108 IU, produced with either a third generation
packaging construct or a SIN vector, have been analyzed and found to produce
LTR-gag-pol-LTR proviral recombinants capable of mobilizing retroviral DNA
when pseudotyped with an exogenous envelope protein (27,28). LTR-gag-polLTR recombinants have not been detected in trans-vector stocks, even at titers
as high as 109 IU. In order for trans-vector stocks to generate recombinants
containing functional gag-pol, three restricted steps are required. First, single
virions must copackage three different mRNA, two of which do not contain
the ψ signal; second, the three separate genetic elements (mRNAs) must
recombine; and third, recombination must occur in a manner that restores a
functional LTR-gag/gag-pol-LTR genetic structure. Recombinants lacking RT
and IN are not able to generate RCL. Thus, to determine whether TLV stocks
have the potential of generating RCR a quality assurance assay is conducted
to monitor for env-minus lentiviral recombinants (LTR-gag/gag-pol-LTR). An
overview of this assay is illustrated in Fig. 3.
3.3.1. Detection of env-Minus LTR-gag-pol-LTR Recombinants
1. Generate and titer trans-lenti vector stock as described earlier. It is also necessary
to prepare the following control stocks.
a. Vector minus control stock is generated by excluding the gene transfer vector
from the DNA transfection. “Empty” (vector minus) virions are produced and
serve as an excellent control for ensuring that marker-gene mobilization is not
caused by the expression of packaging functions derived from contaminating
plasmid DNA carried over from the vector stocks.
b. Env minus control stock is generated by excluding the VSV-G expression
plasmid DNA from the transfection. The Env-minus vector serves to demonstrate that Env is required for mobilization of env-minus recombinant proviral
DNA. Mobilization in the absence of the VSV-G expression plasmid would
suggest the presence of RCL. See Fig. 2A.
2. As a positive control for the assay, generate and titer lentiviral vector stocks as
described earlier, except the trans-packaging (pCMV-gag-pro) and trans-enzyme
(pCMV-vpr-RT-IN) elements should be substituted with a conventional pCMVgag-pol packaging construct. It is also necessary that transfections with pCMVgag-pol include the vector minus (1a) and Env minus controls (1b).
3. For each vector stock, prepare one 75-cm2 culture ﬂask containing 5 × 106
293T-puro cells in complete DMEM medium. The cells should reach 40–50%
conﬂuency within 18–24 h.
4. Infect the 293T-puro cells with TLV and control stocks using a multiplicity of
infection (MOI) of 10 (approx 108 IU). Prior to infection, preincubate the vector
stocks for 10 min at room temperature with DEAE-dextran (8 µg/mL).
5. After incubation at 37°C for 4 h, remove the culture supernatant, wash the
293T-puro cells twice with PBS, and culture in complete DMEM at 37°C.
6. After 48 h, trypsinize and replate the cells in six-well plates (700,000 cells/well).
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Fig. 3. Detection of env-minus recombinant lentivirus. (A) Through nonspeciﬁc
encapsidation, other mRNAs, including that derived from the packaging construct, may
co-package into vector particles along with the gene transfer vector RNA. (B) During
reverse transcription in transduced cells, genetic recombination between RNAs of the
packaging construct and the gene transfer vector can generate env-minus recombinant
lentiviral genomes as depicted (LTR-gag-pol-LTR). Integration of such recombinants
into the genome of transduced 293T-puro cells leads to expression of viral Gag and Pol
proteins and the production of Env-minus progeny lentiviral particles. The presence of
these recombinants is demonstrated by mobilization of the puromycin resistance gene
(marker rescue), which is coexpressed within the 293T-puro cells from a gene transfer
vector that can be packaged into the vector particles. Because the recombinants are
most likely env deﬁcient, the transduced 293T-puro cells are transfected with the
VSV-G expression plasmid (pMD.G) to pseudotype progeny virions. Because thirdgeneration packaging constructs delete tat and rev, these functions are supplemented
by cotransfecting the 293T-puro cells with pCMV-tat-rev to up-regulate expression
of recombinant proviral genomes. (C) The culture supernatants are collected and
concentrated by ultracentrifugation. Progeny virions containing encapsidated markergenomes (r-u5-ψ-puro-u3-r) are depicted. The pseudotyped virions are used to
infect HeLa-tat cells and subsequently placed in medium containing puromycin.
(D) Pseudotyped vector particles confer resistance to puromycin if they contain a
recombinant lentiviral genome that is reverse transcribed, integrated, and expressed.
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7. The following day, transfect the transduced cells with the pMD.G and pCMVtat-rev expression plasmids. Each well is transfected with 1 µg of pMD.G and
1 µg of p-tat-rev.
8. Three days later, collect the supernatants into 50-mL conical tube, clarify by
low-speed centrifugation (1000g, 10 min, 4°C), and ﬁlter through 0.45-µm
pore-size ﬁlters.
9. Concentrate each supernatant stock by ultracentrifugation as described above.
Resuspend the pellets by adding 1.0 mL of DMEM. Stocks may be frozen
at –80°C.
10. Prepare 100-mm-diameter culture dishes of HeLa-tat cells (approx 1 × 106) in
complete DMEM medium.
11. After 18–24 h, at a cell density of 60–70%, remove the culture medium and
infect each with 0.5 mL of each concentrated vector stock. Incubate for 4 h
at 37°C in a humidiﬁed environment containing 5% CO2, rocking the dishes
every 20 min.
12. Wash the cells twice with PBS, add 10 ml of complete DMEM and culture
at 37°C.
13. Trypsinize and split the infected cells after 2 d as follows: Wash the cells two
times with PBS, add 0.5 mL of trypsin, incubate at 37°C for 1 to 2 min, add
5 mL of complete DMEM, pipet to disrupt the cells and transfer into two
100-mm-diameter dishes (5 mL each). Adjust to 10 mL using complete DMEM
containing puromycin at a ﬁnal concentration of 5 µg/mL. Culture the cells at
37°C for 12–14 d, removing old medium and replacing with fresh puromycincontaining medium every 2 d.
14. Remove medium and add 1 mL of crystal violet solution for 5 min to stain any
resistant cell colonies. Rinse with PBS.
15. Count the number of blue-stained cell colonies under low power of an inverted
phase contrast microscope.
16. Genetic sequence analysis of viral RNA genomes that were encapsidated
into virions produced from lentiviral vector transduced cells (see Fig. 2B)
demonstrated at the genetic level the presence of env-minus recombinant
lentivirus, conﬁrming the approach of this biological assay.

4. Notes
1. The lentiviral packaging construct serves as a positive assay control to be run in
parallel with the trans-packaging construct. The precise design of the lentiviral
packaging construct may vary depending on the design of the trans-packaging
construct.
2. To take full advantage of the trans-vector concept, it will be necessary to delete as
much of the RT-IN sequence from the packaging construct as possible. Deletion
of these sequences would prevent problems related to read-through of the TAA
stop codon and homologous recombination of the trans-RT-IN. Through an
extensive analysis we have found that all of IN and the RNase H domain of RT
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can be deleted with minimal effects of vector titer (approx twofold reduced).
Larger deletion mutations appear to reduce that amount of Gag-Pro expression
and consequently the progeny virions tend to be immature. Therefore, if transpackaging constructs with deletion mutations in RT-IN are contemplated, then
their ability to express and produce infectious virions should be addressed and
analyzed empirically.
Cell condition and conﬂuency are critical for producing high titered vector stocks.
Some transfection protocols are more or less toxic than others. Monolayers
grown to a greater conﬂuency (70–80%) are more resistant to toxic effects but
may be transfected less efﬁciently with less toxic protocols.
Alternatively the transfection can be performed using larger 293T cell cultures
(100-mm-diameter plates) with proportionate adjustments in cell number and
transfection volume and DNA concentrations.
Careful monitoring of the transfection precipitate and condition of the cell
monolayer is highly recommended. A heavy [dense] but ﬁne precipitate is desired
for high transfection efﬁciency. However, it is more toxic and should be removed
prior to marked toxicity.
Many application may not utilize a vector containing either GFP or a selectable
marker and direct titration of infectious units may not be possible. In these cases,
titers may be approximated by HIV-1 p24 enzyme-linked immunoabsorbent
assay (ELISA): 1 ng of p24 represents 800 to 2000 infectious particles.
The different selectable marker genes have their own speciﬁc parameters for
selection with respect to drug concentration and culture time.
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Human Immunodeﬁciency Virus Type 1-Based
Vectors for Gene Delivery to Human
Hematopoietic Stem Cells
Ali Ramezani and Robert G. Hawley
1. Introduction
A number of inherited and acquired disorders can potentially be treated by
gene-based therapies. To be successful, gene therapy requires efﬁcient delivery
and continued expression of the therapeutic gene in the target cell. Toward
this goal, a variety of methods have been developed for delivering genes into
various cell types and tissues (for reviews, see refs. 1 and 2). Common viralbased methods utilize vectors derived from oncoretroviruses, adenovirus type
5, adenoassociated virus type 2, herpes simplex virus type 1 (HSV-1), and,
most recently, lentiviruses. Among these, oncoretroviral vectors (primarily
those based on Moloney murine leukemia virus) have been the most widely
used to date in gene therapy applications, mainly because of their capacity
to stably integrate into cellular DNA in the absence of wild-type virus (3–5).
However, a major limitation of oncoretroviral vectors is their inability to
transduce nondividing cells (6–9).
The need to stably deliver genes to nondividing cells prompted researchers
to develop vectors from lentiviruses such as human immunodeﬁciency virus
type-1 (HIV-1). Lentiviruses integrate their genomes into the chromosomal
DNA of target cells with the added advantage over oncoretroviruses of
not requiring cell division (8,9). This property makes vectors derived from
lentiviruses effective tools for in vivo gene delivery to terminally differentiated
cells such as myocytes, neurons, and hepatocytes, and also for ex vivo genetic
modiﬁcation of slowly dividing hematopoietic stem cells (HSCs). Although
lentiviral vectors based on HIV-2 (10) and the nonhuman lentiviruses simian
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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immunodeﬁciency virus (SIV) (11), feline immunodeﬁciency virus (FIV) (12),
equine infectious anemia virus (13), and visna virus (14) are active areas of
ongoing research, lentiviral vectors based on HIV-1 are the most advanced.
This chapter will, therefore, focus mainly on HIV-1-based lentiviral vectors.
Following a brief overview of HIV-1 molecular biology, successive generations
of HIV-1 vectors will be described highlighting the various improvements that
have been made since the initial versions. Emphasis will be placed subsequently
on HIV-1 vectors speciﬁcally developed for gene delivery and expression in
human HSCs. Detailed methodology and practical information required for
production and routine use of these vectors will be provided.
1.1. Molecular Biology of HIV-1
The molecular biology of HIV-1 has been reviewed extensively elsewhere
(15). The salient features of the structure and life cycle of HIV-1 relevant to
lentiviral vector-mediated gene transfer are summarized.
1.1.1. HIV-1 Genomic Organization

HIV-1 is a member of the family Retroviridae and is grouped with other
lentiviruses in the subfamily lentivirinae. The HIV-1 genome consists of
two identical plus-strand RNA molecules of approx 9.3 kb encapsidated in
a lipid-enveloped viral particle. Upon entry into the target cell and reverse
transcription, the genomic RNA is converted into a double-stranded DNA
intermediate, which is translocated from the cytoplasm to the nucleus where
it integrates into chromosomal DNA. The integrated HIV-1 proviral form is
approx 9.8 kb in length (see Fig. 1A). Two identical 634-bp sequences termed
the long-terminal repeats (LTRs) ﬂank the integrated viral DNA. The 5′ LTR
contains the enhancer and promoter elements for transcription of HIV-1 viral

Fig. 1. (see facing page) (A) Structural features of HIV-1 proviral DNA and genomic
RNA. The proviral DNA is ﬂanked by LTRs which control the expression of the viral
genes. The relative positions of genes that encode the structural and enzymatic proteins
(Gag, Pol, and Env), the regulatory proteins (Tat and Rev) and the accessory proteins
(Vif, Vpu, Vpr, and Nef) are indicated. The various cis-acting responsive sequences
(CRS) within the gag, pol, and env coding regions that negatively regulate HIV-1
gene expression are shown on the HIV-1 genomic RNA. (B) Schematic diagram of the
HIV-1 life-cycle. Following entry inside the cell, HIV-1 RNA is reverse transcribed and
the DNA intermediate integrates into the cellular genome. The full-length 9.3-kb viral
RNA is differentially spliced to give rise to various HIV-1 mRNAs. Virus assembly
takes place at the plasma membrane where two copies of full-length HIV-1 RNA are
recruited into the budding viral particles.
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genes, whereas the 3′ LTR contains the signals required for 3′-end processing
and polyadenylation of viral RNA transcripts. Immediately downstream
of the 5′ LTR is the tRNA primer binding site containing 18 nucleotides
complementary to the 3′ end of tRNA3Lys at which reverse transcription and
synthesis of the minus-strand DNA is initiated. Two 15- to 16-nucleotide
polypurine tracts (PPTs), one located immediately upstream of the 3′ LTR and
the other centrally located at the 3′ end of the pol gene (cPPT), mediate initiation
of plus-strand DNA synthesis during the reverse transcription process.
HIV-1 viral DNA contains three large open reading frames, gag, pol, and
env, encoding the structural proteins of the virion (including the matrix,
capsid, and nucleocapsid proteins), the replication enzymes (protease, reverse
transcriptase, and integrase) and the envelope (Env) precursor glycoprotein
(which is cleaved into a surface unit gp120 and a transmembrane unit gp41),
respectively. In addition to gag, pol, and env, HIV-1 possesses the tat and rev
genes, which encode the regulatory proteins Tat (transactivator of transcription)
and Rev (regulator of expression of virion proteins). There are also four
accessory genes vif, vpr, vpu, and nef, which encode the virion infectivity
factor (Vif), viral protein R (Vpr), viral protein U (Vpu), and negative factor
(Nef), respectively (see Table 1).
A number of cis-acting sequences within the gag, pol, and env coding regions
negatively regulate HIV-1 gene expression (16). A 234-nucleotide sequence
called the Rev-responsive element (RRE) within the env coding region overrides
the negative effect of these cis-acting repressive sequences in the presence of the
regulatory protein Rev (17). The region near the 5′ major splice donor and
the beginning of the gag coding region contains the packaging signal (ψ) which
is required for encapsidation of HIV-1 genomic RNA (18). The RRE might also
contribute to efﬁcient packaging of the genomic RNA (19).
1.1.2. HIV-1 Life Cycle

HIV-1 infection is initiated by the binding of gp120 to the cluster of
differentiation 4 (CD4) receptor (see Fig. 1B), which is found primarily on
the surface of helper T cells, monocytes, dendritic cells and microglial cells
(20,21). Although binding of virus to the cell surface requires CD4, fusion of
virus with the cell membrane requires a cellular coreceptor. CD4 binding is
believed to induce conformational changes in gp120 resulting in the formation
or exposure of the binding site (22,23) for two chemokine receptors, CCR-5
(24,25), and CXCR-4 (26).
Following entry into the cell, the viral outer lipid envelope is removed and
its core is delivered into the cytoplasm. Genomic RNA within the core is
converted into DNA by the reverse transcriptase (27). The newly synthesized
proviral DNA is translocated to the nucleus as part of a nucleoprotein complex
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Table 1
HIV-1 Genes, Gene Products, and Their Function
Gene
Regulatory genes
tat

Size of
mRNA

Encoded
protein(s)

1.7–2 kb

Tat

16 kDa

1.7–2 kb

Rev

19 kDa

5 kb

Vif

23 kDa

vpr

4.5 kb

Vpr

10–15 kD

vpu

4 kb

Vpu

15–20 kD

nef

1.7–2 kb

Nef

25–27 kDa

rev

Accessory genes
vif

Structural genes
gag

9.3 kb

pol

9.3 kb

env

4 kb

Function
Trans-activation of gene
expression
Nuclear export of late
mRNAs, promotion of
polysomal binding to
RRE-containing RNAs
Enhancement of cell-free
virus transmission
Nuclear transport of
proviral DNA, induction
of G2 arrest in
dividing cells
CD4 degradation, virus
maturation and release
CD4 and MHC-I
downregulation,
enhancement of virus
replication

Pr55gag:MA, p17
Formation of viral
CA, p24
particles, packaging of
NC, p9
viral genomic RNA
p6
Pr160gag-pol: PR, p10 Reverse transcription,
RT, p61/p52
integration and virion
IN, p31
maturation
gp160: SU, gp120
Binding and entry into the
TM, gp41
host cell

containing the reverse transcriptase, matrix, Vpr, and integrase proteins (28,29).
Unlike oncoretroviruses, HIV-1 does not rely on nuclear membrane breakdown
during mitosis to transport its nucleoprotein complexes to the nucleus. It is this
feature of HIV-1 that allows it to infect nondividing cells. The transport of the
nucleoprotein complex to the nucleus is mediated by the matrix protein (30),
the integrase (31), and Vpr (32,33). Within the nucleus, integrase recognizes
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short inverted termini at the ends of proviral DNA and cleaves a dinucleotide
from each 3′ end (34). The cellular DNA is also cleaved by integrase, which
subsequently ligates the 5′ ends of the cellular DNA at the integration site to
the 3′ ends of the proviral DNA (35).
Transcription of the HIV-1 genome begins at the 5′ boundary of the R
region in the 5′ LTR and preferentially terminates at the 3′ boundary of the R
region in the 3′ LTR (36,37). The 5′ untranslated leader sequence within the
R region of the 5′ LTR contains the trans-activation response (TAR) element,
a 59-nucleotide region that forms a stem-loop structure. High-level HIV-1
transcription requires interaction of Tat with TAR (38). In the absence of Tat,
transcription terminates prematurely. As the Tat protein accumulates, interaction with TAR increases the processivity of RNA polymerase II, enhancing the
efﬁciency of transcriptional elongation (39).
The newly transcribed HIV-1 mRNAs are processed by the cellular splicing
machinery, producing 1.7- to 2.0-kb RNAs which code for the Tat, Rev, and
Nef proteins. The Rev protein regulates transport of HIV-1 transcripts from
the nucleus to the cytoplasm via a preexisting export pathway by binding to
the RRE region within the HIV-1 RNA (40). The mechanism involves the
interaction of a nuclear export signal on the Rev protein (41,42) with the
factor exportin 1 (43). As Rev accumulates in the nucleus, the viral mRNA
increasingly escapes the splicing machinery resulting in transport of 4- to 5-kb
singly spliced and 9.3-kb unspliced HIV-1 mRNAs to the cytoplasm.
The 4- to 5-kb singly spliced mRNAs encode the Vif, Vpr, Vpu, and Env
proteins, whereas the unspliced viral mRNA is translated into the Pr55gag and
the Pr160gag-pol polyprotein precursors. The viral Env protein is translated as
a precursor polyprotein gp160. It is directed to the endoplasmic reticulum by
its hydrophobic N-terminal signal peptide where it is extensively glycosylated
(44). Subsequently, gp160 is cleaved within the endoplasmic reticulum-Golgi
apparatus by cellular proteases (45) into the outer surface unit gp120 and the
transmembrane unit gp41 (46), which are inserted into the plasma membrane.
The N-termini of the Pr55gag and Pr160gag-pol polyprotein precursors are
myristylated, which targets them to the cell membrane where they are packaged
within the viral particles (47). Viral protease then cleaves Pr55gag to generate the
mature virion structural proteins, matrix, capsid, and p15 (48). Subsequently,
cleavage of p15 produces the p9 (nucleocapsid) and p6 proteins (49). Viral
protease is also responsible for cleavage of the Pr160gag-pol polyprotein into
protease, reverse transcriptase and integrase (50).
The unspliced 9.3-kb HIV-1 RNA also serves as the genomic RNA that is
packaged within the viral particles. As aforementioned, efﬁcient packaging of
HIV-1 genomic RNA requires the ψ signal, which contains four stem loops
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(18) as well as approx 1.1 kb of cis-acting sequences containing the RRE
sequence within the env coding region (19).
1.2. Design of HIV-1 Lentiviral Vectors
A legitimate concern regarding the use of HIV-1-based lentiviral vectors is
the potential for generation of wild-type or a new replication-competent virus.
Numerous modiﬁcations have therefore been made to ensure the biosafety of
current-generation HIV-1 vectors. This has been achieved by deleting all viral
protein-coding genes from the transfer vector while maintaining the cis-acting
sequences required for transmission and chromosomal integration of the viral
genome in the target cell. The resulting HIV-1 vectors carry a marker or a
therapeutic gene in place of the viral genes. The essential viral structural
proteins and enzymes required to generate recombinant vector particles, as
well as an envelope protein are provided in trans by packaging constructs that
are transiently cotransfected with the transfer vector into a suitable cell line.
Although the use of the HIV-1 envelope would limit the vector to CD4+
cells, envelopes with a less-restricted host-cell range such as the amphotropic
murine leukemia virus (MLV-A) envelope and the vesicular stomatitis virus
G (VSV-G) protein have been used to pseudotype HIV-1 vectors (51). The
MLV-A envelope binds the Pit-2 sodium-dependent phosphate symporter,
which is widely expressed on the surface of many mammalian cells (52),
whereas the VSV-G protein recognizes a ubiquitous phospholipid component
of the cell membrane (53–55).
The ﬁrst HIV-1 vectors were plasmids constructed primarily to study HIV-1
infectivity and pathogenesis, and mainly targeted CD4+ T cells (56–60). The
earliest constructs were env gene-substituted HIV-1 genomes (see Fig. 2B).
Pseudotyped vector particles were produced by expressing the HIV-1 env
gene or heterologous viral envelope glycoproteins (MLV-A, ecotropic MLV,
or human T-cell leukemia virus) from a separate plasmid. Several groups also
designed minimal HIV-1 transfer vectors in which the transgene was placed
under the control of the HIV-1 5′ LTR or an internal promoter (58–60). From
these studies, it was determined that inclusion of approx 650 bp of the 5′ gag
sequences and the presence of the RRE resulted in increased transduction
efficiencies. In general, the titers obtained with these systems were low,
approx 104 transducing units per milliliter (TU/mL) or below.
A three-plasmid expression system developed by Naldini et al. was among
the ﬁrst in which the VSV-G protein was used to pseudotype HIV-1 vectors
(51). In this improved “ﬁrst-generation” HIV-1 vector system (see Fig. 2C),
the transgene was driven by an internal cytomegalovirus (CMV) immediate
early region enhancer-promoter. The packaging construct utilized the CMV
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Fig. 2. Schematic representation of various HIV-1 vector systems. (A) HIV-1
genomic organization. (B) An early HIV-1 vector system with a deleted env gene. The
HIV-1 Env or the MLV-A envelope was expressed in trans from a second plasmid. (C)
A ﬁrst-generation HIV-1 vector system expressing all of HIV-1 proteins except Vpu
and Env. The vector particles were pseudotyped with VSV-G protein that was expressed
from a second plasmid. (D) A second-generation HIV-1 vector system having all of
the accessory genes removed. (E) A third-generation Tat-independent HIV-1 vector
system for transduction of human HSCs. The SIN transfer vector illustrated contains the
cPPT for efﬁcient nuclear import and utilizes an internal MSCV LTR promoter (MU3)
and the WPRE (W) for high-level transgene expression. The packaging constructs
encode only the HIV-1 Gag, Pol, and Rev proteins.
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promoter to drive expression of the viral proteins required in trans. In addition
to the env gene, the packaging signal and the reading frame encoding the
accessory protein Vpu were deleted while the 3′ LTR was replaced at the end
of the nef reading frame with a polyadenylation (poly A) site from the insulin
gene. A third plasmid encoded either the VSV-G or the MLV-A envelope.
Replication-defective pseudotyped vector particles were generated by transient
cotransfection of human embryonic kidney 293T cells (61) with the threeplasmid combination. Titers on the order of 105 TU/mL were obtained before
concentration. The vectors were shown to efﬁciently transduce HeLa cells
growth-arrested at the G1-S and G2 boundaries. Interestingly, although the
HIV-1 vectors were signiﬁcantly defective for reverse transcription in G0arrested cells, consistent with the blockage of HIV-1 infection in quiescent
CD4+ T cells (62,63), VSV-G-pseudotyped vector particles were demonstrated
to be capable of transducing terminally differentiated adult rat neurons in
vivo.
Further characterization of HIV-1 accessory protein requirements indicated
that all four accessory genes, vif, vpr, vpu, and nef, were dispensable for
the efﬁcient generation of VSV-G-pseudotyped vector particles that could
transduce nondividing 293T cells in vitro and terminally differentiated adult rat
neurons in vivo (64). This “second generation” HIV-1 lentiviral vector system
(see Fig. 2D) utilized a multiply attenuated packaging construct containing
only the HIV-1 gag, pol, rev, and tat genes. Although no effect on the ability to
produce high-titer stocks of VSV-G-pseudotyped HIV-1 vectors was observed,
gene delivery to macrophages was reduced by approx 50% in the absence
of Vpr (64). In other work, HIV-1 accessory proteins have been reported to
be required for efﬁcient transduction of resting hepatocytes, skin ﬁbroblasts,
and lymphocytes (65–67). Thus, it is important to bear in mind that it may
be necessary to selectively express some accessory proteins in HIV-1 vector
packaging cell lines for certain gene transfer applications.
“Third-generation” lentiviral vector systems (see Fig. 2E) have been
subsequently developed by deleting the tat gene from the packaging construct,
leaving only the gag, pol, and rev genes (68,69). Tat dependence was eliminated
by replacing the U3 region of the 5′ LTR with the CMV or Rous sarcoma virus
LTR promoter. Removal of Tat resulted in minimal loss of in vitro transduction
efﬁciency. Consequently, unprocessed titers of up to 107 TU/mL are routinely
obtained and concentration by ultracentrifugation yields titers of approx 109
TU/mL. To further increase the biosafety of the third-generation vector
system, Dull et al. designed a conditional split-genome packaging construct in
which the gag-pol and rev genes are provided on two separate plasmids (69).
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The biosafety of third-generation HIV-1 vectors has also been signiﬁcantly
improved by the introduction of a 400-nucleotide deletion in the U3 region
of the 3′ LTR spanning the viral enhancer and promoter sequences (70,71).
Because the U3 region of the 3′ LTR is used as a template to generate both
U3 regions of the proviral DNA during the reverse transcription process, any
modiﬁcations to the U3 region of the 3′ LTR are copied to the 5′ LTR. These
so-called self-inactivating (SIN) vectors thus yield proviral forms that are
incapable of synthesizing vector transcripts. Inability to transcribe the fulllength vector RNA in transduced target cells minimizes the possibility of
generating replication-competent viruses. Removal of these LTR sequences
also alleviates concerns regarding cellular gene activation caused by vector
enhancer or promoter insertional mutagenesis. In addition, the possibility that
upstream LTR-initiated transcription will interfere with that from the internal
promoter is precluded by the SIN conﬁguration. Most recently, the HIV-1 cPPT
and the central termination sequence (CTS) embedded within the pol gene have
been reintroduced into the backbone of third-generation HIV-1 vectors (72,73).
After a strand transfer, the upstream plus strand DNA segment initiated at
the 3′ PPT terminates at the CTS, creating a 99 nucleotide-long overlap with
the downstream plus strand DNA segment initiated at the cPPT. This overlap,
denoted the “central DNA ﬂap,” has been found to facilitate efﬁcient nuclear
translocation of the HIV-1 preintegration complex and increases the rate of
nuclear import of the vectors to levels comparable to those obtained by wildtype HIV-1 (72,73).
Attempts have been made by several groups to eliminate the Rev dependence
of HIV-1-based lentiviral vectors (66,68,74–76). The approach has generally
involved replacing the RRE with autonomous RNA export signals termed
constitutive RNA transport elements—typically from the simian type D
retroviruses Mason-Pﬁzer monkey virus and the simian retroviruses type 1
and 2. Collectively, the studies indicate that these elements can partially
substitute for the Rev/RRE combination although there is usually a reduction in
vector titer when the Rev/RRE components are completely removed from the
packaging system. Other elements, referred to as posttranscriptional regulatory
elements, especially that present in woodchuck hepatitis virus (WPRE), have
been demonstrated to augment the expression of transgene cassettes delivered
by lentiviral vectors (77,78).
1.3. HIV-1 Vectors for HSC Gene Transfer
HSCs are attractive targets for gene therapy because of their capacity for self
renewal and ability to replenish mature blood cell populations continuously
throughout life (79,80). Sustained expression of transgenes at clinically relevant
levels in the progeny of HSCs would provide novel and potentially curative
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treatments for a variety of inherited hematologic and immune disorders (81,82).
The best candidates for HSC-directed gene therapy in the immediate future are
monogenic diseases for which regulated, lineage-speciﬁc transgene expression is not required and moderate levels of transgene product will provide a
clinical beneﬁt. Possibilities include immunodeﬁciency syndromes (severe
combined immunodeﬁciency owing to defects in signal transduction pathways
or adenosine deaminase deﬁciency), disorders of phagocytic cells that result in
recurrent life-threatening infections (chronic granulomatous disease, leukocyte
adhesion deﬁciency), and metabolic storage diseases (Fabry disease, Gaucher
disease, Hurler syndrome). Indeed, multiple incremental improvements in
HSC-targeted oncoretroviral vector-mediated gene transduction protocols over
the past few years culminated recently in the correction of severe combined
immunodeﬁciency disease in four infants (83). However, continued advances in
gene transfer technology are necessary if the inherent promise of HSC-directed
gene therapy is to be fully realized.
Because of their ability to transduce nondividing cells (although not necessarily those which are truly quiescent), safety-modiﬁed HIV-1-based lentiviral
vectors have emerged as promising tools for gene modiﬁcation of HSCs, which
reside primarily in the G0 and G1 phases of the cell cycle (84,85). Accordingly,
besides human hematopoietic progenitor cells detectable in in vitro assays
(86–91), efﬁcient transduction of candidate HSCs capable of establishing
hematopoiesis in sublethally irradiated nonobese diabetic/severe combined
immunodeﬁcient (NOD/SCID) mice has been demonstrated with HIV-1 vectors
(78,92–97).
Nonetheless, until recently, most lentiviral vectors utilized the CMV
promoter (98), which does not perform well in hematopoietic cells (92,99,100)
and is often subject to extinction of expression in vivo (101,102). In an attempt
to identify promoters for improved transgene expression in human HSCs, we
constructed and studied a series of HIV-1-based SIN vectors containing various
viral and cellular promoters known to be widely expressed throughout the
hematopoietic compartment and/or ubiquitously in vivo (78). The promoters
included the murine stem cell virus (MSCV) vector LTR (103), the Gibbon ape
leukemia virus (GALV) LTR (104), the human elongation factor 1α (EF1α)
promoter (105), the CAG promoter (composed of the CMV immediate early
enhancer linked to chicken β-actin promoter sequences) (106) and the human
X chromosome phosphoglycerate kinase 1 (PGK) promoter (107). Our results
indicated that whereas the CMV promoter directed the highest levels of
transgene expression in two human nonhematopoietic cell lines (293T cells
and HT1080 ﬁbrosarcoma cells), all of the promoters tested expressed the
transgene at higher levels in the human CD34+ hematopoietic progenitor cell
line KG1a. The relative promoter strength in KG1a cells was EF1α > CAG >
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MSCV LTR > GALV LTR > PGK > CMV. Insertion of the WPRE into the 3′
untranslated region of the vectors further enhanced transgene expression (up
to 2.5-fold) in a promoter-dependent manner. In particular, inclusion of the
WPRE substantially improved the performance of the SIN lentiviral vectors
harboring the MSCV and GALV LTRs while nominally increasing the levels of
transgene expression that could be achieved from the EF1α and CAG introncontaining promoters. Importantly, the vector that contained the MSCV LTR
was shown to direct high-level transgene expression following transduction of
human CD34+ cord blood progenitors with NOD/SCID repopulating activity.
Other groups have evaluated several of these internal promoters and have
reported similar ﬁndings (91,93,94,96,97). In one study (91), transgene expression from self-inactivating HIV-1 vectors containing the EF1α, PGK, and CMV
promoters was assessed in cultured human CD34+ hematopoietic progenitors
as well as their differentiated progeny. The highest level of expression was
obtained from the EF1α promoter with the PGK promoter also outperforming
the CMV promoter. Inclusion of WPRE appeared to enhance PGK promoterdriven transgene expression but it did not stimulate expression from the EF1α
promoter-containing vector. Consistent with these in vitro ﬁndings, two groups
have recently reported that higher levels of transgene expression from HIV-1
vectors in human NOD/SCID-repopulating cells could be attained with the
EF1α promoter (96,97).
Although candidate human HSCs can be efﬁciently transduced and high
transgene levels can be achieved using the latest generation of HIV-1 vectors,
biosafety issues notwithstanding, transcriptional silencing and position effects
imposed by the ﬂanking chromatin at the vector integration site still remain
to be addressed before lentiviral-mediated HSC gene transfer will become a
routine and effective clinical procedure (108–110). We are, therefore, currently
investigating the extent to which incorporation of genetic control elements
such as chromatin domain insulators and scaffold/matrix attachment sites into
advanced HIV-1 vectors will result in enhanced probability and maintenance
of transgene expression during multilineage differentiation of human HSCs
serially transplanted in NOD/SCID mice (111).
2. Materials
2.1. Solutions and Reagents
1. CaCl2 solution (2.5 M ): 183.7 g CaCl2 dihydrate (tissue culture grade; Sigma,
St. Louis, MO), H2O to 500 mL. Filter sterilize through a 0.45-µm nitrocellulose
ﬁlter (Nalgene; Nalge Nunc International, Rochester, NY) and store at –20°C in
50-mL aliquots (can be frozen and thawed repeatedly).
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2. HEPES-buffered saline (HeBS) (2X): 16.4 g NaCl (0.283 M ), 11.9 g HEPES acid
(0.023 M ) (Sigma), 0.21 g Na2HPO4 (1.5 mM ) (Sigma), H2O to 1 L. Titrate to pH
7.05 with 5 M NaOH. Filter sterilize and store the solution at –20°C.
3. Polybrene (Sigma): 6 mg/mL; 1000X.
4. Protamine sulfate (Sigma): 4 mg/mL; 1000X.
5. Recombinant ﬁbronectin fragment (CH-296): 9.6 µg/mL in PBS (Takara Shuzo,
Shiga, Japan).
6. Ficoll-Paque (Amersham Pharmacia Biotech, Piscataway, NJ).
7. VarioMACS CD34 progenitor cell isolation kit (Miltenyi Biotec, Auburn, CA).
8. Cell dissociation buffer (Invitrogen Corporation, Carlsbad, CA).

2.2. Cells
1. 293T cells: a permanent line of human embryonal kidney cells transformed by
sheared human adenovirus type 5 DNA (293 cells) that expresses the simian
virus 40 large tumor antigen (61).
2. HT1080 cells: a human ﬁbrosarcoma cell line (American Type Culture Collection
CCL-121).
3. Human KG1a hematopoietic progenitor cells: a variant subline of the acute
myelogenous leukemia cell line KG1 with CD34+CD38lo surface phenotype
(ATCC CCL-246.1).
4. Cord blood CD34+ cells: primary hematopoietic stem and progenitor cells
expressing high levels of the cell surface glycoprotein CD34 isolated from
human umbilical cord blood (obtained after informed consent in conformity
with an institutionally approved protocol) by positive immunoselection using the
varioMACS CD34 progenitor cell isolation kit.
5. CEM-GFP: a human T lymphoblastoid cell line (CEM) containing a plasmid
expressing the jellyﬁsh green ﬂuorescent protein (GFP) gene under the control
of the HIV-1 LTR promoter, used to monitor infection with HIV-1 (NIH AIDS
Research and Reference Reagent Program, Cat. no. 3655).

2.3. Cell Culture
1. Dulbecco’s modiﬁed Eagle’s medium (DMEM) (Invitrogen Corporation) supplemented with 10% heat-inactivated fetal bovine serum (FBS; BioWhittaker,
Walkersville, MD), L-glutamine (2 mM; Invitrogen Corporation), penicillin
(50 IU/mL; Invitrogen Corporation), and streptomycin (50 µg/mL; Invitrogen
Corporation).
2. Iscove’s modiﬁed Dulbecco’s medium (Invitrogen Corporation) supplemented
with 10% heat-inactivated FBS (BioWhittaker), L-glutamine (2 mM; Invitrogen
Corporation), penicillin (50 IU/mL; Invitrogen Corporation), and streptomycin
(50 µg/mL; Invitrogen Corporation).
4. X-VIVO 15 (BioWhittaker) supplemented with 10% BIT (bovine serum albumin,
insulin, and human transferrin) serum substitute (StemCell Technologies, Van-
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couver, BC), 100 µM β-mercaptoethanol (Sigma) plus 100 ng/mL stem cell factor
(Peprotech, Rocky Hill, NJ), 100 ng/mL Flt-3 ligand (Peprotech), and 20 ng/mL
thrombopoietin (Peprotech).
5. Phosphate-buffered saline (PBS; Invitrogen Corporation).
6. Trypsin-ethylenediaminetetraacetic acid (EDTA) (Invitrogen Corporation).

2.4. Mice
1. NOD/SCID mice: NOD.CB17-Prkdcscid/J mice homozygous for the severe
combined immune deficiency spontaneous mutation (Prkdc scid, commonly
referred to as SCID) on the NOD/LtSz background (nonobese diabetic mice
deﬁcient in macrophage function and having inherently low natural killer cell
activity) (The Jackson Laboratory, Bar Harbor, ME; Stock No. 001303).

3. Methods
3.1. Cotransfection of 293T Cells and Production of Vector Particles
VSV-G-pseudotyped HIV-1 vector particles are prepared by transiently
transfecting the transfer vector plasmid, the packaging plasmid pCMV∆R8.91,
and the VSV-G protein envelope plasmid pMD.G, into subconﬂuent 293T cells
by the calcium phosphate precipitation method (112) (see Note 1).
1. Grow human embryonic kidney 293T cells in DMEM supplemented with
10% heat-inactivated FBS, L-glutamine (2 mM ), penicillin (50 IU/mL), and
streptomycin (50 µg/mL) at 37°C and 5% CO2.
2. Seed 293T cells (4 × 106) into 10-cm tissue culture plates containing 7 mL of
complete medium the day before transfection (see Note 2).
3. Mix the transfer vector plasmid (15 µg), the packaging plasmid pCMV∆R8.91
(10 µg) and the VSV-G protein envelope plasmid pMD.G (5 µg). Bring the
volume up to 450 µL with sterile water. Add 50 µL 2.5 M CaCl2 and mix. Add
the DNA/CaCl2 solution dropwise to 500 µL of 2X HeBS in a 15-mL conical
tube. Use a second pipetor and a 5-mL pipet to bubble the 2X HeBS as you
add the DNA/CaCl2 solution. Vortex immediately for 5 s and incubate at room
temperature for 20 min (see Note 3).
4. Add the precipitate dropwise over the cells and mix gently. Incubate the cells
at 37°C overnight (16 h).
5. The next day, remove medium from the plate, rinse cells with 5 mL PBS, and
add 7 mL fresh medium.
6. Collect the vector-containing medium after another 48 h, centrifuge at 2000g
for 10 min to remove cellular debris and ﬁlter through a 0.45-µm pore-size ﬁlter
(Nalgene) before aliquoting and freezing at –80°C.

3.2. Concentration of Vector Particles by Ultracentrifugation
Stability of the VSV-G envelope protein allows generation of high-titer
vector stocks by ultracentrifugation (see Note 4).
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1. Ultracentrifuge vector supernatants in 70-mL bottles (Beckman Coulter, Fullerton, CA) at 50,000g for 90 min at 4°C.
2. Small, approx 2 mm in diameter, pale yellow pellets should be visible after
centrifugation. Resuspend pellets in approx 500 µL medium by gentle pipeting
and allow complete resuspension by gently vortexing at 4°C for 2 h.
3. Brieﬂy centrifuge down the debris for 5 min at 2000g and store the concentrated
vector particles as aliquots at –80°C (see Note 5).

3.3. Titration of Vector Stocks
The HT1080 cell line (113) can be used to determine the vector titer.
1. Grow HT1080 cells in the same medium as 293T cells. To determine vector
titers, seed 2 × 105 HT1080 cells in each well of a six-well plate.
2. The next day, prepare serial dilutions of an aliquot of each vector preparation
with medium in a ﬁnal volume of 1 mL and add to cells in the presence of
6 µg/mL polybrene.
3. Add 2 mL of fresh medium to each well after 4 h of transduction.
4. After 48 h, the relative end-point vector titers (TU/mL) can be determined by
ﬂow cytometric analysis for GFP expression (if the vector contains the GFP
gene) or by β-galactosidase staining (if the vector contains the lacZ gene). Vector
titer = number of HT1080 cells × % of GFP+/lacZ+ cells × dilution factor.
5. For vectors carrying the neo resistance gene, split cells 1⬊10 and seed into
100-mm dishes in medium containing 400 µg/mL of G418 (Sigma). Replace
medium every 4–5 d. Two weeks later, ﬁx and stain cells with 0.3% crystal
violet in 70% methanol to count the G418-resistant colonies. Vector titer = # of
colonies × 10 (1⬊10 split) × dilution factor.

3.4. Transduction of Hematopoietic Cell Lines
Nonadherent cells are transduced by incubating vector particles in the presence of polybrene or protamine sulfate or on CH-296 recombinant ﬁbronectin
fragment (114,115). In addition, transduction of human hematopoietic cells,
including primary CD34+ cells, has been shown to be signiﬁcantly enhanced
by centrifugation (116).
1. Culture KG1a cells in Iscove’s modiﬁed Dulbecco’s medium (Invitrogen Corporation) plus 10% heat-inactivated FBS, L-glutamine (2 mM ), penicillin (50 IU/mL),
and streptomycin (50 µg/mL).
2. Resuspend 5 × 105 cells in 1 mL of vector-conditioned medium in the presence
of 6 µg/mL polybrene or 4 µg/mL protamine sulfate in a 14-mL round-bottom
polypropylene centrifuge tube.
3. Centrifuge cells and vector-conditioned medium at 2000g for 2 h at room
temperature. Resuspend the cell pellet in 1 mL of fresh medium and incubate
overnight.
4. Repeat the above centrifugation-enhanced transduction once a day for 2 d.
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3.5. Isolation, Culture, and Transduction
of Cord Blood CD34+ Cells
1. Isolate the mononuclear cells from cord blood by density gradient centrifugation
on Ficoll-Paque.
2. Purify the CD34+ cells from the mononuclear cells by super paramagnetic
microbead selection using the varioMACS CD34 progenitor cell isolation kit,
according to the manufacturer’s instructions.
3. Resuspend the CD34+ cord blood cells in X-VIVO 15 medium containing 10%
BIT serum substitute, 100 µM β-mercaptoethanol plus 100 ng/mL stem cell
factor, 100 ng/mL Flt-3 ligand, and 20 ng/mL thrombopoietin. Add concentrated
vector particles to desired multiplicity of infection (MOI = 10–100), and culture
in a 24-well nontissue culture-treated plate coated with CH-296 recombinant
ﬁbronectin fragment (2 µg/cm2) at a density of 1 × 106 cells per well.
4. Twenty-four hours later, add fresh medium and culture the cells for an additional 72 h.
5. Harvest the cells with cell dissociation buffer, wash and resuspend in PBS plus
2% FBS, and analyze for CD34 and GFP expression by ﬂow cytometry.

3.6. Transplantation of Transduced CD34+ Cord Blood Cells
into NOD/SCID Mice (SCID-Repopulating Cell Assay)
1. Resuspend the CD34+ cord blood cells in X-VIVO 15 medium containing 10%
BIT serum substitute, 100 µM β-mercaptoethanol plus 100 ng/mL stem cell
factor, 100 ng/mL Flt-3 ligand and 20 ng/mL thrombopoietin. Add concentrated
vector particles to desired multiplicity of infection (MOI = 10–100), and culture
on ﬁbronectin-coated plates at 1 × 106 cells/mL.
2. Twenty-four hours later, harvest the cells (1 × 106), mix with 1 × 106 lineagepositive (CD34-) cord blood carrier cells and inject intravenously into sublethally
irradiated (3.5 Gy) NOD/SCID mice.
3. Twelve weeks after transplantation, sacriﬁce the mice and collect the peripheral
blood, spleen and bone marrow cells for ﬂow cytometric analysis.

3.7. Assays for Replication-Competent Virus
Absence of replication-competent HIV-1-derived virus in vector stocks can
be determined by the following methods.
3.7.1. Reverse Transcriptase Assay

This assay measures the enzymatic activity of HIV-1 reverse transcriptase.
1. Collect supernatants from stably transduced cells after several serial passages
and centrifuge at 2000g for 10 min to remove cellular debris.
2. Concentrate supernatants by ultracentrifugation at 40,000g for 2 h.
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3. Test the concentrated culture supernatants for HIV-1 reverse transcriptase activity
by using a commercial reverse transcriptase assay (Cat. no. 1468120; Roche
Diagnostics, Indianapolis, IN).

3.7.2. Tat-induction Assay

This assay uses a reporter cell line (CEM-GFP) that expresses the GFP gene
driven by the HIV-1 LTR promoter to measure Tat activity. Infection of CEMGFP cells with wild-type HIV-1 results in a 100-to 1000-fold increase in GFP
ﬂuorescence over 2 to 4 d compared with uninfected cells (117).
1. Collect supernatants from stably transduced cells after several serial passages
and centrifuge at 2000g for 10 min to remove cellular debris.
2. Resuspend the CEM-GFP cells (5 × 105) in 1-mL aliquots of the supernatants
and incubate overnight in the presence of 2 µg/mL polybrene.
3. Analyze GFP ﬂuorescence three days postincubation by ﬂow cytometry.
4. Use CEM-GFP cells transfected with the pCMV∆R8.91 packaging plasmid as
a positive control.

4. Notes
1. High-quality plasmid DNA is crucial to achieve high-efﬁciency transfection.
DNA concentration and quality should be determined by spectrophotometry and
gel electrophoresis. Commercially available plasmid DNA extraction kits can be
used to obtain highly puriﬁed supercoiled plasmid DNA. Prior to transfection,
the DNA can be sterilized by ethanol precipitation. The air-dried pellet can then
be resuspended in sterile water.
2. How the cells are handled during plating can also affect vector titers. When the
293T cells are plated for transfection, they must be trypsinized well to prevent
clumping and allow formation of a uniform monolayer. Cells should be 70–80%
conﬂuent at the time of transfection.
3. Transfection efﬁciency can vary signiﬁcantly and depends on several factors.
The pH of the 2X HeBS solution is extremely important and should be exactly
7.05. It is also important to bubble the 2X HeBS solution as the DNA/CaCl2
solution is added dropwise. Once added to the cells, a ﬁne precipitate should
develop that is readily visible under the microscope.
4. Vector particle production peaks on d 2 and 3 posttransfection and drops
signiﬁcantly after d 4. If the vector particles are to be used without further
concentration, the optimal time to collect the supernatant is 48 h posttransfection.
If vector particles are to be concentrated by the ultracentrifugation method,
the supernatants should be collected every day for 3 d and replaced with fresh
medium each time. Store collected supernatants from d 1 and 2 at 4°C until they
are pooled with the d 3 supernatant and concentrated.
5. Vector titers are also inﬂuenced by the stability of the vector particles which
is affected by factors such as temperature, pH, freeze-and-thaw frequency, and
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incubation conditions. VSV-G-pseudotyped HIV-1 vector particles have a halflife of 10.4 ± 1.2 h at 37°C, 1 to 2 d at room temperature, and about 1 wk at 4°C
(118). Changes in pH can dramatically affect vector stability. Although VSV-G
pseudotyped HIV-1 vectors are stable at pH 7.0, their half-life at pH 6.0 or 8.0
is less than 10 min (118).
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Semliki Forest Virus Vectors for Gene Transfer
Jarmo Wahlfors and Richard A. Morgan
1. Introduction
1.1. Alphaviruses: General Features and Replication
Semliki Forest virus (SFV), Sindbis virus, and several pathogenic encephalitis-producing viruses (e.g., Ross river virus, RRV) are members of the
family Togaviridae and genus Alphavirus. A typical alphavirus is an enveloped
virus with single-stranded, positive-polarity RNA genome of approx 12,000
nucleotides. The genome is capped at the 5′ end and polyadenylated at the
3′ terminus. The alphaviral genome functions directly as a messenger RNA,
encoding a polycistronic protein that is cleaved into four nonstructural proteins
(nsP1–4). These proteins associate with cellular factors and form so-called
replicase complexes. These complexes mediate the replication of the plusstrand genome into full-length minus strands, which efﬁciently produce both
new genomic RNAs and a second subgenomic RNA in an autocatalytic manner
(see Fig. 1). Subgenomic RNA encodes the structural proteins that are building
blocks for the alphavirus nucleocapsid. Alphavirus gene expression is transient
by nature and takes place exclusively in the cytoplasm of the host cells.
Replication of alphaviruses is extremely efﬁcient with approximately 105 new
virions per cell being produced with the aid of the host’s own translational
machinery. For review of alphaviruses, see ref. 1.
1.2. SFV for Recombinant Protein Production
The efﬁciency of SFV replication has been exploited for the development of
RNA-based systems for the production of recombinant proteins in eukaryotic
cells. In this system, the viral structural genes have been replaced by a
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Fig. 1. Schematic presentation of alpha virus replication. The genomic RNA is
ﬁrst used as template for the synthesis of non-structural proteins that form enzyme
complex called replicase. This complex can copy the + strand genome into – strand
genome and vice versa, using the genomic 42S promoters. Replicase can also utilize
the subgenomic 26S promoter and synthesize subgenomic message that encodes the
structural proteins of SFV virions.

transgene. After transfection or electroporation to target cells, these RNA
molecules replicate and produce high amount of recombinant protein (2).
Furthermore, the recombinant SFV system also include so-called helper
construct that provides the structural proteins in trans, thus facilitating
the production of recombinant alphaviral particles for more efﬁcient gene
transfer. Because the recombinant SFV generation system frequently produces
replication-competent viruses, there is a built-in safety feature in the commonly
used helper2 construct. Namely, an additional peptide was inserted into the
capsid protein that renders the viral particles noninfectious until the extra
domain is removed by chymotrypsin (3). For schematic presentation of the
production and use of SFV vectors, see Fig. 2.
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Fig. 2. Production and use of SFV vectors. Individual steps are described in detail
in the text.

1.3. Recombinant SFV as a Vector for Gene Therapy
and Vaccination
Alphaviruses are potentially useful vectors for gene therapy, as they have
been reported to have a broad host range, replicate efﬁciently in the cytoplasm
of host cells, have an inserted gene size capacity of at least 5 kb, and produce
high levels of recombinant proteins. Despite an extensive amount of data about
the biology of these viruses and numerous reports on the expression of single
genes in speciﬁc cell types, relatively little is known about their general utility
as truly useful vectors for gene therapy purposes. We have carried out a study,
where SFV along with Sindbis virus vector and other viral gene transfer vectors
were examined for their utility in transducing different types of target cells (4).
We showed that alphaviral vectors, especially SFV, can be useful gene transfer
vehicles, when a high level of transgene expression is needed rapidly, transient
expression is desired, and destruction of the target cells is tolerated. However,
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Table 1.
Relative Transduction Efﬁciency of SFV Vectors on Different Cell Linesa
Description

Relative
transduction

Baby hamster kidney
Mouse embryonic ﬁbroblast
Rat glioma
Rat glioma
Human, primary, adult
Human, primary, adult
Human embryonic kidney
Human hepatoma
Human cervical carcinoma
Human renal carcinoma
Human prostate carcinoma
Human prostate carcinoma
Human prostate carcinoma

++++
+
+++
++
+++
+
++++
+
+
++
+
+
+/–

Cell line
BHK-21
NIH 3T3
9L
BT4C
Fibroblasts
Keratinocytes
293T
HepG2
HeLa
Caki-2
DU-145
LNCap
PC-3

aThe results have been obtained with SFV vector carrying the TK-GFP fusion gene and
are from our recent publications. The transduction rates are shown relative to that of BHK-21
(almost 30% with MOI 0.3) as follows: ++++, same as BHK; +++, 50–100%; ++, 10–50%;
+ 1–10%; +/– < 1%.

it turned out that many studied cell lines are resistant to low amounts of SFV
and high multiplicities of infections are needed for a sufﬁcient gene transfer.
These ﬁndings have been further conﬁrmed by out recent experiments with
rat and human tumor cell lines (5,6). The ability of SFV vectors to transduce
various cell lines is presented in Table 1.
2. Materials
2.1. Cell Culture—General
1. BHK-21 cells. From ATCC (Manassas, VA, cat. no. CCL-10). Grown in complete
BHK medium with 5% fetal bovine serum (FBS) or DMEM with 10% FBS (see
Note 1). Split every 2–3 d 1⬊10.
2. Phosphate-buffered saline (PBS), sterile: Sold by most cell culture media
manufacturers.
3. Trypsin-ethylenediaminetetraacetic acid (EDTA) (10X stock, Life Technologies,
Inc., Gaithersburg, MD).
4. BHK complete medium. G-MEM, 2 mM glutamine, 20 mM HEPES buffer, and
10% tryptose phosphate broth. All components can be purchased from Life
Technologies.
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5. Dulbecco’s modiﬁed Eagle medium (DMEM). Supplemented with glutamine
and high glucose (4.5 g/L), can contain antibiotics (penicillin + streptomycin
or gentamicin).
6. FBS.
7. Tissue culture dishes: 10-cm plates, 3-cm plates, or six-well plates.

2.2. Recombinant SFV Plasmids
1. SFV Gene Expression System. This complete kit for production of SFV-based
recombinant proteins or SFV virions is sold by Life Technologies Inc. (cat. no.
10180-016). This kit contains pSFV1 and pSFV3-plasmids for transgene cloning,
pSFV-lacZ for control virus production and pSFV-Helper2-plasmid for virus
particle production. See Note 2 for alternative sources of SFV plasmids.

2.3. SFV RNA Synthesis
1. Restriction endonuclease Spe I for linearization of pSFV plasmids.
2. Tris-EDTA-buffered phenol (pH 5.6) for extracting the linearized plasmid DNA
(=template DNA). Ethanol for precipitation and RNase-free H2O for dissolving
the template DNA.
3. SP6 mESSAGE mACHINE kit (Ambion Inc., Austin, TX) for in vitro RNA
synthesis. This kit contains all the reagents needed for the synthesis of 5′ capped
RNA molecules. See Note 3 for alternative way to synthesize RNA.

2.4. Generation of SFV Virions
1. Culture of 50–75% conﬂuent BHK-21 cells.
2. SFV-transgene- and SFV-Helper2-RNA.
3. Opti-MEM medium (Life Technologies) for suspending cells prior electroporation. See Note 4.
4. Electroporator, we used ECM 600 from BTX (San Diego, CA).
5. Electroporation cuvets with 0.4-cm gap. We used Gene Pulser Cuvettes from
BioRad (Hercules, CA).

2.5. Titration of SFV Stocks
1. An SFV vector preparation with known titer (used as standard in the dot-blot based
titration of SFV vectors that do not carry a detectable transgene, see Note 5).
2. Dot blot vacuum manifold (Schleicher & Schuell, Keene, NH).
3. Hybond N+ membrane (Amersham, Arlington Heights, IL).
4. 10X SSC (1.5 M sodium chloride, 0.15 M sodium citrate).
5. UV-crosslinker (we used Stratalinker by Stratagene, La Jolla, CA).
6. DNA probe for hybridization, we used a 2.6 kbp Sac II fragment from the plasmid
pSFV1 (the plasmid is included in SFV Gene Expression System-kit).
7. Reagents for probe labeling, hybridization and washes of the membrane. Standard
methods of your laboratory can be used. Radioactive detection is preferred for
better resolution and higher sensitivity.
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8. Phosphorimager (we used BAS1500 by Fuji Medical Systems) for quantitation of
the dot intensities. Alternatively, scanned images of good-quality autoradiograms
(X-ray ﬁlms) can be used for quantitation.

3. Methods
3.1. Construction of Recombinant SFV Plasmids
The SFV expression vector plasmids pSFV1 and pSFV3 contain only a
minimal multiple cloning site, with cutting sequences for Sma I, Xma I, and
Bam HI. Therefore, the use of these vector plasmids requires either an insert
with Bam HI-ends, blunt-ended cloning strategy into Sma I site or modiﬁcations
to the multiple cloning site (see Note 2 for alternative plasmids). The plasmid
templates are to be linearized with Spe I before RNA synthesis. Because this
enzyme is the only alternative, your transgene cannot contain any recognition
sites for Spe I.
3.2. In Vitro Synthesis of SFV RNA
To produce recombinant SFV-transgene viruses, two SFV RNA species
(SFV-transgene and SFV-helper2) need to be synthesized in vitro using the
respective plasmids as templates. The RNA synthesis in this case is carried
out using SP6 RNA polymerase and the resulting RNA is 5′ capped, thus able
to behave similar to mRNA when inside the host cell. Because transcription
by SP6 polymerase is run-off synthesis, the plasmid templates have to be
linearized ﬁrst for a proper 3′ RNA termination.
1. Linearize at least 10 µg of the plasmids SFV-transgene and SFV-helper2 with
Spe I. Extract template DNAs using an equal volume of Tris-buffered phenol,
precipitate DNA with ethanol and wash at least twice with 70% ethanol. Dissolve
in RNase-free H2O, aim at 1 µg/µL concentration (see Note 6).
2. Perform in vitro transcription using the instructions from SP6 mESSAGE
mACHINE kit (Ambion). We routinely use 20-µL reaction volumes, 1 µg linear
template DNA, and add 1 µL of the GTP solution (included in the kit, improves
the yield with long templates). Incubate for 90–120 min at 37°C. Remove the
template DNA by adding 1 µL of DNase I from the kit (2 U/µL) and incubate
additional 15 min (see Note 7).
3. Precipitate RNA by adding 30 µL of nuclease-free H2O and 25 µL lithium
chloride precipitation solution from the kit. Chill overnight or at least 30 min at
–20°C. Pellet RNA by spinning at 4°C for 15 min at 15,000g, wash the pellet
twice with cold 70% ethanol, and air-dry brieﬂy (see Note 8).
4. Dissolve the RNA pellet in 50 µL of nuclease-free H2O. Keep on ice until
electroporation or store at –20°C (for prolonged storage, use –80°C). Analyze
concentration by spectrophotometer and quality by gel electrophoresis (see
Note 8).

SFV Vectors

499

3.3. Generation and Characterization of SFV-Transgene Virions
SFV virions are produced in BHK-21 cells, using simultaneous electroporation of vector RNA (SFV-transgene) and helper RNA (SFV-helper2). The
production is complete 24 h later. The resulting SFV virions are conditionally
inactive because of modiﬁcation in their capsid protein and become activated
upon chymotrypsin treatment (3).
1. Grow BHK-21 cells to 50–70% conﬂuence, trypsinize the cells and suspend
them in growth medium for counting. Take 5–10 × 106 cells per electroporation
reaction, wash twice with OptiMEM and suspend in OptiMEM (for each
electroporation 5–10 × 106 cells in 550 µL of the medium).
2. Transfer 550 µL of the cell suspension to electroporation cuvet (0.4-cm gap).
Add 10 µg of SFV-helper2 RNA and 10 µg of SFV-transgene RNA (see Note 9),
mix by ﬂicking the cuvet and electroporate as soon as possible.
3. Electroporation (see Note 10): we found out that three pulses (7 ms at 250 V)
gave optimal results with BHK-21 cells (with ECM 600 electroporator by BTX
Inc.). Mix by ﬂicking gently between pulses and plate onto 10-cm plate with
5–10 mL of DMEM, 10% FBS. Incubate at +37°C for 24 h.
4. Collect SFV supernatants, ﬁlter slowly through 0.45-µm syringe ﬁlter, divide
into aliquots and store at –80°C.

3.4. Titration of SFV-Transgene Virions
If the vector contains a detectable marker gene like lacZ or GFP, it can be
titrated by transducing BHK-21 cells with dilution series of the virus, followed
by detection of blue cells after X-gal (lacZ) staining (see Note 4) or ﬂuorescent
cells in ﬂow cytometer (GFP). If the vector does not carry any detectable
marker gene, determine the virus titer by a whole-virion dot blot method. This
method requires that an SFV virus stock with known titer is available (see
above). When the hybridization signal of the produced SFV stock is compared
to the signal of the reference stock, the titer (number of RNA genomes in the
preparation) can be estimated (see Note 11).
1. Make 10-fold dilution series of the SFV-transgene virus and the reference virus
in 10X SSC and pipet the dilutions (180 µL each) onto Hybond N+ membrane
with the aid of dot blot manifold. Wash the wells of the manifold three times
with 10X SSC.
2. Air-dry and UV cross-link the membrane. Prehybridize (for example, the following conditions can be used: incubate at +42°C for 1–3 h in solution containing
37.5% dextran sulfate, 7.5X SSPE, 0.75% SDS, 25% formamide, 5X Denhardt’s
solution, and 2 mg/mL denatured, sheared DNA).
3. Hybridize overnight at +42°C by adding a radiolabelled SFV probe to the
prehybridization solution. We have used a 2.6 kbp Sac II fragment from the
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plasmid pSFV1. Wash the membrane using increasing stringency and expose an
autoradiogram reader screen or an X-ray ﬁlm. Determine the signal intensities
from SFV-transgene and the reference virus, using the dots that are of intermediate intensity, and calculate the relative titer.

3.5. Transduction with Recombinant SFV Viruses
1. Grow target cells to desired conﬂuency on 3-cm or 10-cm plate. Determine the
approximate number of cells on the plate.
2. Activate enough SFV-transgene viruses for desired multiplicity of infection
(MOI): add 1/16 volume of chymotrypsin solution and 1/50 volume of 50 mM
CaCl2. Incubate 15 min at room temperature and inactivate the protease by
adding 1/4 volume of Aprotinin. Store activated virus on ice (see Note 12 for the
effect of MOI on transduction efﬁciency).
3. Remove the growth medium from target cells and wash them once with PBS
containing Mg2+ and Ca2+. Add activated virus in a volume of growth medium
that barely covers the cells, incubate 90 min at +37°C. Add an appropriate volume
of growth medium (1 mL for 3-cm plate, 5 mL for 10-cm plate). Incubate 24 h at
+37°C and analyze for transgene expression (see Note 13).

4. Notes
1. BHK-21 cells grow well in most tissue culture media. However, only complete
BHK medium with 5% FBS or DMEM with 10% FBS can be recommended,
because they have been tested by us and shown to support SFV production.
2. Originally, the recombinant SFV system was described by Liljeström and Garoff
(2) and the conditionally active helper2 construct by Berglund and coworkers
(3). The modiﬁed SFV vector with extended polylinker region (BssH II, Cla I,
Nsi I, and Apa I in addition to Bam HI and Sma I) has been described by Meanger
and coworkers (7).
3. RNA synthesis can also be performed without the mESSAGE mACHINE-kit. For
instructions, see the manual of SFV Gene Expression System (Life Technologies).
4. Opti-MEM or DMEM without phenol red turned out to be the best media for
suspending cells prior to electrophoresis. PBS also works, but one should be
careful not to let the cells stay in warm buffer for more than 10 min (cells start to
loose their viability and capacity to produce SFV particles).
5. SFV vectors with detectable marker genes like lacZ or GFP, can be used as reference. It is easy to determine the titers of these vector preparations by transducing
BHK-21 cells with dilution series of the virus, followed by detection of blue cells
after X-gal staining (lacZ) or ﬂuorescent cells in ﬂow cytometer (GFP).
6. Phenol extraction, followed by ethanol precipitation is the best way to purify long
templates for RNA synthesis. Other methods (like GeneClean) may introduce
breaks into DNA and reduce the yield of full-length RNA. Linearize large
amounts of plasmids (20–50 µg) and phenol extract using volumes of at least
100 µL to obtain good yields. Verify the result by agarose gel electrophoresis
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before proceeding to RNA synthesis (>90% of the plasmid should be in linear
form). This step should be performed in RNase-free environment (preferably on
a bench dedicated to RNA work).
Removal of the DNA template or precipitation of RNA may not be crucial steps,
but they are recommended because we have used them in our experiments. The
manual of the SFV Gene Expression System suggests that in vitro synthesized
RNA is suitable for electroporation without any puriﬁcation steps.
One reaction yields 20–60 µg of puriﬁed RNA and the typical A260 /A280 ratio
is about 2.2. Lower than 20 µg yields may indicate poor quality DNA template
or problems with the kit (always include a control reaction, using the template
pTRI-Xef1 from the kit). The quality of the RNA can be checked on regular
1.5% agarose gels, using TAE or TBE buffer. However, RNA is vulnerable in
non-denaturing environment and can degrade rapidly. Use high voltage and
short time to verify the overall integrity of RNA, accurate size determination
under these conditions is not possible (denaturing RNA gel with formaldehyde
is required for more precise analysis of the produced RNA species). Some
templates are more difﬁcult to transcribe, resulting in low proportion of the
full-length product and varying number of shorter RNA species. These are likely
to be caused by premature run-off of the SP6 polymerase at difﬁcult secondary
structures of the template DNA.
The sufﬁcient amount of RNA for one electroporation is dependent on the
quality of the RNA preparation (see Note 8). If the quality as determined by gel
electrophoresis and spectrophotometer is good, there is usually little or no beneﬁt
to exceed the 20 µg total RNA load (10 µg of both RNA species). However,
RNA with low proportion of full-length molecules can be used in excess to
compensate for the lack of quality. Less than 5 µg of both RNA species is likely
to reduce the virus yields.
Electroporation conditions are dependent on the equipment in use. It is recommended that other electroporators than the one used by us should be optimized
for maximal efﬁciency and virus production. The number of pulses given (under
indicated conditions) can also vary, we have observed that BHK-21 cells can
take up to 4 pulses, but it is safer to use only three pulses.
The whole-virion dot blot method is a rapid and easy way to get an estimate of
the number of SFV virions in the preparation. There is no need for prior virion
RNA puriﬁcation and different conditions for dot blotting and hybridization can
be used. The sensitivity of this method is about 1000 SFV-virions/mL, thus being
sufﬁcient to give titers of any useful virus preparation.
High multiplicity of infection is sometimes necessary to obtain sufﬁcient gene
transfer efﬁciency with SFV vectors. We have shown that (as opposed to the
common claim that Alphaviruses have broad host range) many human cell lines
can be very difﬁcult to transduce with alphaviral vectors (4). For example, Hardy
et al. (8) demonstrated 50–80% transduction rate of human prostate cancer cell
lines with high MOI of SFV vector, but Loimas et al. (5) showed that these cells are
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practically resistant to SFV and Sindbis virus vectors under conditions (MOI 3)
where adenoviral vector can yield >50% gene transfer efﬁciency.
13. SFV-based expression of a transgene is rapid and transient, with a very high
expression level. The expression can usually be detected 5–6 h after transduction
and peaks about 20 h later. Usually the target cells are still expressing the
transgene at high levels 48 h posttransduction, but their condition is apparently
getting worse and the expression level is decreasing. A day later the number of
transgene-positive cells are dramatically reduced due to cytotoxicity of the SFV
replication, i.e., the positive cells are dead or dying.
14. Commercial kits are available for X-gal staining (β-galactosidase enzyme assay
kit, Promega, Madison, WI) or cells can be stained in a solution containing
1 mg/mL 5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside, in 2 mM MgCl2,
5 mM K4Fe(CN)6, and 5 mM K3Fe(CN)6 in 1X PBS. Chemicals can be purchased
from Sigma (St. Louis, MO).
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Semliki Forest Virus (SFV) Vectors
in Neurobiology and Gene Therapy
Kenneth Lundstrom and Markus U. Ehrengruber
1. Introduction
Gene delivery methods play a key role in molecular neurobiology. The
possibility to efﬁciently deliver and express genes not only in cell lines, but
also in neurons in culture in vivo has facilitated studies on the understanding
of gene function. Generally, neurons are not very susceptible to gene transfer
methods. This means that the gene delivery is either rather inefﬁcient or causes
damage to the cells. However, several viral vectors such as adeno-associated
virus (AAV), lentivirus, herpes simplex virus and alphaviruses have been
proven to efﬁciently transduce neurons.
Gene therapy is another area where efﬁcient gene delivery is a prerequisite
for achieving therapeutic or prophylactic efﬁcacy. The most straightforward
gene therapy application is obviously related to cancer therapy, where the
aim is to use a viral vector to obtain high expression of a toxic gene in the
tumor tissue. Furthermore, novel targeted vectors should improve the speciﬁc
killing of tumor cells. This approach could replace chemotherapy, known for
its various harmful side effects, and could also be used in combination with
surgery to achieve maximal efﬁcacy.
1.1. Development of SFV Vectors
One of the most frequently used alphaviruses that has been developed for
foreign gene expression is Semliki Forest virus (SFV) (1). Three different SFV
expression vector systems have been engineered (see Fig. 1). The replicationcompetent vector is probably the least applied version. This vector contains
in addition to the full-length SFV genome a second SFV 26S subgenomic
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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promoter and the foreign gene of interest. Infection of host cells with the
generated recombinant virus results in heterologous gene expression, but also in
production of new virus progeny. This is naturally of some safety concern, but
the obvious advantage is the increased efﬁcacy of in vivo gene delivery, which
should allow spread in infected tissue and therefore enhance the therapeutic
effect. Owing to the continued production of virus particles, it is highly
recommended that cell-speciﬁc targeting is developed.
The replication-deﬁcient vector is the most commonly used version of
the SFV expression system. In this case, the SFV genome is split in the
form of cDNA onto two plasmid vectors. The expression vector contains the
nonstructural SFV genes (replicon) and the foreign gene of interest, whereas
the SFV structural genes reside in the helper vector. Cotransfection of RNA
from both vectors into baby hamster kidney (BHK) cells results in packaging
of recombinant SFV particles. Infection of host cells will lead to high-level
expression of the recombinant proteins. However, because of the lack of the
structural genes in the SFV replicon, no further virus production occurs. The
recombinant SFV particles are, therefore, often referred to as “suicide vectors.”
These vectors show high safety levels for in vivo applications.
The layered DNA vectors are plasmid vectors, where a eukaryotic RNA
polymerase II type promoter is utilized to drive the transcription of a selfamplifying replicon (2). Expression from these vectors is of a transient nature.
Because no viral particles are generated at any stage of the process, a very high
safety level is achieved. The drawback of this approach is the low gene delivery
efﬁciency commonly obtained for plasmid vectors. A novel application could
be to engineer replication-competent vectors by copackaging recombinant and
helper RNA in the same particles by also introducing a packaging signal in the
helper vector (see Fig. 1). This type of approach has been demonstrated to be
successful for the closely related Sindbis virus (3). In this chapter we describe
only applications based on the replication-deﬁcient SFV vectors.
1.2. Packaging of SFV Particles
The procedure to package replication-deﬁcient SFV particles is rapid and
simple. It is possible to generate high-titer virus stocks (109–1010 infectious
particles/mL) within 2 d. The expression vector and the helper vector are
employed as templates for in vitro transcription of RNA molecules using
SP6 RNA polymerase. The recombinant and helper RNA molecules are then

Fig. 1. (see opposite page) Schematic presentation of alphavirus expression systems.
26S subgenomic promoter; CMV promoter; alphavirus particle; recombinant protein;
PS, packaging signal.
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cotransfected into BHK-21 cells, where immediate expression of the SFV
nonstructural genes nsP1-4 leads to the formation of the replicase complex
responsible for massive RNA replication. It is estimated that from a single
+-strand viral RNA molecule approx 200,000 RNA molecules per cell are
replicated (4). This will result in high-level expression of the SFV structural
proteins from the helper RNA. Because the RNA packaging signal is just
located on the recombinant RNA molecule, only these molecules will be
packaged into recombinant SFV particles. The generated virus stocks are
capable of infecting a broad range of mammalian cell lines and primary cells
in culture (5).
1.3. Use of SFV Vectors in Neuroscience
SFV vectors have turned out to be highly suitable for expression of many
topologically different proteins (1,5). High expression levels have been
obtained for nuclear, cytoplasmic, membrane, and secreted proteins. G proteincoupled receptors (GPCRs) and ligand-gated ion channels, important mediators
in neurotransmission and signal transduction, have been particularly well
expressed from SFV vectors. Recombinant SFV has thus made it possible to
study pharmacological properties of receptors such as speciﬁc binding activity,
but also functional coupling to G proteins has been determined by measuring
intracellular Ca2+-release, inositol phosphate accumulation, cAMP stimulation,
and GTPγS binding. Because of the broad host range, expression studies can
be conducted in various mammalian cell lines and in primary cultures like
dissociated neurons. It is well documented that alphaviruses in general show
a strong preference for infection of neurons (4). Recombinant SFV particles
also demonstrate high infection rates in dispersed primary neurons in culture
(6). Interestingly, when rat primary hippocampal neurons cultured on a feeder
layer of glial cells were infected with SFV-GFP more than 90% of GFP-positive
cells were of neuronal origin (7) (see Fig. 2). The infected neurons showed
high viability for several days postinfection.
A similar preference of SFV for neuronal infection was also detected
in organotypic slice cultures from rat hippocampus (8,9). High levels of
β-galactosidase and GFP expression were obtained in infected slice cultures
(see Fig. 3). The infected neurons remained viable for up to 5 d postinfection
(as determined by propidium iodide exclusion). This time window is sufﬁcient
to allow for electrophysiological recordings. The reporter gene expression
was highly neuron-specific as >90% of GFP-positive cells had neuronal
morphology (8,9).
Comparative studies with replication-competent SFV4 and A7 strains in
mice have shown remarkable differences in virulence (10). The SFV4 strain
is lethal to all mice, whereas A7 is avirulent in mice older than two weeks.
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Fig. 2. Primary rat hippocampal neurons. Dispersed rat primary neurons in culture
were infected with SFV-GFP at a multiplicity of infection (MOI) of 10 and photographed under UV-ﬂuorescence at 1 d postinfection.

Furthermore, the SFV A7 strain has been shown to be capable of infection
of neurons, but no virus production occurs. Sequence comparisons between
SFV4 and A7 revealed several amino acid differences in the nsP3 gene and
construction of chimeric SFV4-A7 virus suggested that the nsP3 region is
important for the neurovirulence determination (11). It would, therefore, be
interesting to develop novel SFV expression vectors based in the SFV A7 strain
for gene delivery to the central nervous system.
Replication-deﬁcient SFV vectors have been used for in vivo gene delivery.
SFV-LacZ particles were injected into the striatum and amygdala of adult male
Wistar rat brain (12). Injection of 1 µL (105 infectious particles) resulted in
high local β-galactosidase expression in rat brain. The expression was transient
by nature showing a signiﬁcant decrease at 4 d postinjection. No differences
in general health (food intake, body weight, body temperature), sensory motor
function, exploratory behavior and muscle strength, were observed between
rats injected with SFV and control animals receiving only BHK medium. The
expression levels were highest at 1–2 d postinjection: thereafter, a steady
decrease in β-galactosidase activity was observed (see Fig. 4). The transient
nature of expression from SFV vectors was conﬁrmed by in situ hybridization
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Fig. 3. Recombinant SFV-mediated expression of GFP in pyramidal cells in hippocampal slice cultures prepared from 6 d old rats. Composite image of a serial stack
of confocal microscopic images taken across a 50 µM deep section in the CA1 region
from a slice at 2 d postinfection. Note that 11 infected neurons can be identiﬁed,
constituting the majority of the GFP-positive cells. Abbreviations: so, stratum oriens;
sp, stratum pyramidale: sr, stratum radiatum.

experiments assaying LacZ mRNA. So far, SFV vectors are not suitable for
long-term gene expression, at least in their present form. On the other hand,
transient transgene expression permits studies on the effect on the behavior of
the same animal before, during, and after the transgene expression phase.
1.4. Gene Therapy Applications
SFV vectors have been shown to induce apoptosis in host cells and could
therefore be potential candidates for cancer therapy. It was recently demonstrated that several human prostate tumor cell lines as well as prostatic duct
epithelial cells ex vivo could be efﬁciently infected by SFV-LacZ virus, which
resulted in strong induction of apoptosis (13). Moreover, SFV vectors have also
been used for studies in animal models. Intratumoral injections of SFV vectors
expressing the interleukin-12 subunits p40 and p35 resulted in signiﬁcant
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Fig. 4. Expression of recombinant β-galactosidase in rat brain. 105 SFV-LacZ
particles were injected into striatum and amygdala of rat brain and X-gal staining
performed at 1 d postinjection. Arrowhead indicates injection site and arrow a minor
spread into the ventricles

tumor regression and inhibition of tumor blood vessel formation in a mouse
B16 melanoma tumor model (14). Interestingly, multiple injections resulted in
improved antitumor responses and most encouragingly, no immune response
against SFV was detected. Additionally, injections of SFV-LacZ, SFV-GFP,
and empty SFV particles into human lung tumors implanted in nude mice led
to p53-independent induction of apoptosis (15). All constructs tested induced
apoptosis. Repeated injections at three consecutive days followed by another
three injections 1 wk later induced the strongest tumor regression.
To increase the safety and efﬁcacy of alphavirus vectors for gene therapy
applications, the Sindbis virus envelope structure has been modiﬁed to obtain
cell and tissue-speciﬁc targeting by the introduction of IgG binding domains
of protein A (16). This resulted in a 105-fold lower infection rate of normal
host cells, and through the protein A domains, allowed infection of human cells
treated with a monoclonal antibody against a surface receptor. Similar chimeric
constructs have been engineered for SFV with protein A domains in the E1
and E2 envelope proteins (Lundstrom, unpublished results). The advantage
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of using SFV is the generation of conditionally infectious particles from the
helper 2 vector, which will further reduce the infection rate of host cells by
a factor of 105.
SFV vectors have been successfully applied for the production of retroviruslike particles. Cotransfection of BHK cells with three SFV vectors containing
the gag-pol, env, and LTR-ψ+-neo-LTR genome from Moloney murine leukemia virus (MMLV) led to the generation of retrovirus-like particles possessing
reverse transcriptase activity (17). In another approach, SFV vectors were used
to replicate chimeric SFV-retrovirus RNA in retrovirus packaging cell lines.
The resulting particles were capable of transducing target cells, where they
showed reverse transcriptase activity and integrated into the host-cell genome
(18). Furthermore, replacement of SFV envelope proteins by the env gene of
murine leukemia virus (MuLV) resulted in packaging of minimal virus particles
with strong afﬁnity to host cells carrying MuLV receptors (19).
Alphavirus vectors in general have turned out to be efﬁcient for vaccine
production when applied as recombinant particles, DNA vectors or naked RNA
molecules (20). This approach has resulted in acquired protection against lethal
challenges with several types of viruses. Moreover, it has been shown that
vaccination strategies can also be applied for the induction of tumor immunity.
For instance, SFV-mediated expression of the P1A gene led to P185 tumor
immunity (21) and immunization of mice with SFV particles expressing the
human papillomavirus early genes E6 and E7 resulted in protection from
cervical cancer challenges (22). Interestingly, intramuscular injection of selfreplicating SFV-LacZ RNA protected mice from tumor challenge and could
even prolong the survival of mice with already established tumors (23).
1.5. Safety Aspects of Using SFV Vectors
The SFV expression system is based on an attenuated SFV strain (1).
Moreover, the second-generation helper vector, pSFV-Helper2 (24), has been
demonstrated to prevent ampliﬁcation of replication-competent particles that
might be generated through homologous recombination. The SFV system
itself is classiﬁed as Biosafety level 2 in the United States. However, using
the pSFV-Helper2 vector, the system was relaxed to Biosafety level 1 in most
European countries (25). Recently, a novel split two-helper SFV system was
described, where the capsid gene and envelope genes introduced as separate
RNA molecules reduced the theoretical frequency of replication-proﬁcient
virus generation to less than 4.2 × 10–17 (26). The split vector system is highly
recommended for gene therapy applications.
In the case of neurobiological applications, where SFV-infected cells are
assayed for enzymatic activity, receptor binding properties, functional assays
(coupling to G proteins) as well as electrophysiological responses, it is of
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great importance that high biosafety levels are guaranteed. It was recently
demonstrated that SFV-infected material could be safely handled outside
the cell culture facility after performing 2–3 washes of infected cells with
phosphate-buffered saline (PBS) (27). High biosafety standards are also
required for gene therapy applications and it is recommended that the split
two-helper SFV system is used (26). It has, therefore, been highly satisfactory
that no immune response against SFV occurs, even after repeated injections
(14,15). Another positive feature from the safety point of view is the transient
nature of expression. The viral RNA introduced is degraded with time and no
stable integration into the host genome will occur. Obviously, for long-term
stable expression the use of SFV vectors, at least in their present form, is
not advisable.
2. Materials
2.1. Cell Cultures
1. BHK-21 cells used for in vivo packaging of recombinant SFV particles are
cultured in a 1:1 mixture of Dulbecco’s modiﬁed F-12 medium (Gibco BRL) and
Iscove’s modiﬁed Dulbecco’s medium (Gibco BRL) supplemented with 4 mM
glutamine and 10% fetal calf serum (FCS). We have also cultured CHO-K1 and
HEK293 cells in the medium described above. However, if host cells require
a particular medium, there is no problem in using that medium for infection
with SFV vectors.
2. Rat primary hippocampal neurons were isolated from embryos (stage E17) of rat
strain ROROspf120 (BRL, Fullinsdorf, Switzerland) and cultured in DMEM (Gibco
BRL) supplemented with 10% horse serum. Organotypic slice cultures from rat
hippocampus were prepared in the roller-tube conﬁguration as described (27).

2.2. SFV Vectors
Both the pSFV1 (with BamHI and SmaI cloning sites) and pSFV2gen (with a
multilinker cloning region) expression vectors are used for subcloning of genes
of interest (see Chapter 28, pp. 532–533). The second-generation helper vector
pSFV-Helper2 is used for in vivo packaging of recombinant SFV particles. Both
pSFV1 and pSFV-Helper2 are commercially available from Life Technologies Inc.
(Rockville, MD). The pSFV2gen vector (also termed pSFV4.2) is available from
Life Technologies, but only upon special request and after purchase of pSFV1.
Recently, novel noncytopathogenic and temperature-sensitive SFV vectors have
been engineered (28,29). These are available from the authors upon request.
2.3. Reagents and Equipment
1. Restriction endonucleases SpeI, NruI (Roche Molecular Biochemicals), SapI
(New England Biolabs).
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2.
3.
4.
5.
6.
7.
8.

0.8% Agarose gel (Q-Biogene).
Gel electrophoresis apparatus (BioRad).
25⬊24⬊1 (v/v/v) Phenol/chloroform/isoamyl alcohol (Gibco BRL).
3 M Sodium acetate, pH 4.8 (Fluka).
95% (v/v) Ethanol (Merck).
70% (v/v) Ethanol (Merck).
10X SP6 Buffer: 400 mM HEPES, pH 7.4, 60 mM magnesium acetate, 20 mM
spermidine.
10 mM m7(5′)ppp(5′)G (Sodium salt: Roche Molecular Biochemicals).
50 mM Dithiothreitol (DTT) (Fluka).
rNTP Mix: 10 mM rATP, 10 mM rCTP, 10 mM rUTP, 5 mM rGTP (Roche
Molecular Biochemicals).
10 to 50 U/µL RNase inhibitor (Roche Molecular Biochemicals).
10 to 20 U/µL SP6 RNA polymerase (Amersham Pharmacia Biotech).
PBS (Gibco BRL).
Trypsin-ethylenediaminetetraacetic acid (EDTA): 0.25% Trypsin, 1 mM EDTA
(Gibco BRL).
1.5 mL Microcentrifuge tubes (Eppendorf).
Heating blocks and water baths (Eppendorf/Julabo).
Sterile electroporation cuvets, 0.2 and 0.4 cm (BioRad or BTX).
Electroporator (BioRad Gene Pulser).
Tissue culture ﬂasks (T25, T75, and T175) (Nunc Brand Products).
Microwell plates (6-, 12-, and 24-well plates) (Costar).
Falcon tubes (15 and 50 mL) (Becton Dickinson).
Plastic syringes (1, 10 and 50 mL) (Becton Dickinson).
Sterile 0.22-µm ﬁlters (Millipore).
Glass capillaries (e.g., Clark Electromedical Instruments, Pangbourne, U.K.).
Electrode puller.
Electrode holder (air-tight).
Autoclavable electrode holder (e.g., metal bin with foam).
Micromanipulator (e.g., Narishige).
Metal plate containing a base for a 35-mm Petri dish.
35-mm Petri dishes (Costar).
3-Way valve.
Plastic tubing (id 1 mm, od 3 mm).
Dissection microscope.
Autoclaved microloader pipet tips (Eppendorf).
Forceps.
Small scissors.
Cutting medium (Roller tube culture medium, 10 mM MgCl2, 0.5 µM tetrodotoxin, e.g., Latoxan).
Hippocampal slice cultures (e.g., roller-tube type).
Burner.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
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3. Methods
3.1. Generation of Recombinant SFV Particles
Recombinant SFV particles can be generated from miniprep DNA although
DNA preparations of high purity are preferred as templates for the in vitro
transcription reaction (see Note 1). In any case, the pSFV1 vector constructs
are linearized with SpeI or SapI, whereas pSFV2gen-based vectors are digested
with NruI or SapI. The pSFV-Helper2 vector is cut with SpeI.
3.1.1. Linearization of SFV Vectors
1. Linearize 5–10 µg of DNA with appropriate restriction endonuclease.
2. Conﬁrm the digestion by verifying an aliquot on an 0.8% agarose gel.
3. Purify the DNA by phenol/chloroform extraction and precipitate with ethanol
overnight at –20°C or for 15 min at –80°C.
4. Centrifuge ethanol precipitates for 15 min at 18,000g at +4°C and wash DNA
pellets with 70% ethanol.
5. Centrifuge again for 5 min and air-dry the DNA pellets.
6. Resuspend the DNA in RNase-free water at a concentration of 0.5 µg/µL.

Alternatively, DNA can be puriﬁed on MicroSpin™ S-200 HR Columns
(Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer’s instructions.
3.1.2. In Vitro Transcription of RNA
1. Set up 50 µL in vitro transcription reactions in sterile 1.5-mL tubes using 10X
SP6 buffer and other components described below and in Subheading 2.3. (see
also Note 2).

Note that the reaction mixture should be prepared at room temperature
(enzymes added last), because otherwise DNA may precipitate with the
spermidine present in the SP6 buffer.
3.5 µL
3.5 µL
3.5 µL
3.5 µL
3.5 µL
3.0 µL
1.5 µL
3.5 µL

(2.5 µg) Linearized DNA.
10X SP6 Buffer.
10 mM m7G(5′)ppp(5′)G.
50 mM DTT.
rNTP Mix.
RNase-free water.
(50 U/µL) RNase Inhibitor.
(20 U/µL) SP6 RNA polymerase.

2. Incubate the reactions at 37°C for 60 min.
3. Analyze 1–4 µL aliquots on a 0.8% agarose gel (under nondenaturing conditions)
to determine the size and quality of the transcribed RNA. Relatively thick
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recombinant RNA bands (no smears) in the range of approx 8 kb (depending on
the size of insert) and of approx 7 kb for the helper RNA are expected.
4. Continue the incubation of transcription reactions until the BHK-21 cells are
prepared for electroporation.

3.1.3. Preparation of BHK-21 Cells

It is recommended to not passage BHK-21 cells for too long. The cells used
for electroporations should not have been plated out more than 3 d earlier and
should not exceed 80% conﬂuency (see Note 3).
1. Trypsinize BHK-21 cells in T175 ﬂask after PBS wash with 6 mL trypsin-EDTA
for 5 min at 37°C.
2. Resuspend cells well to remove clumps, add medium to 25 mL and centrifuge
for 5 min at 800g.
3. Resuspend cells in a small volume of PBS, add PBS to a ﬁnal volume of 25 mL
and repeat the centrifugation.
4. Resuspend cells in approx 2 mL of PBS (resulting in approx 2 × 107 cells/mL).
5. Use cells immediately for the electroporation.

3.1.4. Electroporation of BHK-21 Cells
1. Transfer 0.4 mL (0.8 mL) cell suspension into 0.2 cm (0.4 cm) cuvets.
2. Add RNA mix containing 20–40 µL recombinant RNA and 20 µL helper RNA.
3. Insert the cuvet into the electroporator holder and pulse cells twice using the
following setting for the BioRad Gene Pulser.
Capacitance extender
Voltage
Capacitor
Resistance (pulse controller)
Expected time constant

0.2-cm cuvet
11960 µF
1500 V1
25 µF
∞Ω
0.8 s

0.4-cm cuvet
960 µF
850 V
125 µF
disconnected
0.4 s

In case of using the BioRad Gene Pulser II, the following modiﬁcations are
required: Set the pulse controller settings to “high range” and “∞” and the
capacitance rotary switch to “high capacitance.” Use the following settings: 360 V
(preset value in the high capacitance mode) and 75 µF. The resistance obtained
for 0.2-cm cuvets is 10 Ω and the expected time constant 0.7–0.8 s.
4. Dilute the electroporated cells by 25-fold in cell culture medium and transfer
cells to cell culture ﬂasks or plates.
5. Incubate cells at 37°C overnight in a 5% CO2 incubator for virus production.

Electroporation of cells in one 0.2-cm (0.4-cm) cuvet generates 10 mL
(20 mL) virus stock. If larger quantities of virus are required, cells from
individually electroporated cuvets can be combined and cultured in larger
tissue culture ﬂasks.
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3.2. Virus Activation and Test Infections
Virus stocks with titers in the range of 108–109 (occasionally 1010) infectious
particles/mL are generally generated within 24 h postelectroporation. An
incubation time of 48 h results in slightly improved (approx twofold) yields.
3.2.1. Harvest of Recombinant SFV
1. Harvest virus by collecting the medium containing the released virus particles.
2. Filter-sterilize virus stocks through a 0.22-µm ﬁlter (Millipore, Volketswil,
Switzerland) to remove cell debris and possible contaminants from the in vitro
transcription reaction.
3. Distribute virus into smaller aliquots (0.5–1 mL) prior to or after activation
(below).

Virus stocks are stored at –20°C (for weeks) and at –80°C (for years). It is
advisable to avoid repeated cycles of freezing and thawing because this will
inactivate SFV and signiﬁcantly reduce titers.
3.2.2. Activation of SFV Particles

SFV particles packaged with pSFV-Helper2 require activation with
α-chymotrypsin to restore infectivity, because of three point mutations located
in the p62 precursor of E2 and E3 envelope proteins (24) (see Note 4).
1. Add α-chymotrypsin stock solution (20 mg/mL) to the virus stock to a ﬁnal
concentration of 500 µg/mL.
2. Incubate for 20 min at room temperature.
3. Stop the reaction by adding aprotinin (10 mg/mL) (Roche Molecular Biochemicals) to a ﬁnal concentration of 250 µg/mL.
4. The virus is now ready for infection of host cells or in vivo injections.

Before conducting any major infection and expression studies, it is recommended to titer the generated virus stocks. Approximate titers can easily be
estimated for constructs containing reporter genes [e.g., GFP expressed from an
additional subgenomic SFV 26S promoter, vectors containing IRES (Internal
Ribosomal Entry Site) sequences or GFP fusions] or for proteins with available
antibodies (immunoﬂuorescence). In the absence of antibodies or reporter
genes, rough estimations of titers can be made from the dramatic change in
morphology of infected host cells. Infection of known numbers of host cells
with serial dilutions of virus will therefore give an approximate number of
infectious particles present in the virus stock.
3.3. Infection of Primary Neurons in Culture
Primary neurons in culture are known to be relatively sensitive to both
physical and chemical exposures. Neurons should therefore be subjected to as
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little disturbance as possible. Removal and exchange of medium can already
be harmful to the cultures.
1. Add appropriate virus concentration directly to primary neurons in culture.
2. Avoid any removal or addition of medium.
3. Perform a time-course study to obtain the optimal expression pattern for the
gene of interest.

We have noticed that the medium from BHK-21 cells (in which the virus
stocks are generated), under certain conditions, is toxic to primary neurons
in culture (see Note 5). Below are described different methods of replacing
the BHK-21 medium with a medium that is more appropriate and less toxic
to neurons.
3.3.1. Ultracentrifugation of Virus Stock
1. Prepare a step gradient in an ultracentrifuge tube by adding 1 mL of 50% sucrose
solution (bottom) and 3 mL of 20% sucrose solution (top).
2. Carefully pipet 9 mL (SW 40 Ti) or 8 mL (SW 41 Ti) of virus stock solution
onto the sucrose gradient.
3. Ultracentrifuge gradient at 160,000g (30,000 rpm in SW 40 Ti or SW41 Ti rotor)
for 90 min at +4°C.
4. The virus will band near the interface between the 20% and 50% sucrose layers
and can be collected by discarding the medium fraction and the bottom 0.8 mL
consisting of 50% sucrose.

3.3.2. Centriprep Concentration
1. Load virus onto the sample container of the Centriprep concentrator as described
by the manufacturer.
2. Centrifuge the assembled concentrator at an appropriate g-force (according
to the manufacturer’s recommendations) until the ﬂuid levels inside and outside
the ﬁltrate collector equilibrate.
3. Remove the device, snap off the airtight seal cap, decant the ﬁltrate, replace the
cap, and centrifuge the concentrator a second time.
4. Decant the ﬁltrate, loosen the twist-lock cap and remove the ﬁltrate collector.
5. Collect the concentrated virus sample with a 1-mL disposable plastic pipet.

If further concentration of virus is desired, additional centrifugation can be
performed after decanting the ﬁltrate.
3.3.3. Afﬁnity Chromatography Concentration

Use the Matrex® Celluﬁne™ Sulfate (Millipore) for virus concentration
according to the manufacturer’s recommendations. This method allows efﬁcient
removal of endotoxins and other contaminants.
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1. Follow the column packing procedures provided by the manufacturer.
2. Equilibrate column with adsorption buffer (0.01 M phosphate, 0.1 M NaCl, pH 7.5)
and load sample at pH 7.5.
3. Wash with several bed volumes of adsorption buffer to remove nonbinding
contaminants.
4. Elute virus with elution buffer (1–2 M NaCl or KCl).

3.4. Infection of Cultured Hippocampal Slices
Viral particles do not spread easily across the extracellular space of brain
tissue. Also, in organotypic hippocampal slices cultured according to the
roller-tube technique (27), a layer of glial cells normally covers the neurons
and thus hinders the penetration of virus particles into the tissue. We have
solved this problem by manually injecting the infectious SFV particles into
the extracellular space of the tissue (8). For the microinjection of virus into
slices, one can use the commercially available devices, e.g., the Microinjector
5242 (Eppendorf). A cheaper and less complicated alternative is to insert the
micropipet containing the viral solution into an air-tight electrode holder (such
as used for patch-clamp recordings in electrophysiological experiments) and
mount the holder on a micromanipulator (e.g., Narishige). With a 1-mL syringe
connected to the electrode holder via a plastic tubing, pressure can be applied
for injection of virus. Of course, the virus injection must be performed under
sterile conditions in a biosafety cabinet. The slices are bathed in a speciﬁc
medium (cutting medium) to reduce excitotoxic injury (i.e., spreading depression) during the virus injection procedure (see also Note 6).
3.4.1. Preparation of the Micropipets
1. Pull the glass capillaries on an electrode puller to obtain micropipets with a long
tip, characteristic of sharp electrodes used for intracellular recordings.
2. Transfer the micropipets into an autoclavable electrode holder. Ideally, foam
holds the micropipets so that their tips remain intact.
3. Autoclave the electrode holder with the micropipets.

3.4.2. Assembly of the Virus Injection Setup
1. Mount the electrode holder onto the micromanipulator. Ideally, the micromanipulator has both a coarse and a ﬁne control.
2. Fix the micromanipulator onto a metal plate that contains a base for a 35-mm
Petri dish. Place the setup into a biosafety cabinet.
3. Use plastic tubing to connect the electrode holder via a three-way valve to a
1-mL syringe.
4. Insert a 35-mm plastic petri dish into the base on the metal plate.
5. Add 2–3 mL cutting medium (prewarmed to 37°C) to the Petri dish.
6. Focus the dissection microscope onto the 35-mm Petri dish.
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3.4.3. Micropipet Loading
1. Dilute the SFV stock by 10- to 1000-fold in cutting medium. In particular when
the GFP reporter gene is used, nondiluted virus leads to extremely high infection
rates and thus hinders the identiﬁcation of individual GFP-positive cells.
2. Back-ﬁll an autoclaved glass micropipet with 20–30 µL of diluted SFV solution
by using a sterile Eppendorf microloader pipet tip.
3. Insert the micropipet into the air-tight electrode holder.
4. Sterilize small scissors with 95% ethanol and subsequent ﬂaming.
5. Cut the micropipet tip with the sterilzed scissors to a ﬁnal diameter of approx
20 µm.
6. Verify that virus solution exits the micropipet tip when positive pressure is
applied from the 1-mL syringe.

3.4.4. Virus Injection
1. Transfer a cultured hippocampal slice into a 35-mm Petri dish by using ﬂamesterilized forceps.
2. Lower the micropipet into the pyramidal and/or granule cell layer by using the
micromanipulator. Inject virus with a short (<2 s) pressure pulse from the 1-mL
syringe. Release pressure via the three-way valve to stop the injection.
3. Move the micropipet into a neighboring site and repeat the injection. Choose
10–15 injection sites per slice and apply a total of approx 1 µL virus solution
per slice.
4. Bathe the slice in roller tube culture medium for 10–60 s to remove the tetrodotoxin from the cutting medium as well as any nonbound virus particles. This step
thus lowers the biohazardous potential of the slice.
5. Return the slice to the culture system and incubate for 1–3 d.

3.5. In Vivo Injections of SFV Vectors
SFV vectors can be used for direct stereotactic injections into rat brain
without any particular puriﬁcation or concentration procedures (12). However,
if for some reason it is advantageous to have the virus in a certain medium, any
of the above puriﬁcation procedures can be applied. Although no puriﬁcation
is necessary, it is recommended that virus stocks are ﬁlter-sterilized (see
Subheading 3.1.) to ensure that no cell debris or contaminants are injected
(see Note 7).
We have used male Wistar rats (lbm RoRo, SPF, Biological Research Labs
Ltd., Switzerland). The rats were stereotaxically microinjected under general
anesthesia with Ketamine/Xylazine (200/10 mg/kg ip) in physiological saline
under thermoregulatory control and oxygen supplementation. Craniotomy
was conducted with a ﬁne dental drill and injections performed according to
coordinates described earlier (30).
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1. Titer virus stock on BHK-21 cells (see Subheading 3.1.) for approximate titer
determination.
2. Attach stainless-steel injectors to a stereotaxic holder, and lower the needle
into the target area.
3. Use appropriate amount of virus (105 particles into striatum/amygdala/cortex,
107 particles into ventricles) using stainless steel injectors.
4. Connect via polyethylene tubing to a 10-µL Hamilton syringe with the virus
solution on a microinfusion pump (Harvard PHD 2000).
5. Infuse solutions in a volume of 1 µL over 2 min (0.5 µL/min).
6. Leave the injection needle in place for 2 additional min before slow withdrawal
over 1 min.
7. Suture the wound and keep animals warm for 3–4 h postsurgery.

If required, SFV stocks can be concentrated and the medium replaced by
any of the methods described in Subheading 3.2. However, our in vivo study
in rat striatum and amygdala did not reveal any inconvenience of using SFV in
the original culture medium for BHK cells. In the case of virus concentration
and replacement of medium, it is advisable to make a new titration after
the procedure. It is worth mentioning that some components can be toxic to
SFV. We found that CSF (cerebrospinal ﬂuid) is toxic to SFV and therefore
substantially decreased the titers when virus stocks were resuspended in CSF
(Lundstrom, unpublished results).
3.6. SFV Vectors Used for Gene Therapy Applications
Replication-deﬁcient SFV vectors generated with the pSFV-Helper2 vector
can be used directly for in vivo studies. For animal studies, it is highly
recommended that virus stocks are ﬁlter-sterilized before injections to avoid
any contaminations. For clinical studies in humans the highest possible safety
standards need to be met. To ensure that no replication-competent virus has
been generated it is advisable to carry out a plaque assay as described later.
It is also recommended that virus stocks are puriﬁed and concentrated with
the Matrex® Celluﬁne™ Sulfate to ensure that no endotoxins or contaminants
are present.
3.6.1. Plaque Assay for Replication-Competent SFV Particles
1. Plate BHK-21 cells to an 80% conﬂuency.
2. Make serial dilutions of virus stock and infect the BHK-21 cells for 2 h at 37°C.
3. Remove culture medium and replace with 3 mL (per 35-mm dish) of agarose
containing medium (autoclave 5–10 min 0.36 g LMP agarose in 20 mL E-MEM,
add 20 mL G-MEM, and 2 mL PBS prior to use).
4. Incubate at 37°C for 2 d.
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5. Stain plaques by adding 1.5 mL stain solution (0.4 mL neutral red/20 mL PBS)
and incubate for 5 h at 37°C or overnight at room temperature.

4. Notes
1. Plasmid DNA. The purity of the template DNA plays some part in relation to
the quality and quantity of in vitro transcribed RNA. Although miniprep DNA
can be used, it is recommended to prepare highly pure DNA plasmids to achieve
reproducable RNA transcription.
2. In vitro transcription of RNA. As described earlier, the quality of in vitro
transcribed RNA correlates with the purity of the DNA template. It is also
important to use optimal Cap analog concentrations, because using some commercially available transcription kits can give high RNA yields, but because of
inefﬁcient capping, the virus production is poor or inconsistent. RNA yields
can also be improved by using more SP6 RNA polymerase and/or prolonged
incubation of the transcription reaction.
3. Electroporation efﬁciency. To ensure high efﬁciency of electroporation it is
advisable to use fresh cultures of BHK-21 cells (cultured <3 d). Make sure that
the BHK-21 cells are well resuspended before electroporation, because clumps
can signiﬁcantly reduce the transfection efﬁciency.
4. Virus titers. Generally virus titers obtained with BHK-21 cells are in the range of
108–109 infectious particles/mL. If only low titers are achieved, virus activation
with α-chymotrypsin may have been inefﬁcient (use fresh enzyme or correctly
stored aliquots).
5. Viability of infected primary neurons. If the SFV-infected neurons look poor,
detach or die, the following questions need to be addressed. (i) Is the BHK-21
medium toxic to the neurons? If yes, use one of the puriﬁcation procedures
described in Subheading 3.2. (ii) Is the virus concentration too high? Test lower
virus concentrations. (iii) Is the incubation time too long? Use shorter incubation
periods (6–12 h).
6. Hippocampal slice cultures. Limited infection of neurons occurs when the pipet
is clogged. We recommend to repeatedly verify during the injection procedure
that viral solution is exiting from the glass pipet when positive pressure is
applied. Limited infection also happens when the viral solution is diluted with
medium via capillary action once the micropipet is inserted into the Petri dish
containing cutting medium. In this case, use a new micropipet tip with a smaller
opening. Excessive pressure applied via the micropipet leads to (i) many dead,
noninfected cells around the injection sites, and (ii) the slice culture turning
opaque rather than translucent.
7. In vivo gene delivery. Studies in cell lines should always proceed in vivo studies
to make sure that the recombinant protein of interest is well expressed. In case
of low transgene expression the following parameters should be analyzed. Make
sure that optimal virus concentrations are used (a pilot study with several virus
concentrations is recommended). SFV-mediated expression is transient and
depending on the half-life and stability of the recombinant protein, the expression

SFV Vectors in Neurobiology and Gene Therapy

521

levels may decrease at various rates after injection. If the virus is administered
in any other medium or buffer than the virus production medium, make sure that
this has no inhibitory or toxic effect on viral infection. Always use a reporter
gene (LacZ, GFP) as a control to monitor the spread and level of transgene
expression in vivo.
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Semliki Forest Virus Vectors for Large-Scale
Production of Recombinant Proteins
Kenneth Lundstrom
1. Introduction
Recombinant protein expression is one of the basic elements of modern
molecular biology. The completion of the sequencing of the human genome
has, in fact, accelerated the need of rapid and efﬁcient expression systems.
Extensive efforts have been dedicated to the development of expression
systems for bacterial, yeast, insect, and mammalian cells. The reason for
using mammalian expression systems is obviously the correct posttranslational
modiﬁcation capacity and the most authentic environment for production
of therapeutically interesting proteins. Today, it is also important that large
quantities of recombinant proteins be produced and subjected to puriﬁcation
and structural studies to obtain high-resolution structures to aid rational drug
design.
Viral vectors have turned out to be quite efﬁcient tools for achieving high
levels of expression as a result of their efﬁcient gene delivery mode and their
strong promoter activities. Particularly, alphaviruses have demonstrated high
potential for heterologous gene expression in a variety of mammalian host
cells. The most commonly used alphavirus vectors are based on either Semliki
Forest virus (SFV) (1) or Sindbis virus (2). In this chapter, the focus will be on
the use of SFV vectors only, although it is acknowledged that similar vectors
have been developed for Sindbis. However, to my understanding, there are
no reports so far on using Sindbis vectors for large-scale recombinant protein
production, and SFV vectors can therefore be considered unique in this
respect.

From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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1.1. Semliki Forest Virus Vectors for Recombinant
Protein Expression
The SFV vectors, described here, are based on the use of two plasmids to
generate replication-deﬁcient recombinant SFV particles (see Fig. 1) (1). The
gene of interest is cloned into the expression vector pSFV1, or its derivative
pSFV2gen with an extended multilinker cloning region (3). In vitro transcribed
RNA molecules from the expression vector and the pSFV-Helper2 vector (4)
are coelectroporated into baby hamster kidney (BHK) cells, where packaging
of recombinant SFV particles occur. Because of the presence of the packaging
signal only in the expression vector, RNA exclusively transcribed from this
vector will be packaged into SFV particles. The generated virus is then capable
of infecting a wide range of host cells. Upon infection, the introduced RNA
containing the SFV nonstructural genes will initiate a massive RNA replication
and high transgene expression. However, the absence of the SFV structural
genes will prevent further production of virus progeny. The SFV vectors can
therefore be named suicidal vectors, which allow transient gene expression for
a limited time period (2–7 d).
SFV vectors have been employed successfully for the expression of many
topologically different proteins, including secreted, membrane, cytoplasmic,
and nuclear proteins (1,5). Particularly, SFV-mediated expression of G proteincoupled receptors (GPCRs) and ligand-gated ion channels, known to be difﬁcult
to express in other systems, have resulted in high speciﬁc binding activity
(Bmax values of 50–200 pmol receptor/mg protein) and high receptor densities
(> 6 × 106 receptors/cell).
1.2. Large-Scale Protein Production
To be able to scale-up the SFV technology it was absolutely essential to
establish efﬁcient infection and expression conditions in suspension cultures of
mammalian cells. BHK and CHO cells were adapted to growth in suspension
cultures in spinner ﬂasks, where high production of SFV-mediated expression
of human cyclcooxygenase-2 (hCOX2) could be achieved (6). Furthermore,
infection of BHK cells in an 11.5-L bioreactor culture resulted in high expression levels of the mouse serotonin 5-HT3 receptor (7). Repeated production at
bioreactor scale showed high reproducibility with yields of 1–2 mg receptor
protein per liter culture. The C-terminal hexa-histidine tagged receptor could
be solubilized and purified for preliminary biostructural studies (8). The
purified receptor showed on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) a single band of 65 kDa that was reduced in size
by deglycosylation to 49 kDa, indicating a proper glycosylation of the SFVexpressed 5-HT3 receptor. The molecular mass of the functional ion channel
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Fig. 1. In vivo packaging of replication-deﬁcient SFV particles. SFV 26S promoter; BHK-21 cell; recombinant
SFV particles; SFV-infected mammalian cell; recombinant protein.
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Fig. 2. Fusion construct with SFV capsid resulting in enhanced gene expression.
Autocatalytic cleavage of capsid protein from p62 (precursor for E2 and E3 envelope
proteins) occurs. Similarly, the human neurokinin-1 (NK1) receptor is cleaved from
the capsid protein. FH-tags, FLAG-tag and hexa-histidine tag.

was determined by size exclusion chromatography to be 280 kDa, suggesting a
pentameric structure. Indications that functional 5-HT3 channels are assembled
from ﬁve subunits were also received from preliminary cryo-EM studies.
The SFV capsid sequence contains a translation enhancement signal,
which can increase expression levels by ﬁve- to tenfold (9). Additionally, the
capsid protein features an autocatalytic cleavage property, which in its native
environment efﬁciently cleaves off the capsid protein from the polyprotein
p62 (precursor of E2 and E3 envelope proteins) (see Fig. 2). Therefore, when
the full-length capsid gene was fused to the human neurokinin-1 receptor
(hNK1-R) gene, the expression levels were signiﬁcantly enhanced and resulted
in yields of 5–10 mg receptor/L culture (see Fig. 3) (10). Also in this case, the
most efﬁcient cleavage of the capsid protein from the capsid-hNK1R fusion
occurred. This has substantially facilitated the puriﬁcation of the recombinant
NK1 receptor.
As a mean of reducing the cell culture costs and also to facilitate the
puriﬁcation of recombinant proteins, several mammalian cell lines (BHK, CHO,
HEK293, and rat C6 glioma cells) have been adapted to suspension growth in
serum-free medium (11). The expression levels were not generally affected by
the absence of serum. Either using spinner ﬂasks or bioreactors, it is therefore
possible to produce within a short time hundreds of milligrams of recombinant
proteins for screening purposes, puriﬁcation, and biostructural analyses.
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Fig. 3. Metabolic labeling of electroporated and SFV-infected BHK cells. BHK-21
cells were labeled with [35S] methionine at 4 h post-electroporation and at 16 h
postinfection, respectively. Lane 1, electroporation of pSFV1-hNK1R and pSFVHelper2 RNA; lane 3, electroporation of pSFV-CAP-hNK1RHis and pSFV-Helper2
RNA; lane 2, infection of BHK cells with SFV-hNK1R; lane 4, infection of BHK
cells with SFV-CAP-hNK1Rhis. Molecular weight marker on the left, p62, precursor
of SFV E2 and E3 envelope proteins; E1, SFV E1 envelope protein; C, SFV capsid
protein; NK1R-His, hexa-histidine tagged NK1 receptor.

1.3. Safety Aspects Related to the Use of SFV Vectors
SFV vectors can be considered safe to use for recombinant protein expression in mammalian cell lines. The SFV system is classiﬁed in the United States
as Biosafety level 2. However, it has recently been relaxed to Biosafety level 1
in most European countries. The expression system is based on an attenuated
SFV strain with a lower virulence than wild-type SFV. Moreover, applying
the second-generation SFV helper vector (pSFV-Helper2) leads to generation
of conditionally infectious virus; the production of replication-proficient
particles (RPVs) is prohibited (4). The pSFV-Helper2 generated particles
require activation with α-chymotrypsin to restore full infection capacity.
However, in the rare event of introduction of reversion or suppressor mutants
that either regenerate the p62 cleavage site or restore infectivity without
p62 cleavage, RPVs could be produced through homologous recombination
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between the SFV replicon and the Helper2 RNA. An alternative two-helper
RNA system packaging procedure has therefore been developed by splitting
the capsid and envelope protein genes on separate helper RNA molecules,
which means that recombination events are negligible (12).
An interesting point to be addressed is the safety aspects of further handling
and processing of material that has been in contact with SFV. This includes cells
and medium to be assayed for enzymatic activity, ligand-binding properties,
functional signal transduction events and, for instance, electrophysiological
recordings. A very recent study revealed that although infectious SFV particles
can be found in the medium and associated with cells at 24 h postinfection,
the quantities are very low (13). Additionally, it could be demonstrated that
rigorous washes of cells at 2 h postinfection and/or prior to harvesting further
reduced the number of infectious particles below detectable levels.
A novel approach to guarantee safe handling of SFV-infected cell cultures,
especially in large-scale applications, has been the engineering of novel
temperature-sensitive mutant vectors (14). These vectors showed no transgene
expression at the nonpermissive temperature (37°C), whereas extremely high
expression levels were obtained at the permissive temperature (31°C) and
should prevent any infection of personnel in the cell culture facility. Moreover,
expression studies showed that some 10–20-fold higher levels of recombinant
ﬁreﬂy luciferase were produced in BHK and CHO cells when cultured at 31°C
instead of 37°C.
2. Materials
2.1. Cell Lines
1. Adherent BHK-21 cells are required for in vivo packaging of recombinant SFV
particles. Cells were cultured at 37°C in a 5% CO2 incubator.
2. BHK-21C13-2P (ECACC), CHO-dhfr- (Roche), HEK293S, and rat C6 glioma
cells have been adapted to growth in suspension cultures in serum-free medium,
which could be achieved by a selection process over time.
3. Adapted suspension cultures were sustained by approximate 1⬊10 dilution of
cultured cells into fresh medium.
4. Additionally, the following suspension cell lines have been tested for infection
efﬁciency and expression levels (15): Raji (human lymphoma), NSO (mouse
myeloma), TK6 (human lymphoblast), RPMI 8226 (human plasmacytoma), and
Hyb 179 (mouse hybridoma).

2.2. Suspension Cultures and Media
1. Adherent cells were cultured in a 1⬊1 mixture of Dulbecco’s modiﬁed F-12
medium (Gibco BRL, Gaithersburg, MD) and Iscove’s modiﬁed Dulbecco’s
medium (IMDM) (Gibco BRL) supplemented with 4 mM glutamine and 10%
fetal calf serum (FCS).
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2. Suspension cultures of BHK and CHO cells were grown in serum-free DHI
medium as earlier described (16). The DHI medium is a mixture of DME, Ham
F12, and IMDM media (1⬊1:2), supplemented with 5 mM glutamine, 5 g/L
glucose, 5 mg/L insulin (Sigma Chemie, Buchs, Switzerland), 6 mg/L transferrin,
0.25% (v/v) Primatone RL (Shefﬁeld Products/Quest International, Norwich, NY),
0.01% (v/v) Synperonic F68 (Serva, Heidelberg, Germany), 20 mM selenite,
20 µm ethanol amine, and 2.5 mM β-mercaptoethanol.
3. The HEK293 cells were cultured in HL medium, a mixture of DHI and
RPMI-1640 (2⬊1 by weight) with 5 mM glutamine and 5 g/L glucose (17). The
other supplements are identical to the DHI medium except a higher concentration for transferrin (15 mg/L). Both powder media, which were fortified,
were developed by Dr. E.-J. Schlaeger (Roche, Research Laboratories, Basel,
Switzerland) and manufactured by Life Technologies (Basel, Switzerland).
4. The spinner ﬂask cultures (Bellco, Inotech AG, Dottikon, Switzerland) were
aerated at 95–105 rpm in a 37°C incubator using about 70% of the recommended
working volume.
5. When fermentors were employed, cells were cultured in working volumes of
11.5 L in a mechanical mixed bioreactor from MBR (Switzerland).
6. To obtain single-cell suspension cultures, a Vibromix™ device (Gerber & Pfenninger, Switzerland) with two stainless steel plates (each containing 20 conical
holes) of 5.5-cm diameter, ﬁxed on a vibrating shaft (vibration: 50 Hz, amplitude
1.5 mm) was used (15).

2.3. SFV Vectors
1. The basic expression vector pSFV1 has only limited cloning sites (BamHI, SmaI,
and XmaI) for introduction of foreign genes (1); thus the engineering of the
pSFV2gen vector with a multilinker cloning region has been most welcome (see
Fig. 4). The ﬁrst-generation helper vector pSFV-Helper1 has been replaced by
pSFV-Helper2, from which conditionally infectious particles are packaged. This
helper vector reduces the generation of replication-competent particles below
the detection limit (4).
2. Alternatively, the split two helper system can be used (12).
3. Both pSFV1 and pSFV-Helper2 vectors are commercially available from Life
Technologies Inc. (Rockville, MD) and the pSFV2gen (named pSFV4.2) from
Life Technologies upon request.
4. Novel less cytotoxic and temperature-sensitive SFV vectors have been developed
(14) and are available upon request from the author.

2.4. Reagents and Equipment
1. Restriction endonucleases SpeI, NruI (Roche Molecular Biochemicals), SapI
(New England Biolabs).
2. 0.8% (w/v) Agarose gel (Q-Biogene).
3. Gel electrophoresis apparatus (BioRad).
4. 25⬊24⬊1 (v/v/v) Phenol/chloroform/isoamyl alcohol (Gibco BRL).
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Fig. 4. Restriction maps of SFV expression vectors. Only single and noncutting restriction sites of pSFV1 and pSFV2gen
vectors are included. MCS, multilinker cloning sites.
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5.
6.
7.
8.

3 M Sodium acetate, pH 4.8 (Fluka).
95% (v/v) Ethanol (Merck).
70% (v/v) Ethanol (Merck).
10X SP6 Buffer: 400 mM HEPES, pH 7.4, 60 mM magnesium acetate, 20 mM
spermidine.
Diethyl-Pyrocarbonate (DEPC) (Amersham Pharmacia Biotech).
10 mM m7G(5′)ppp(5′)G (sodium salt; Roche Molecular Biochemicals).
50 mM dithiothreitol (DTT) (Fluka).
rNTP Mix: 10 mM rATP, 10 mM rCTP, 10 mM rUTP, 5 mM rGTP (Roche
Molecular Biochemicals).
10 to 50 U/µL RNase inhibitor (Roche Molecular Biochemicals).
10 to 20 U/µL SP6 RNA polymerase (Amersham Pharmacia Biotech).
Phosphate-buffered saline (PBS) (Gibco BRL).
Trypsin-ethylenediaminetetraacetic acid (EDTA): 0.25% Trypsin, 1 mM EDTA
(Gibco BRL).
1.5 mL Microcentrifuge tubes (Eppendorf).
Heating blocks or water baths (Eppendorf/Julabo).
Sterile electroporation cuvets, 0.2 and 0.4 cm (BioRad or BTX).
Electroporator (BioRad Gene Pulser).
Tissue culture ﬂasks (T25, T75 and T175) (Nunc Brand Products).
Falcon tubes (15 and 50 mL) (Becton Dickinson).
Plastic syringes (10 and 50 mL) (Becton Dickinson).
Sterile 0.22-µm ﬁlters (Millipore).
Spinner ﬂasks (50, 100, 1000, 2000, and 6000 ml) (Bellco Biotechnology).
Plastic centrifugation bottles (1000 mL) (Beckman).

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

2.5. Media and Solutions for Metabolic Labeling of Cells,
Protein Extraction, and Gel Electrophoresis
1. Starvation medium (Eagle’s MEM (Life Technologies), 2 mM L-glutamine, 20 mM
HEPES).
2. Chase medium: Eagle’s MEM, 2 mM L-glutamine, 20 mM HEPES, 150 µg/mL
unlabeled methionine.
3. Lysis buffer: 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM EDTA, 1% (v/v)
Nonidet P-40 (NP-40) (Sigma).
4. 2X SDS-PAGE sample buffer: 62.5 mM Tris-HCl, pH 8.8, 20% (v/v) glycerol,
4% (v/v) SDS, 0.26 mg/mL bromphenol blue.

3. Methods
3.1. Large-Scale Preparation of SFV Particles
3.1.2. Subcloning

Genes of interest are introduced into the cloning sites of pSFV1 and
pSFV2gen vectors according to conventional cloning techniques. Although
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miniprep DNA can be used for virus production, it is preferable to prepare
highly puriﬁed maxiprep DNA. Most of the commercial DNA puriﬁcation kits
are suitable (see Note 1).
3.1.2. Linearization of SFV Vectors

To achieve efﬁcient in vitro transcription of RNA it is necessary to linearize
the plasmid DNA. Recombinant pSFV1 clones are digested with restriction
endonucleases SpeI or SapI and pSFV2gen clones are cut with NruI or SapI.
The pSFV-Helper2 should be cut with SpeI.
1. Conﬁrm completion of digestions by agarose (0.8%) gel electrophoresis.
2. Purify the DNA by phenol/chloroform extraction and precipitate with ethanol
overnight at –20°C or for 15 min at –80°C.
3. Centrifuge ethanol precipitates for 15 min at 18,000g at +4°C and wash pellets
with 70% ethanol.
4. Centrifuge again for 5 min and air-dry the pellets.
5. Resuspend DNA in RNase-free water at a concentration of 0.5 µg/µL.

Alternatively, restriction enzymes can be inactivated by heat inactivation (+65°C 5 min) and puriﬁed on MicroSpin™ S-200 HR Columns (Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer’s
instructions.
3.1.3. In Vitro Transcription of RNA
1. Set up 50 µL in vitro transcription reactions in 1.5-mL tubes as described later.
Note that the reaction mixture should be prepared at room temperature, because
otherwise DNA may precipitate with the spermidine present in the SP6 buffer.
15 µL
(2.5 µg) Linearized DNA.
15 µL
10X SP6 buffer.
15 µL
10 mM m7G(5′)ppp(5′)G.
15 µL
50 mM DTT.
15 µL
rNTP Mix.
20 µL
RNase-free water.
11.5 µL
(50 U/µL) RNase inhibitor.
13.5 µL
20 U/µL SP6 RNA polymerase.
Larger batches of RNA can easily be prepared by multiplying the amounts of
individual components.
2. Incubate reactions at 37°C for 60 min.
3. Analyze 1–4 µL aliquots by nondenaturating agarose gel electrophoresis to
determine the size and the quality of the transcribed RNA. Relatively thick
bands (no smear) in the range of approx 8 kb (depending on the size of insert)
of recombinant RNA and approx 7 kb of helper RNA are expected (see Notes 2
and 3).
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3.1.4. Preparation of BHK Cells

Use recently passaged (<3 d) BHK cells grown in 175-cm2 tissue culture
ﬂasks to 80% conﬂuency (see Note 4).
1. Trypsinize cells by addition of 6 mL trypsin-EDTA for 5 min at 37°C.
2. Resuspend cells well to remove clumps, add medium to 25 mL and centrifuge
for 5 min at 800g.
3. Resuspend in small vol of PBS, add up to 25 mL and repeat centrifugation.
4. Resuspend cells in approx 2 mL of PBS, which will result in approx 2 × 107
cells/mL.
5. Use cells immediately for electroporation.

3.1.5. Electroporation of BHK Cells
1. Transfer 0.4 mL cell suspension into 0.2-cm cuvets or alternatively 0.8 mL into
0.4-cm cuvets.
2. Add RNA mix containing 20–40 µL recombinant RNA and 20 µL helper RNA
to each cuvet. If the split SFV helper vectors are used, mix recombinant and
helper RNAs in a 1⬊1⬊1 ratio.
3. Insert the cuvet into holder and give two electric pulses using the following
settings for the BioRad Gene Pulser.
0.2-cm cuvet
0.4-cm cuvet
Capacitance extender
960 µF
960 µF
Voltage
1500 V1
850 V
Capacitor
25 µF
125 µF
Resistance for pulse controller
∞ Ω.
disconnected
Expected time constant
0.8 s1
0.4 s
In case of using the new version BioRad Gene Pulser II, the following modiﬁcations to the settings are required: Set the pulse controller settings to “high range”
and to “inﬁnity” and the capacitance rotary switch to “high capacitance.” Use
the following settings: 360 V (preset value in the high capacitance mode) and
75 µF. The resistance obtained for 0.2-cm cuvets is 10 Ω and the expected time
constant 0.7–0.8 s.
4. Dilute electroporated cells 25-fold in cell culture medium and transfer cells to
cell culture ﬂasks or dishes.
5. Incubate cells at 37°C overnight in a 5% CO2 incubator for virus production
(see Note 5).

Electroporation of cells in one 0.2-cm cuvet results in 10 mL virus stock. For
large-scale production of virus, cells from several cuvettes can be combined
after the pulses and cultured in larger tissue culture ﬂasks. In this way, for
instance virus stocks of 40-mL, 80-mL, and 120-mL batches can be easily
generated.
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3.1.6. Harvest and Activation of Virus Particles

Virus stocks are generally harvested at 24 h postelectroporation. The yield
can be slightly improved (approx twofold) if the incubation time is extended to
48 h. The increase in titers can naturally be of signiﬁcant importance if large
quantities of virus are required.
1. Remove the medium (i.e., virus stock) and ﬁlter-sterilize through a 0.22-µm
ﬁlter (Millipore, Volketswil, Switzerland) to remove cell debris and possible
contaminants from the in vitro transcription reactions.
2. Distribute virus into smaller aliquots (0.5–1 mL) prior to or after activation.
Virus stocks can be stored at –20°C (for weeks) and at –80°C (for years). Avoid
repeated freezing and thawing, because this will inactivate the SFV particles and
signiﬁcantly reduce the titers. SFV particles packaged from the pSFV-Helper2
vector require activation with α-chymotrypsin to render infectious particles.
Because of the point mutations in the p62 precursor, no cleavage into E2 and E3
membrane proteins occurs, a requirement for infectious particles, unless treated
with α-chymotrypsin (at concentrations substantially higher than physiological
levels) (see Note 6). Application of the pSFV-Helper2 vector provides therefore
additional safety to the SFV system.
3. Activate virus stocks by addition of α-chymotrypsin (Sigma) stock solution
(20 mg/mL) to achieve a ﬁnal concentration of 500 µg/mL.
4. Incubate for 20 min at room temperature.
5. Stop the reaction by addition of 10 mg/ml aprotinin (Roche Molecular Biochemicals) resulting in a ﬁnal concentration of 250 µg/mL.

3.2. Recombinant Protein Production in Suspension Cultures
Before conducting any large-scale recombinant protein production in suspension cultures, it is advisable to carry out test infections in a small scale to
evaluate the expression levels and properties of the recombinant proteins in
adherent mammalian cells. Several parameters are useful to clarify at this stage
(see Notes 7 and 8). 1. Titers of virus stocks can be approximately estimated
directly for reporter proteins (GFP, β-galactosidase) or by immunoﬂuorescence
if antibodies against the protein of interest are available. SFV vectors containing
IRES (Internal Ribosomal Entry Site) sequences followed by reporter genes
(e.g., GFP) allow for simultaneous expression of the recombinant protein of
interest and the reporter gene and facilitates the direct estimation of virus titers.
In absence of antibodies, an estimation of the titer is still possible by infection
of deﬁned numbers of host cells with serial dilutions of virus. Infected BHK and
CHO cells show a dramatic change in morphology and can therefore relatively
easily be distinguished from non-infected cells, which allows approximate
titer estimations when cell density and dilution factors are taken into account.
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2. Expression levels in different host cells can vary signiﬁcantly. It is, therefore,
advisable that test infections are performed in parallel in BHK, CHO, and
HEK293 cells (or some other preferable host cells) to determine the best suitable
host cell for the expression of the protein of interest. 3. Use of optimal virus
concentration per host cells is also worth investigating. In general, there is a
correlation between increased virus concentration and enhanced expression
levels of recombinant proteins, most likely caused by multiple infections of
host cells leading to higher concentration of RNA per cell. However, in some
cases when recombinant receptors have been expressed in cells infected with
increased concentrations of virus, a modiﬁed pharmacological proﬁle was
detected, which is less desirable if the recombinant receptor is aimed for drug
screening procedures. For large-scale cultures, compromises need to be made
between optimal virus concentrations and feasible virus production. 4. The
optimal expression time varies from one recombinant protein to another. It is,
therefore, recommended to conduct a time-course experiment to establish the
time-point when maximal expression levels are achieved.
3.2.1. Test Infections of Adherent Cells
1. Plate cells on 6-, 12-, or 24-well plates at a conﬂuency of 70%.
2. Add 500 µL (6-well plate), 250 µL (12-well plate), and 125 µL (24-well plate),
respectively, of virus stock per well in cell culture medium.
3. Incubate at 37°C for 2 h and replace the virus-containing medium with fresh
medium. Alternatively, virus-containing medium can be left on cells o/n, which is
recommended to cell cultures highly sensitive to mechanical manipulations.
4. Incubate cells at 37°C for appropriate time and visualize expression by ﬂuorescence microscopy (GFP, immunoﬂuorescence with antibody-staining), microscopic examination of cell morphology or metabolic labeling as described later.

3.2.2. Metabolic Labeling of Cells

Recombinant protein expression can be conveniently monitored by metabolic
labeling with [35S] methionine (see Fig. 3). The strong inhibition of host
cell protein synthesis caused by SFV-infection facilitates the visualization of
recombinant protein expression. Electroporated cells can also be labeled to
examine the expression of the structural SFV proteins (capsid, p62, and E1).
This information is valuable in that sense that it will give an indication of the
efﬁciency of virus production, because there is obviously a correlation between
the quantities of structural SFV proteins expressed and virus titers obtained.
In general, the heterologous gene expression is detectable from 6 h postinfection reaching maximum levels at 12–18 h postinfection, whereas electroporated cells express large quantities of viral structural proteins already at 4 h
postelectroporation.
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1. Remove medium from electroporated or infected cells and wash ones with PBS.
2. Add starvation medium for 30 min and incubate at 37°C.
3. Replace medium with 50–100 µCi/mL of [35S] methionine (in starvation medium)
and incubate for 20 min at 37°C.
4. Remove medium and wash twice with PBS.
5. Add chase medium and incubate for appropriate time (15 min to 3 h) depending
on, if the goal is to visualize the general protein synthesis or processing of a
recombinant protein.
6. Remove chase medium and wash cells once with PBS.
7. Add lysis buffer (250 µL per well on six-well plate) and incubate for 10 min
on ice.
8. Detach cells by thorough resuspension, transfer the lysate to microcentrifuge
tube and store at –20°C.

3.2.3. SDS-PAGE

To facilitate SDS-PAGE, the loading of samples with a high viscosity can
be improved by either treatment with DNase or carrying out repeated cycles
of freezing and thawing.
1. Add 10 µL of lysate to 10 µL 2X SDS-PAGE sample buffer and perform
electrophoresis for 2.5 h at 130 V in precast Tris-glycine polyacrylamide gels.
2. Fix the gel in ﬁxation solution (10% acetic acid, 30% methanol) for 30 min at
room temperature.
3. Replace the ﬁxation solution with Amplify (Amersham Pharmacia Biotech) and
incubate at room temperature for 30 min.
4. Dry the gel in gel dryer.
5. Expose the gel on Hyperﬁlm-MP for 2–24 h (depending on the radioactivity) at
room temperature or at –80°C when using radioactivity-intensifying screens.
6. Develop ﬁlm.

For electroporated cells, strong labeling of the capsid (30 kDa), E1 (42 kDa),
and p62 (62 kDa) should be detected (see Fig. 3). The recombinant protein
of interest may be visible too, but because the electroporated cells are metabolically labeled at 4 h post-electroporation, the expression levels are not
maximal. Infected cells (labeled at 16–18 h post-infection) should reveal high
recombinant protein expression and no presence of viral structural proteins.
The intensity of the signal is dependent on many factors: number of methionine
residues in the protein, size of protein and expression level.
3.2.4. Infection of Suspension Cultures

Before carrying out large-scale production, the expression levels of the protein
of interest can be veriﬁed in small volumes (20–50 mL) in spinner ﬂasks. At this
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stage, the optimal virus concentration and incubation time can be determined
for suspension cultures (see Note 9). It is important that the cell cultures used
for infection are in an exponential growth phase to generate maximal expression
levels. Generally, the infected cells are capable of one cell division.
1. Dilute suspension cultures and grow them to desired cell density. Generally, a
cell density of 7.5 × 105 cells/mL is optimal.
2. Prepare cells in desired volume in spinner ﬂasks and culture at 37°C with a
stirring speed of 95–100 rpm.
3. Infect cell cultures by aseptically adding the virus solution to the spinner ﬂask
culture.
4. Immediately continue stirring and incubate cells at 37°C for the desired time.
5. Harvest cells (or supernatant) by centrifugation for 15 min at 2000g at +4°C.
6. If the protein of interest is intracellular, membrane-associated or a transmembrane
protein, the harvested cells should be washed twice with PBS before further
processed. This ensures removal of residual infectious virus particles associated
with the cells.

Alternatively, large-scale production can be conducted in bioreactors as
described in Subheading 2.2. Application of bioreactor cultures allows a better
control of growth condition parameters such as pH, oxygen, and CO2, and so
on. For instance, expression of serotonin 5-HT3 receptor in bioreactor scale
demonstrated that the best yields were obtained by adjusting the pH to 6.9
for infection and then increasing the pH to 7.4 at 2 h postinfection for the
expression phase (15).
4. Notes
1. DNA preparations. Although in vitro transcription of RNA from miniprep
DNA gives reasonably good yields, it is recommended that highly puriﬁed DNA
samples are used as templates. This will ensure the production of high-quality
RNA and generation of virus stocks with high titers. Another reason for poor
RNA yields is only partial linearization of DNA used for the in vitro transcription
reaction. Make sure that the digestions are complete.
2. In vitro transcribed RNA. Smearing of RNA visualized by agarose gel electrophoresis can be caused by bad quality of DNA template or contamination with
RNase. Make sure to wear gloves and use sterile microcentrifuge tubes and
pipet tips for the handling of the in vitro transcription reagents. It is advisable
to use RNase-free water. However, DEPC (diethylpyrocarbonate)-treatment of
water and plastic ware is not necessary. Increased concentration of SP6 RNA
polymerase will also improve RNA yields.
3. Virus titers. The amount of RNA used per electroporation correlates strongly
with the virus titers obtained. However, the optimal capping conditions have
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also a great inﬂuence. It is highly advisable to use the buffer conditions and Cap
analog m7G(5′)ppp(5′)(G) concentration described in Subheading 3.1. Even
if some commercially available transcription kits give maximal RNA yields,
insufﬁcient capping will result in low or variable titers of virus stocks.
Host cells. Make sure that the BHK-21 cells used for electroporation have not
been passaged for more than 3 d before the procedure and have not been grown
to overconﬂuent density. All cell preparation and electroporation conditions
have been optimized for BHK-21 cells. If another host cell line is used, other
conditions may apply.
Electroporation efﬁciency. Monitor the electroporated cells by microscopy
(>90% should be viable). If cells do not attach or show poor viability the
electroporation conditions need to be veriﬁed. The cell density should not increase
much between the time of electroporation and harvesting. If the BHK-21 cells
show a steady growth, either the quantity or quality of RNA was insufﬁcient
or electroporation conditions suboptimal. The electroporation efﬁciency can be
monitored and optimized with reporter gene expression (β-galactosidase, GFP).
Low infection efﬁciency. In addition to low virus titers, the causes of which have
been described in points 1-5, low infection rates can be due to inappropriate host
cells. Although SFV vectors infect a broad range of host cells, some mammalian
cells show a rather low infection rate. Another reason could be inefficient
activation of virus with α-chymotrypsin. Make sure that fresh (or appropriately
stored) enzyme is used. Occasionally variations in enzyme activity from one
batch to another have been discovered, which could affect the degree of virus
activation.
Low recombinant protein expression. Make sure that optimal virus concentration and the length of expression time after infection are used as described in
Subheading 3.2. The choice of host cell can also have a great impact on the
expression levels.
Poor viability of host cells. The virus concentration for infection could be too
high or the length of expression time too long. The cell culture could also be
too old or too dense.
Large-scale protein production. Mainly the same factors have to be considered
as described earlier. It is important that the cell density is optimal and the cells
are in an exponential growth phase. The time of incubation required to achieve
maximal expression levels may vary from one recombinant protein to another.
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Development of Foamy Virus Vectors
George Vassilopoulos, Neil C. Josephson, and Grant Trobridge
1. Introduction
Retroviral vectors developed from the murine leukemia virus (MLV) were
the ﬁrst and most widely used vectors for gene transfer experiments (1).
Delineation of their replication strategy allowed extensive manipulation of
their genome and the development of vector packaging cell lines; the latter
provide a reliable tool for the production of high titer vector stocks and have
been key to the popularity of MLV-type vectors (2). Because integration into the
host cell genome is a sine qua non of the retroviral life cycle, MLV-type vectors
were extensively used to transduce hematopoietic stem cells (HSCs) where
stable genomic integration allows transmission of a gene to the differentiated
progeny cells (3–5). However, a number of problems with these vectors have
limited their use in the clinical setting; low transduction rates on primate
and human HSCs, complete dependence on cell division for integration and
silencing of the transferred gene are the major problems with the MLV-type
vectors (6–8). In an effort to address these issues, two other retroviruses have
been explored for their gene transfer potential; lentiviruses, like the human
immunodeﬁciency virus (HIV) and, to a lesser extent, foamy (or spuma) viruses
(9,10). Although many details of HIV biology have been unveiled owing to
the extensive research on the HIV-related human diseases, relatively little is
known about the foamy viruses. As a result, foamy vectors have not yet been
as extensively developed as HIV and MLV-type vectors.
Foamy viruses (FVs) are widespread in the animal world. Primates, feline,
and bovine species are all natural hosts for FVs, yet in vivo no disease is
associated with infection, which is characterized by life-long persistence
of antibodies to FV proteins (11). In contrast, the virus causes signiﬁcant
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
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vacuole formation in cultured cells in vitro, giving a characteristic “foamy”
cytopathology for which the subfamily is named. The ﬁrst foamy virus to be
cloned and sequenced was designated human foamy virus (HFV) because it
was isolated from a nasopharyngeal carcinoma cell line derived from a patient
of African origin (12). The term HFV is currently considered misleading
because extensive surveys that used rigorous methods (immunoﬂuorescence,
Western blots, and PCR) to conﬁrm infection have failed to detect HFV in
human populations (13), and the HFV isolate is virtually identical to a simian
foamy virus isolated from chimpanzees (SFV-ch) (14,15). Humans can be
infected with FVs through exposure to body ﬂuids of infected primate species.
The only documented cases of human infection with foamy viruses are from
primate-handling personnel that were injured from infected animals and have
become seropositive (16). Over a long observation period, these people have
not developed any foamy-related disease nor has human-to-human transmission
been documented. Thus, it seems that the foamy viruses are the only members
in the retrovirus family that are not linked to any disease in the animal or
human host. Lack of pathogenicity is a particularly desirable property of FVs
that has generated interest in developing FV-based vectors for gene transfer
applications.
1.1. The Foamy Virus Life Cycle and Genome Organization
Foamy viruses gain access to the host cells by an as yet unknown cellular
receptor. They show no particular tropism and can infect a wide spectrum of
cell lines from diverse species (mammalian, avian, and reptile) indicating that
the FV receptor must be a ubiquitously expressed and conserved molecule
(10,17). Following entry into cells, FVs have to cross the nuclear membrane
to gain access to the host cell DNA. Retroviruses use different mechanisms
to accomplish this; oncoviruses rely solely on nuclear membrane breakdown
during mitosis and hence they are totally cell cycle dependent, whereas HIV
nuclear transfer is facilitated by nuclear localization signals (NLSs) present in
the Matrix, Vpr, and Integrase proteins and this explains their ability to infect
resting cells (7,18). In addition, HIV has a central polypurine tract (cPPT)
which improves nuclear transfer when present in the vector backbone (19).
In FVs, NLSs have been identiﬁed in the pol and gag domains, and cPPT
elements have been mapped in the 3′ pol region, but it is not yet clear whether
these sequences function in a manner analogous to the HIV (20–23). However,
it has been shown that HFV vectors can infect stationary phase ﬁbroblasts at
higher rates than MLV vectors (10). Finally, a distinct feature of FVs is that
a signiﬁcant number of infectious particles contain full-length DNA implying
that the foamy virus reverse transcription takes place before entry into the
host cell (24).
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The size of the FV genome is around 13 kb and is, therefore, the largest
among the retrovirus family (25). FVs are complex retroviruses; their genome
has the typical retrovirus long terminal repeats (LTRs), gag, pol, and env coding
regions but unlike simple retroviruses also has additional open reading frames
(ORFs) located between the env and the 3′ LTR (see Fig. 1). These ORFs are
designated bel1-3 (for between envelope and LTR) and encode viral regulatory
proteins. Speciﬁc function has only been assigned the bel-1 gene product
which is known as Tas (for transactivator spuma); Tas is the activator of the
foamy virus LTR and is required for transcription from the 5′ LTR (26). The
function of the other two proteins (Bel-2 and Bel-3) is still unknown but
they are dispensable for vector production (27,28). Another protein found in
abundance in infected cells is Bet and it is a fusion protein that has the ﬁrst
88 amino acids from Tas fused to the entire bel-2 ORF (29,30). It has been
shown that Bet confers resistance to superinfection from wild type FV but the
mechanism is unknown (31).
The FV replication cycle is distinct among retroviruses (see Fig. 1). FVs
have a bimodal regulation of transcription using two promoters; in addition
to the LTR promoter which is common in all retroviruses, there is an internal
promoter located in the 3′ end of the env region that has weak baseline activity
(32). Transcription is initiated at the internal promoter which drives expression
of the bel-1 gene resulting in the production of the Tas protein (33). In a
positive feedback loop, Tas upregulates the internal promoter leading to higher
bel-1 gene expression. After a certain threshold is reached, Tas transactivates
the 5′ LTR, leading to full-length proviral transcription with production of
viral structural proteins and assembly of the retroviral particles in the host cell.
Without Tas, the 5′ LTR remains silent. Another unique feature of FVs is their
mechanism for expression of the Pol protein, which is translated from a spliced
mRNA (34–36). In contrast, other retroviruses generate Pol by proteolytic
cleavage of a precursor Gag-Pol polypeptide. FVs have also been shown to use
an intracellular shortcut to reintegrate their genome in the infected cell DNA
(37). Thus, in many respects, FV replication resembles that of hepadnaviruses
(like the HBV) and of retrotransposons and it has been proposed that the FV
genus is distinct from the other members of the retrovirus family (38).
1.2. Foamy Virus Vectors
Essential steps for the development of any retroviral vector system are the
generation of replication-incompetent vectors and the design of assays to detect
wild-type (wt) and replication-competent retroviruses (RCRs) in the vector
stock. Additionally, the identiﬁcation of the cis-acting sequences in the virus
allows removal of unnecessary viral gene sequences from vector constructs and
is desirable to increase the packaging capacity and safety of the vectors. Finally,
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Fig. 1. The Tas-independent HFV vector system. The wt genome of the HFV provirus
is shown on top. The internal promoter (IP) in env is activated early upon infection of
a host cell, producing the Tas transactivator that further activates both the IP and the
HFV LTR. Transcription from the LTR is required for virus replication and is totally
dependent on Tas. The Tas-independent plasmid constructs (with the “p” preﬁx) are
shown below. pCGPES is the helper plasmid that provides Gag, Pol, and Env. Expression
is driven by a CMV promoter fused to the transcription start site of the FV LTR while
SpA is the polyA signal from the SV40 virus. The same constitutive CMV-LTR fusion
promoter is used in the pCGPMAP∆Bel vector while an internally placed LTR promoter
from the murine leukemia virus (MLV) is driving expression of the alkaline phosphatase
(AP) protein. The pCGPMscvF vector has a different expression cassette; an internal
LTR promoter from the murine stem cell virus (Mscv) is driving expression of the green
ﬂuorescence protein (GFP). A similar construct is shown below (pCGPMAP∆Bel∆U3)
that has a deletion of the U3 region in the 3′ LTR; titers obtained with this vector are
similar to those obtained with the parental pCGPMAP∆Bel. An integrated vector is
shown in the bottom; the 5′ LTR has been reformed from the intact 3′ LTR but the only
active promoter is the one driving expression of the reporter gene because the FV LTRs
are inactive in the absence of Tas.
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the construction of packaging cell lines that supply viral proteins in trans and
facilitate convenient generation of high titer vector stocks is also desirable.
Progress toward these goals with the FV vectors will be brieﬂy reviewed.
1.2.1. Generation of Replication-Incompetent FV Vectors

Earlier studies on the replication of HFV have shown that the Bel2 and Bel3
proteins were dispensable for virus replication in vivo and the corresponding
sequences could be deleted in a vector construct (27,28). Based on this
observation, the ﬁrst HFV vectors that were developed had reporter genes
inserted in the region normally occupied by bel2 and bel3 (39). Although these
vectors were replication-competent, the study conﬁrmed that HFV vectors
could package and deliver an unrearranged foreign transgene at titers of 105
particles/mL. A replication-incompetent vector was developed that had a
deletion in the env gene that also disrupted the internal promoter (10). However,
when this vector plasmid was cotransfected along with a gag-pol deleted helper
plasmid that provided Tas and Env in trans, replication-incompetent stocks were
produced but RCRs were generated. These vectors were shown to stably integrate
in the host cell genome with intact length vector proviruses in more than 50% of
the transduced cell clones. It was apparent that extensive homology between the
two plasmids likely resulted in recombination and production of full-length
genomes that were fully operational in the presence of the Tas-1 transactivator. To address this issue we have developed a replication-incompetent Tasindependent vector system that is described below.
1.2.2. The Tas-Independent Vector System

The fact that foamy viruses possess an LTR transactivator (Tas) offers a
potential advantage for vector development since it allows for tight regulation
of the LTR activity in a Tas-independent vector system. The strategy employed
for the development of this system was to delete all the accessory genes in
the vector plasmid and to replace a portion of the 5′ LTR with a constitutive
promoter that would be independent of the Tas transactivator (40). Thus
any potential foamy LTR-driven recombinant genomes would be rendered
replication-incompetent in the absence of Tas. The Tas-independent vector
system was developed from the human foamy virus (HFV) isolate and is shown
in Fig. 1. In the vector plasmids, the 5′ LTR U3 region has been replaced with
a CMV/LTR fusion promoter leaving the 5′ LTR R and U5 regions intact; the
gag, pol, and part of the env sequences are in place while the bel genes
have been removed and replaced by an expression cassette. In the plasmids
shown in Fig. 1, the MLV LTR promoter is driving expression of the human
placental heat-resistant alkaline phosphatase (AP in pCGPMAP∆Bel and
pCGPMAP∆Bel∆U3) and the murine stem cell virus LTR (Mscv) promoter is
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driving expression of the green ﬂuorescence protein (GFP in pCGPMscvF).
The 3′ vector LTR in both plasmids is intact and during reverse transcription
the 5′ LTR is regenerated from the 3′ LTR resulting in a ﬁnal vector genome
that is ﬂanked by two intact foamy virus LTRs. The helper plasmid (pCGPES)
provides all the necessary proteins for vector assembly in trans; it has a
CMV/LTR fusion promoter in the 5′ LTR region and the gag, pol, and env
sequences followed by an SV40 polyA site in place of the 3′ LTR. Helper-free
HFV vectors are made by Calcium-Phosphate (CaP) mediated cotransfection
of helper and vector plasmids in 293T cells, where the CMV promoter is fully
potent. Using this system, helper-free virus stocks can routinely be generated
with titers ranging from 0.1–0.5 × 106 transducing units/ml (TU/mL) that can
be further concentrated to around 1 × 107 TU/mL by ultracentrifugation.
1.2.2.1. DETECTION OF WILD-TYPE HFV IN THE TAS-INDEPENDENT VECTOR STOCKS

Detection of wild-type HFV (wt FV) is done with the FAB-cell assay (28).
FAB cells are BHK-21 cells that have an integrated FV LTR linked to a nuclearlocalizing β-galactosidase reporter gene (β-gal). Transduction of FAB cells by
any Tas-encoding virus would activate the HFV LTR and make β-gal that will
turn the cell nuclei blue after histochemical staining. With our Tas-independent
vector system we have never detected any wt FV as would have been expected
since no Tas-encoding sequences are present in either helper or vector plasmids.
However, to detect any potential RCRs in the Tas-independent vector system a
more stringent foamy marker rescue assay was developed.
1.2.2.2. FOAMY MARKER RESCUE (FMR) ASSAY

In the Tas-independent vector system, a novel (mutant) LTR could be
generated during vector stock production that could function independently of
the transactivator. Such a RCR would carry a mutant LTR along with the HFV
gag, pol, and env sequences and would be able to spread upon infection of a
permissive cell (see Fig. 2). In order to detect such an event we made a cell line
that harbors a HFV vector plasmid with the following elements; 5′ CMV/LTR
fusion promoter, functional gag and pol genes, and an SV40 early promoter
driving neo gene expression (40). The env coding sequences are deleted and
replaced by the neo expression cassette while the 3′ LTR is intact. If this
cell line is infected with a RCR that provides Env in trans, neo-expressing
vectors will be generated that can be titered following transduction of BHK-21
cells. The sensitivity of the assay was tested with wt HFV; in three different
experiments, as low as 3 HFV particles (as measured by the FAB assay) could
be detected. Using the FMR assay we could not detect RCR from 1 mL of nine
different Tas-independent vectors stocks.
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Fig. 2. The Foamy Marker Rescue (FMR) assay. The assay is used to detect any
replication-competent retroviruses (RCR) that may have been generated with the Tasindependent vector system. Such an RCR would have a novel LTR that could function
in a Tas-independent manner and be able to spread upon infection of a permissive cell.
The FMR cell shown on the left carries an env-deﬁcient HFV vector plasmid with
the fusion CMV/LTR promoter (shown as CF), gag and pol genes, the neo selectable
marker driven by the SV40 promoter and an intact FV 3′ LTR (shown as F). On
the right, the FMR cell has been infected with a RCR that has a hypothetical Tasindependent LTR (shown as X) and the HFV gag, pol, and env genes. Provision of
Env in trans from the RCR results in the production of neo-encoding vectors that can
be titrated following transduction of BHK-21 cells. Reproduced from Human Gene
Therapy (vol. 9, p. 2522) with permission.

1.2.3. cis-acting Sequences

Deletion analysis of the FV genome has identified complex cis-acting
sequences. The ﬁrst is common to all retroviruses and is located in the 5′ end
of the genome whereas two additional regions, unique to FVs, are located in
the pol region (23,41). These cis-acting sequences were retained in the Tasindependent vectors although vectors with additional deletions in the U3 region
of the 3′ LTR displayed minimal loss of titer (see Fig. 1). Further extending
deletions in the vector backbone with retention of the minimal cis-acting
sequences in the 5′ and pol regions resulted in vector titers slightly reduced
in comparison to the titer of the standard pCGPMAP∆Bel vector (42). Fine
mapping of these cis-acting regions in pol and removal of additional viral gene
sequences may be possible.
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1.2.4. Packaging Cell Lines

FV packaging lines were initially developed for the HFV isolate (43). Tasdependent production of a vector plasmid that had deletions in the bel coding
region was achieved through the stable expression of the Tas protein in the
packaging cells. Although titers in excess of 105 were observed, replicationcompetent virus was detected most likely as result of recombination. A packaging line for a simian foamy virus (SFV-1) has also been recently described
(44). Lines with either constitutive or inducible expression of the viral proteins
were generated and analyzed for their vector production potential. In this study,
the inducible system had 10-fold higher titers compared to the constitutive (104
vs 103) raising the possibility that Env-mediated toxicity may be an obstacle
for the development of FV-packaging lines. Inducible packaging lines for the
HFV isolate have also been developed (Trobridge, unpublished). However,
CaP transient transfection is currently the method for generating the highest
titers and we use this for all our current gene transfer experiments. The Tasindependent transient transfection method consistently generates stocks with
titers in excess of 1 × 105 TU/mL (transducing units/mL).
1.2.5. Advantages of Foamy Virus Vectors

FV-based vectors offer potential advantages over the currently available
retroviral vector systems for gene therapy applications. They can transduce
quiescent cells at higher rates compared to MLV-type vectors, they are nonpathogenic to humans and they are resistant to human serum, a potential
advantage for future in vivo applications (10). FVs have the largest genome
size of all retroviruses and possibly the largest transgene capacity, the upper
limit of which remains to be determined. They have a broad cell tropism and
the HFV-based vectors can efﬁciently transduce murine HSCs, primate and
human CD34+ cells which are particularly attractive cells for gene therapy
applications (45,46). In addition, with the Tas-independent system, the danger
of inadvertent activation of downstream genes at the integration site is greatly
diminished since the viral LTRs are rendered transcriptionally inactive in the
absence of the viral Tas transactivator.
2. Materials
2.1. Cell Culture-General
1. 293T Cells (47), BHK-21 cells (48), FAB cells (28), and FMR cells (40).
2. Fetal bovine serum (FBS) (HyClone, Logan, UT).
3. 100X Pen/Strep is 10,000 U penicillin G sodium and 10,000 µg/mL streptomycin
sulfate solution in 0.85% saline (GIBCO-BRL, Rockville, MD).
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4. D-10 is Dulbecco’s modiﬁed Eagle’s medium (DMEM, GIBCO-BRL, Rockville,
MD) supplemented with 10% FBS, and 1% 100X Pen/Strep solution.
5. Phosphate-buffered saline (PBS) without calcium chloride and magnesium
chloride.
6. 1X Trypsin is made from a 10X stock solution (GIBCO-BRL, Rockville, MD)
diluted in PBS and stored at –20° until use.
7. Calcium-phosphate (CaP) transfection reagents: a) 2X HEPES saline is 280 mM
NaCL, 50 mM HEPES (see Note 1); pH to 7.1 with NaOH. b) 0.15 M Na2HPO4
pH 7.10. c) 0.1X TE is 1 mM Tris-HCl pH 8.0 and 0.1 mM ethylenediaminetetraacetic acid (EDTA). d) 2.0 M CaCl2. All reagents should be sterilized by
ﬁltration through a 0.22-µm ﬁlter and stored at 4°C (see Note 2).
8. Plasmid preparations are made with Qiagen Plasmid Puriﬁcation kit (Qiagen,
Valencia, CA) according to the manufacturer’s guidelines (see Note 3).
9. Dishes and multiwell plates. Both tissue culture treated and nontreated plates
are required.
10. G418 (GIBCO-BRL) is dissolved in DMEM to 70 mg/mL active compound.

2.2. Fixatives and Stains
1. 0.5% Glutaraldehyde (J.T Baker, Phillpsburg, NJ) is made from 25% stock
diluted in PBS.
2. 3.7% Formaldehyde (J.T Baker) is made from 37% stock diluted in PBS.
3. Reaction buffer for alkaline phosphatase staining (AP) is 100 mM Tris-HCl pH
8.5, 100 mM NaCl and 50 mM MgCl2.
4. 100X BCIP (Sigma, St. Louis, MO) is 5-bromo-4-chloro-3-indolyl phosphate
dissolved in H2O at 10 mg/mL and stored in aliquots at –20°C.
5. 50X NBT (Fisher, Fairlawn, NJ) is 50 mg/mL Nitro Blue Tetrazolium dissolved
in 70% N,N-dimethylformamide, 30% H2O and stored at –20°C in glass vials
protected from light.
6. 50X X-gal (Fisher) is 50 mg/mL 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside
in N,N-dimethylformamide and it is stored protected from light in glass vials
at –20°C.
7. 100 mM K4Fe(CN)6 and 100 mM K4Fe(CN)6 are made in H2O and stored
protected from light at room temperature.
8. 1.0 M MgCl2.
9. X-gal stain. The stain is made fresh each time; for 5 mL of stain add: 250 µL of
100 mM K4Fe(CN)6, 250 µL of 100 mM K4Fe(CN)6, 10 µL 1.0 M MgCl2, 100
µL of X-gal and 4.39 mL PBS. Filter through a 0.45-µm ﬁlter.
10. Coomassie blue ﬁxative/stain. To make 1 L, add 300 mL methanol, 100 mL
glacial acetic acid, 600 mL H2O, and 1.5 g coomassie brilliant blue G (Sigma,
St. Louis, MO). Store on the bench at room temperature.

2.3. Transduction of Hematopoietic Cells
1. Retronectin (Panvera, Madison, WI) is made at a concentration of 1 mg/mL in
H2O, ﬁlter-sterilized through a 0.22-µm ﬁlter and stored in aliquots at –20°C.
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2. 10X Hypotonic red blood cell (RBC) lysis solution is 155 mM NH4Cl, 7.3 mM
NaHCO3, 126 mM EDTA. The stock solution is stored at 4°C and is made up
to 1X with H2O just prior to use.
3. D20+ is DMEM with 20% heat-inactivated FBS, 20 ng/mL murine IL3, 50 ng/mL
human IL6, and 50 ng/mL murine stem cell factor (mSCF).
4. Agar solution is 1.2% Noble agar (Sigma) in H2O.
5. 1000X cytokine stock solutions are made according to the manufacturer’s
guidelines (Peprotech, Rocky Hill, NJ) and they are: 20 µg/mL murine IL3
(mIL3), 50 µg/mL human IL6 (hIL6), 50 µg/mL murine SCF (mSCF), 100 µg/mL
human SCF (hSCF), and 20 µg/mL human IL3 (hIL3). Human Flt-3 ligand
(hFlt3-lig at 100 µg/mL) and human recombinant erythropoietin (at 2000 U/mL)
are from Amgen (Thousand Oaks, CA).
6. 5-Fluorouracil solution (5FU) is provided as a sterile 50 mg/mL solution
(Pharmacia & Upjohn, Kalamazoo, MI) and it is diluted to 5 mg/mL in room
temperature PBS just before use.
7. 2X DMEM (GIBCO-BRL).
8. Culture mix for agar CFU plating. Combine the following reagents (volumes for
1 mL, enough to plate one 35-mm dish); 300 µL of 1X DMEM, 250 µL of 2X
DMEM, 200 µL of FBS, 10 µL of 100X Pen/Strep solution, and 1 µL of each
mIL3, hIL6, and mSCF 1000X cytokine stock.
9. Transduction mix for the human CD34+ cells is: 80% DMEM (partially made
up from the resuspended vector stock), 20% FBS, 1% 100X Pen/Strep solution,
1.25 µg/mL amphotericin B, 100 ng/mL hFlt-3 ligand, and 100 ng/mL hSCF.
10. Suspension culture medium for the human CD34+ cells is: DMEM supplemented
with 20% FBS, 1% 100X Pen/Strep solution, 1.25 µg/mL amphotericin B,
100 ng/mL hFlt-3lig, 100 ng/mL hSCF, 20 ng/mL hIL-3, and 20 ng/mL hIL-6.
11. Methylcellulose medium for the CFU assay of CD34+ cells is Methocult
H4230 media (Stem Cell Technologies, Vancouver, BC) as prepared by the
manufacturer’s instructions and additionally supplemented with 1% 100X
Pen/Strep solution, 1.25 ng/mL amphotericin B, 50 ng/mL hSCF, 10 ng/mL
h-IL3, 10 ng/mL hGM-CSF, and 2 U/mL human recombinant erythropoietin.
12. Amphotericin B (GIBCO-BRL) at 250 µg/mL in H2O.

3. Methods
All the procedures described in this subheading refer to the Tas-independent
vector system developed from the HFV isolate.
3.1. Generation of High Titer HFV Vector Stocks
The protocol described here is based on CaP-mediated transient transfection
of 293T cells with helper and vector plasmids (see Fig. 1). It is designed to
generate 220 mL of crude vector stock that can be concentrated to 3.0 mL of
high titer stock after ultracentrifugation. The protocol can be scaled up or down
for the production of different volume stocks.
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Day 1. Plate 293T cells in the morning, 20–24 h prior to the scheduled
transfection time. It is essential to keep 293T cells in log-phase growth (see
Note 4). Plate 22 (twenty-two) 10-cm dishes with 1 × 106 cells/dish in 10 mL
D-10 (see Note 5).
Day 2. Prepare solutions for transfection using reagents that are at room
temperature (see Note 6). The volumes for each dish are:
Solution A: 1.6 mL 2X HEPES-Saline and 16 µL of NaHPO4.
Solution B: 0.2 mL CaCl2, 20 µg each plasmid and 1.4 µL of 0.1X TE.
Make up volumes for the 22 plates and aliquot solution A in 22 tubes (Falcon
number 2059). Keep the tube with solution A in one hand and add solution B
dropwise while ﬂicking the tube with solution A. In the end, cover the tube and
shake vigorously. Repeat the procedure for all the tubes. Precipitate formation
is complete by 20 min. At this point, add the precipitate to the dishes and let
the transfection go for 7 h in the incubator. Replace medium with 10 mL D-10
and harvest the stock 60–72 h later (see Note 7).
Day 5. Collect vector supernatant in 50-mL conical tubes, spin at 200g for
5 min to remove cellular debris and then ﬁlter through a 0.45-µm HV Durapore
ﬁlter (Millipore, Bedford MA). The stock is then ready to be concentrated.
3.2. Concentration of HFV Vector Stocks
Use an SW28 rotor from a Beckman ultracentrifuge and the appropriate
polyallomer tubes (catalog number 326823, Beckman, Palo Alto, CA). Load a
minimum of 35 mL in each tube and spin at 50,000g for 2 h at 20°C. In the end
aspirate the supernatant carefully until you leave a “wet” pellet in the bottom
of the tube. Immediately add 0.6 mL DMEM and break the pellet initially with
a blunt ended glass rod and then by repeated pipeting (see Note 8). Collect all
the resuspended pellets in a small size tube (Falcon number 2063) and spin at
200g for 5 min. Filter the supernatant through a 0.45-µm ﬁlter (see Note 9); the
stock is now ready to be titrated and used (see Note 10).
3.3. Titration of HFV Vector Stocks
The assay gives a functional titer of the vector stocks. The titers are expressed
as AP or GFP transducing units/mL (TU/mL).
3.3.1. Titration of AP Vector Stocks

One day before harvesting the vector stock, plate BHK-21 cells at 5 × 104 cells/
well of a 12-well dish (see Note 11). The next day, add aliquots of the vector
stock to each well (100, 10, 1, and 0.1 µL), incubate for another 2 d and then
proceed to AP staining.
AP staining. Aspirate medium, rinse with 0.5 mL PBS/well and add 0.5 ml
of 0.5% glutaraldehyde/well. Fix for 15 min and then wash twice with PBS
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(10 min each). Add 1 mL (prewarmed at 68°) PBS in each well and incubate
in a dry oven set at 68° for 1 h to heat-inactivate endogenous phosphatases.
Aspirate PBS, add fresh PBS at room temperature and let the dish cool down
to room temperature. Make AP stain with 100X BCIP (diluted to 1X) and 50X
NBT (diluted to 1X) in AP buffer; incubate in the dark for 1 h. Aspirate the
stain, wash with H2O, wash with 70% EtOH, air-dry, and then count AP+ foci
under a dissecting microscope.
3.3.2. Titration of GFP Vector Stocks

One day before harvesting the vector, plate 293T cells at 5 × 104 cells/well
of a 12-well dish. The next day, collect and count the cells from one well to
record the number of cells at the time of vector addition. Add dilutions of the
vector (50, 25, 10, and 5 µL) in the other wells and incubate for 3 d. Collect
the cells by trypsinization, wash with PBS and analyze by ﬂow cytometry.
Calculate the titer from the samples that give between 2–15% GFP+ cells. If,
for example, 5% of the cells are positive in the 10-µL well and 2 × 105 cells
were present at the time of vector addition, then the titer will be 2 × 105 × 5 ×
10–2 × 102/mL, i.e., 1 × 106 GFP TU/mL.
3.4. Detection of wt HFV with the FAB Assay
Plate FAB cells at 1 × 105 cells/well with 2 mL D-10/well of a six-well tissue
culture dish. The next day, add serial dilutions of the vector stock, culture for
another 2 d and proceed to cell staining. Aspirate medium and rinse twice with
2 mL PBS. Add 3.7% formaldehyde and ﬁx for 10 min. Rinse with PBS three
times (5 min each round), add X-gal stain to cells and incubate for 5 min to
24 h in the dark in a 37°⬊ incubator. Stop reaction by washing with H2O when
the cell nuclei in the positive control well become dark blue. A positive control
well should be infected with wt HFV-containing supernatant that can be made
using the pHSRV13 infectious clone (49). The plasmid is transfected into 293T
cells (use the outlined CaP transfection protocol without ultracentrifugation)
and the virus-containing supernatant is collected 3 d posttransfection, ﬁltered
(0.45 µm), titrated and stored at –80°C until use.
3.5. Foamy Marker Rescue (FMR) Assay
The assay detects replication-competent retroviruses (RCRs) with Tasindependent LTRs that may arise by recombination in the Tas-independent
vector system (see Fig. 2).
Day 1. Plate 1 × 105 FMR cells/well in 1 mL of D-10 in 12-well tissue culture
plates. Plate one well for each sample dilution to be tested, one well for each
wt HFV dilution to be tested as positive controls, and one well for a negative
control.
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Day 2. Add vector to each well. When assaying crude vector stocks, replace
media in well with 1 mL of stock; when concentrated stocks are tested, replace
media with 1 mL of fresh D10 and add a small volume of the stock. As a
positive control add 10-fold serial dilutions of wt HFV for a range of 0.01
to 1000 infectious units.
Day 4. Plate BHK-21 cells (same concentration and number of wells as the
FMR cells).
Day 5. Collect media from the infected FMR cells by aspirating through a
0.45-µm ﬁlter. Use this to replace the media in the BHK-21 wells.
Day 6. Trypsinize BHK-21 cells and resuspend the cells from each well in
1 mL of D-10; plate 0.1 and 0.9 mL of each cell suspension in a 10-cm dish
in a ﬁnal volume of 10 mL D-10.
Day 7. Start G418 selection. Aspirate medium and add 10 mL D-10 with G418
(ﬁnal concentration 0.7 mg/mL active compound) to each dish.
Day 15. Count G418 resistant colonies. Remove medium, rinse with PBS
taking care not to dislodge any colonies and apply 5–10 mL Coomassie blue
ﬁxative/stain for 10 min. Carefully rinse plates with H2O and count.
3.6. Transduction of Murine Hematopoietic Stem Cells
The protocol is designed to transduce mouse HSCs that can be assayed by bone
marrow transplantation into myeloablated hosts. The same transduction protocol
can be used to assess transduction of progenitor cells (colony-forming units,
CFU) in vitro. Either 5FU pretreated or normal bone marrow (BM) can be used.
Day 1. Give 5FU intraperitoneally (ip) (150 µg/g body weight) to bone marrow
donors. Typically, with ﬁve (5) 8–10 wk old C57BL6 donors, 3–4 recipient mice
can be transplanted. Start production of vector stock (day 1 of Tas-independent
vector stock production protocol).
Day 3. Euthanize animals, collect femurs, and ﬂush BM with PBS using a
23-gauge needle. Make a single-cell suspension by passing the cells through
the needle several times. Collect the cells in a 15-mL conical tube and let
the big tissue debris to settle for 1 min. Decant supernatant (that contains the
cells) into a new tube and spin at 200g for 5 min; wash once with PBS and
lyse red blood cells by resuspension in hypotonic solution for 5 min at room
temperature. Spin the cells (200g for 5 minutes), resuspend in D20+ and count;
expect to collect approx 5 × 107 cells from ﬁve donors. Plate at a concentration
of 1–2 × 106 cells/mL in six-well plates with 2.5 mL of medium/well.
Day 4. Plate indicator cells (BHK-21 or 293T) for titering the vector as outlined
earlier.
Day 5. Follow the steps in the order shown here:
i)

Retronectin coating. Use nontissue-culture treated six-well plates. Dilute
the stock to 50 µg/mL in H2O, add 1 mL/well and let it coat for 15 min at
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RT. In the end, aspirate the solution and air-dry the wells by leaving the lid
open inside a tissue culture hood.
ii) Harvest vector stock and concentrate by ultracentrifugation as described in
Subheading 3.2. Titer an aliquot using cells plated the day before and set
aside the vector stock to be used later.
iii) Collect all bone marrow cells using a rubber policeman to dislodge cells that
may adhere. Resuspend in a small volume of plain DMEM (1 mL) in order
to count and put on ice. Expect to collect approximately 107 cells
iv) Transduction mix: Calculate the volume of the mix according to the available
cell number to obtain a ﬁnal cell concentration of 1–2 × 106 cells/mL. Mix
cells with vector stock, add FBS (20% of the calculated ﬁnal volume) and
DMEM to make up to the ﬁnal volume; ﬁnally add cytokines (mIL3, mSCF,
and hIL6) from the 1000X stocks and 100X Pen/Strep solution (1% of the
calculated ﬁnal volume). Add the mixture to retronectin-coated wells and
culture for another two days in a tissue culture incubator.

Day 7. Collect all bone marrow cells including any cells that have attached in
the Retronectin-coated wells (use a rubber policeman to dislodge). Wash cells
in PBS (200g for 5 min), resuspend in a small volume of PBS (1 mL) in order
to count and then set on ice. Expect to collect 2–4 × 106 cells. Plate some cells
for CFU assay to assess transduction efﬁciency of the progenitor cells and use
the rest for transplantation.
Transplantation: Irradiate syngeneic recipients with a single dose of 1100 rads
from a gamma-source and give transduced cells by tail vein injection within
1–2 h following irradiation. A cell dose of 0.3 to 1.0 × 106 is adequate to ensure
survival of all the myeloablated animals. Do not exceed 0.5 mL injection
volume per mouse. Expression of the vector encoded transgene can be tested
starting at 4 wk post-transplantation. GFP expression can be monitored by
ﬂow cytometry of peripheral blood cells, whereas for AP expression, stain
peripheral blood smears according to the protocol below.
AP staining of peripheral blood smears. AP expression in transplanted animals
can be assayed by staining peripheral blood smears for AP. Dry smears for
30 min in a dry 37°C oven and ﬁx in 0.5% Glutaraldehyde for 15 min. Wash
three times in PBS (10 min each), add 68°C prewarmed PBS and incubate in
a 68°C dry oven for 1 h to heat-inactivate endogenous phosphatases. Transfer
slides into a new container with room temperature PBS and allow them to cool
down. Replace PBS with AP substrate and stain overnight. The next day, rinse
brieﬂy with H2O and air-dry. Count AP+ cells under a microscope.
3.6.1. CFU Marking Assay

Use this assay to estimate the percent transduction of the bone marrow CFU
with the AP or GFP-expressing Tas-independent vectors. The assay analyzes
the transduction rate in the myeloid progenitors but it can be used to assay
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transduction in the other hematopoietic lineages by modifying the cytokine
cocktail. For the assay, BM cells that have been transduced with vector, are
collected, resuspended in a small volume of PBS, counted and placed on ice.
Calculate the volume of cell suspension that has 2, 10, and 20 × 103 cells. Melt
the agar by brieﬂy boiling the 1.2% agar solution (see Note 12), cool it down
to a 56°C water bath and take a small aliquot (2–4 mL) in a 40°C heating
block in the tissue culture hood. To the CFU culture mix (see Subheading
2.3.8.) add 250 µL of agar, vortex brieﬂy, then add transduced cells (2, 10, and
20 × 103 cells/mL/dish), vortex gently again and plate each in a 35-mm
tissue culture dish. Work swiftly to avoid solidiﬁcation of the agar before
plating. When AP-expressing vectors are used, cells should be plated in 24-mm
transwells (Costar Corning, NY; catalog number 3412) so that they can be
stained in situ for AP expression. For other reporter genes such as GFP,
conventional 35-mm tissue culture plates are used. If transwells are used, add
3 mL of D20+ to the immersion well of the transwell after the agar has
solidiﬁed. Culture cells for 7 d before counting positive colonies.
3.6.2. CFU-AP Staining In Situ

Stain the transwell agar cultures 7–10 d after plating. Use sequential 3-mL
wash volumes added to each immersion well while taking care not to disturb
the agar in the transwell. Wash three times (15 min each) with PBS. Aspirate
PBS, add 0.5% gluteraldehyde in PBS and incubate at room temperature for
20 min. Aspirate, add fresh 0.5% glutaraldehyde and incubate for an additional
70 min. Aspirate and wash with PBS four times (30 min each). Aspirate, add
PBS prewarmed to 68°C and incubate in a 68°C dry oven for 1 h to inactivate
endogenous phosphatases. Aspirate, add PBS at room temperature and let
the plate cool down. Aspirate, add 3 mL of AP substrate (see AP stain at
Subheading 3.3.1.), and stain overnight. Next day, aspirate stain, add PBS,
remove the transwell insert, place it on a grid plate, and count colonies under
a dissecting scope. AP+ CFU have a deep-purple color compared to the light
brown color of the negative colonies.
3.7. Transduction of Human CD34+ Cells
We have found that the Tas-independent vectors can efﬁciently (50–80%)
transduce unstimulated human umbilical cord blood CD34+ cells with short
incubation periods (50). Fresh or thawed CD34+ cells are isolated with the
CD34+ Progenitor Isolation Kit (Miltenyi Biotec, Auburn, CA) following
manufacturer’s guidelines and are directly transduced in six-well non-TC
plates coated with Retronectin (as per protocol earlier). The volume of the
transduction mix is calculated from the available number of cells so that cell
concentration is between 0.75–1.5 × 106 cells/ml. The transduction mix is 80%
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DMEM, the volume of which is partially made-up from the DMEM-resuspended
vector stock and additionally supplemented with serum and cytokines as outlined
in Subheading 2.3. (transduction mix for human CD34+ cells). The cells are
transduced overnight (typically for 16 h) in a tissue-culture incubator. Depending
on the reporter gene used, transduction efﬁciency can be determined either
by ﬂow cytometry of a bulk population of cells grown in liquid culture or in
clonogenic progenitors grown in methylcellulose or agar. For GFP transduced
cells, 105 cells can be grown for 3–5 d in 1 mL of CD34 suspension culture
medium and transduction rates can be determined by the percentage of GFP+
cells using ﬂow cytometry. Furthermore, transduction of clonogenic progenitors
can be estimated in colonies grown from CD34+ cells in methylcellulose medium
(see Subheading 2.3.). Using this cytokine cocktail, 20–25% of the cultured
CD34+ cells grown in methylcellulose will produce a colony. After 2 wk, colony
growth and GFP transduction rates can be determined by scoring the colonies
with a ﬂuorescent microscope. If the AP reporter gene is utilized, the colonies
need to be grown and scored in agar transwells. The protocol is the same as
the one described in Subheading 3.6.1. and Subheading 3.6.2. except that the
number of cells cultured should be 1500–3000 per well and the cytokines utilized
should be the same as in the methylcellulose assays described earlier.
4. Notes
1. The HEPES-saline solution (HSS) pH is crucial for transfection efﬁciency. It is
advisable to make 1.5 L of HSS, split in 0.5-L aliquots, and pH each aliquot to
7.07, 7.10, and 7.13, respectively. Test all three solutions and determine which
one gives the highest titer stock.
2. Do not use cellulose acetate ﬁlters to sterilize the CaCl2 solution. For all ﬁltersterilizing applications we use the GP-express 0.22-µm membrane (Millipore,
Bedford, MA).
3. Use clean DNA preparations. The Qiagen Plasmid Maxi Kit gives reliably
pure plasmid preparations. Brieﬂy heat once (at 65°C for 5 min) all plasmid
preparations before using.
4. 293T cells should be maintained in log-phase growth. Avoid overgrowth of cell
because this results in log-scale loss of titer. To keep them in log-phase growth,
plate 3 × 105 cells/10-cm dish with 10 mL D-10. Trypsinize and replate with
the same cell concentration every 3 d. Do not keep cells for more than 1 mo in
culture. Take extra care when handling 293T cells because they detach easily
from the plate.
5. All cell counts are based on trypan blue (GIBCO-BRL) exclusion and counting
viable (white) cells with a hemocytometer.
6. All transfection reagents should be at room temperature when making the DNA
precipitate; store reagents at 4°C and leave them for at least 6 h on the bench
before use.
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7. Investigators in our lab have found that chloroquine and sodium butyrate treatment of 293T cells during transfection improves titers by two- to fourfold.
Chloroquine is added just prior to CaP precipitate addition (ﬁnal concentration
20 µM) and is present throughout transfection. Sodium butyrate (NaB, ﬁnal
concentration 10 mM) is added with D-10 after the transfection medium is
replenished; NaB treatment lasts for 12 h. This protocol requires higher cell
numbers (4 × 106 cells/10-cm dish plated in the afternoon of the day before
scheduled transfection) and an overnight transfection. The transfection medium
is replenished next morning and NaB-supplemented D-10 is added for 12 h. The
medium is changed with D-10 and the vector stock is harvested 60 h later.
8. Ultracentrifugation yield is about 50% of the original titer. Resuspension in
smaller volumes may result in lower yield as a result of incomplete resuspension
of the viral pellet.
9. The low-speed centrifugation step following the ultracentrifugation (see Subheading 3.2.), removes most of the large undissolved material that we have
found to be toxic to cells in subsequent steps. If extra-clean stocks are needed, an
additional 0.45-mm ﬁltration is sufﬁcient to remove most of this material albeit
with some loss of titer (20–40% loss).
10. It is advisable to use fresh vector stocks. However, the stocks can be frozen with
5% DMSO to –80°C with loss of about 50% of titer.
11. BHK-21 cells should be at log-phase growth. Plate 3 × 105 cells/10-cm dish and
pass cells (by trypsinizing) every 3 d.
12. Avoid boiling the Noble Agar solution repeatedly since evaporation will alter
its concentration. It is advisable to make a big volume of the solution and make
2-mL aliquots in small size Falcon tubes that can be stored at 4°C until use.
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Poxviral/Retroviral Chimeric Vectors
Allow Cytoplasmic Production
of Transducing Defective Retroviral Particles
Georg W. Holzer and Falko G. Falkner
1. Introduction
Retroviral vectors have become important tools in gene therapy as a result of
a number of highly desirable properties, including stable genomic integration,
which are rarely found with other gene delivery vectors. However, after two
decades of experience with this technology, some shortcomings still remain to
be solved. Retroviral vectors cannot be grown to as high titers, as for example,
adenoviruses; they tend to be unstable and are sensitive to lysis by complement
when transfused into patients. The search for more robust retroviral delivery
systems has led to the development of hybrid viral vectors to combine the
broadly estimated features of retroviral vectors with advantageous properties
of another viral vector system. Chimeric systems with adeno- or alphavirus
vectors have already been reported (1–3). Furthermore, herpesvirus amplicons
expressing gag, pol, and env genes were shown to rescue defective lacZ
retrovirus in a cell line carrying a corresponding provirus (4). This chapter is
dedicated to vaccinia virus, one of the most widely used vectors in molecular
and cell biology (5,6) as a chimeric carrier for small RNA viruses, such as
retroviruses. The methods provided in this chapter disclose the necessary steps
for the generation of such hybrid vectors and for their use to produce retroviral
vector particles in packaging cells. However, the system offers a number of
interesting opportunities that will require individual cloning concepts. To fully
exploit the possibilities of the hybrid vector system, it is therefore advisable
to consider the life cycle and the speciﬁc properties of the two vectors that
are fused in this chimera.
From: Methods in Molecular Medicine, vol. 76: Viral Vectors for Gene Therapy: Methods and Protocols
Edited by: C. A. Machida © Humana Press Inc., Totowa, NJ
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1.1. Vaccinia Virus and its Replication
Vaccinia virus (VV), a member of the poxvirus family, is a large enveloped
mammalian DNA virus with a double-stranded genome of approx 185 kb.
Detailed information on the virus and its life cycle are given in ref. 7. Infectious
vaccinia virus particles are brick-shaped and 300 to 400 nm in diameter. The
particle contains a complex core structure containing numerous enzymes and
factors including a multisubunit DNA-dependent RNA polymerase. By encoding proper sets of enzymes for transcription and DNA replication, poxviruses
have the ability to replicate exclusively in the cytoplasm of the infected cell.
After infection of a cell, proteins contained in the virus particle drive the
transcription of a ﬁrst set of proteins. These so-called early proteins mediate
the replication of the viral DNA and initiate the transcription of further sets
of genes. The transcription cascade of the viral genes is controlled by virusspeciﬁc promoters of different classes. The messages display typical eukaryotic
features like 5′-CAP structures and polyadenylated 3′-ends. Upon synthesis of
the structural proteins, virus particles are assembled and released by budding
or externalization through the Golgi apparatus. One replication cycle takes
about 8 h. The host cell is destroyed in the course of viral propagation, but also
during nonproductive vaccinia infections.
1.2. The Vaccinia Vector System
VV has a long history and was successfully employed to eradicate variola
virus, the cause of small pox disease. Today, the virus is broadly utilized
as an expression vector. Insertion of foreign DNA is usually carried out
by homologous recombination into nonessential regions of the vaccinia
virus genome (8,9). More recently, insertion of foreign DNA could also be
demonstrated into an essential locus on the VV genome, resulting in infectious,
but replication-defective, vectors (10). Plasmids for directing foreign genes
into the VV genome contain an expression cassette in which the gene of interest
is controlled by a vaccinia promoter ﬂanked by DNA of the vaccinia genome.
The ﬂanking DNA determines the site of integration into the virus genome
by homologous recombination. Usually, a selection marker is coexpressed to
facilitate the isolation of recombinant vector. Both drug-resistance markers
such as the Escherichia coli gpt gene (11) and markers for color screening like
lacZ (12) are routinely used. Additionally, upon insertion of the foreign DNA
into the VV thymidine kinase (tk) gene, selection of recombinants for the tk
negative phenotype is performed.
VV vectors have a broad host range, relatively high titers—up to 1011 plaque
forming units (PFUs) per mL can be readily obtained with cell culture adopted
strains, and are both genetically and structurally stable. The large genome can
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accommodate several kilobase pairs of foreign DNA without loss of infectivity.
Gene expression is, depending on the chosen vaccinia promoter, high, but
it is always transient, because the host cell is driven into apoptosis during
infection. The pronounced expression, even of cytotoxic gene products, has
been exploited for the synthesis of various recombinant proteins. The strong
immunogenicity of the virus makes it a promising candidate for heterologous
live vaccines, but precludes its direct use for permanent gene delivery.
1.3. Retroviral Vectors
Retroviruses are small positive-stranded RNA viruses with a unique life
cycle that includes stable integration of a double-stranded DNA copy of their
genome, the so-called provirus, into the genome of their host. (For review, see
ref. 13). This property above all has made them valuable tools as expression
and gene therapy vectors in numerous variations. The following reﬂections
will focus on simple retroviruses such as Moloney murine leukemia virus
(MoMLV), that are part of the chimeric system to be described. Transcription
of such simple retroviruses takes place in the nucleus of the host cell. It is
controlled by a single viral promoter, and is executed by the transcription
machinery of the cell. Being incompletely spliced, the transcripts serve both as
messages for the gag-pol and env proteins, designated as packaging functions,
and as RNA genomes of the newly assembling particles. A region near the
5′-end of the genomic RNA, the packaging signal (ψ), directs the association
with the protein components during assembly. Upon budding of the particle,
extracellular maturation (ECM), and infection of a new cell, the life cycle is
completed by reverse transcription of the RNA genome into proviral DNA and
integration into the host genome. As a consequence of the reverse transcription
process, the termini of the provirus are duplicated, forming the typical long
terminal repeats (LTR). By these duplications, a copy of the retroviral promoter
is placed to the 5′-end of the provirus, where it controls the viral transcription.
A minimal retroviral vector has the proviral structure containing both LTRs and
the packaging signal ψ, whereas the retroviral coding sequences are replaced
by a gene of interest. The vector lacks essential genes for autologous replication
but contains all functional elements to be passively transcribed, packaged,
and delivered to target cells. The deletion of the retroviral core sequences
also impairs the natural splicing mechanism, thereby allowing for untruncated
genomic transcripts for vector production.
For production of retroviral particles, a plasmid containing the proviral
vector is usually transfected into an engineered packaging cell line that
constitutively expresses the packaging components, but also multiplasmid
transfections are performed for that goal. The vector particles are found in
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Fig. 1. Arrangement of the chimeric vaccinia virus vector and schematic representation of the poxviral/retroviral system. A retroviral vector transcription unit is integrated
into the double-stranded DNA genome of the vaccinia virus. In a ﬁrst step, VV infection
of a packaging cell leads to cytoplasmic transcription of the retroviral expression
cassette. The transcripts serve as genomic RNA and are packaged by the nascent
protein components constitutively produced by the packaging cell. In a second step,
the resulting retroviral vector particles infect target cells. Transduction results in the
expression of the gene of interest from the integrated provirus under control of the
nuclear transcription signals.

the supernatants of the transfected cells. Depending on the envelope type, the
vector can be concentrated up to 109 infectious particles per mL.
1.4. Vaccinia Retroviral Hybrid Vectors
For the construction of a hybrid vector, the retroviral unit is integrated into
the genome of a VV. Hence, instead of being delivered by transfection of a
proviral plasmid DNA, the retroviral vector is backpacked onto a “carrier”
virus, that actively infects cells with high efﬁciency and produces the genomic
RNA in the cytoplasm. Both replicating and replication-defective VVs (10)
are appropriate as carriers. Following infection of a retroviral packaging cell
line, culture supernatants are used to transduce target cells analogous to the
conventional transfection method. The approach is depicted in Fig. 1.
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Fig. 2. Structures of VV, provirus, and transcripts. The retroviral transcription unit
present in a basic chimeric vaccinia vector (A) is compared to the corresponding
proviral vector pLXSN (B). The provirus contains two complete LTRs, whereas in the
chimeric vector the 5′-U3 is replaced by a vaccinia-speciﬁc promoter (black arrow).
The 3′-U5 is also deleted and a VV transcriptional early stop signal (asterisk) is placed
immediately downstream of the 3′-R sequence. Three internal VV early stops present
in pLXSN have been removed from the vaccinia cassette. The predominating messages
are outlined (C). Capped and polyadenylated full-length RNAs are initiated by the
vaccinia promoter at the beginning of the 5′-R region. With the proviral vector, an
additional subgenomic message is transcribed from the internal SV40 promoter.

As outlined earlier, VV transcribes its genes, replicates its DNA, and
assembles its virions in the cytoplasm. It provides its own speciﬁc transcription
apparatus, whereas retrovirus genomes are transcribed from nuclear proviruses
by cellular factors. To serve as an efﬁcient VV early transcription unit, the
proviral retrovirus vector has to be substantially modiﬁed, and is then inserted
into the vaccinia DNA genome. Because of the cytosolic life cycle of VV,
cellular promoters and other eucaryotic transcriptional signals, like polyA
sites and splicing signals, are not recognized. The synthesis of message is
controlled solely by virus-speciﬁc elements. Early transcripts are capped
mRNAs of discrete length terminating about 50 bp downstream of a speciﬁc
viral termination signal (TTTTTNT) (14). Thus, early genes usually carry no
termination signal within the coding region, but in the 3′ untranslated region
(UTR) of a gene. To convert the proviral DNA present in a proviral plasmid
into a functioning vaccinia early transcription unit, internal TTTTTNT signals
have to be removed and the vector is cloned downstream of a strong vaccinia
early promoter precisely fused to the retroviral R region, thus replacing the
retroviral 5′-U3. A new transcriptional stop is introduced downstream of the
3′-R region to obtain properly processed RNA genomes from the vaccinia
system. The structures of a basic chimeric vector and its proviral counterpart
(pLXSN) (15) are outlined in Fig. 2.
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In the following protocols, we will describe the engineering of a VV to
express functional MoMLV-based vector genomes of the structure shown in
Fig. 2. The basic plasmid for that purpose is pR-XSN (see Subheading 2.2.).
It contains all necessary modiﬁcations for an efﬁcient VV-mediated vector
production. The resulting hybrid vaccinia vector will give rise to transductioncompetent retrovirus particles in the presence of appropriate packaging functions. In previous experiments, the retroviral titer obtained with the chimeric
system were, on average, tenfold higher than with the corresponding proviral
plasmid. For complementation during production, any standard packaging cell
line may be used under the condition that it can be infected with VV. We have
obtained good results with the amphotropic packaging cell line PT67 (16).
2. Materials
2.1. Cell Culture and Viruses
1. Dulbecco’s Modified Eagle’s Medium (DMEM) with glutamine containing
100 µg/mL penicillin and 100 µg/mL streptomycin. All cell lines in this protocol
are passaged in this medium supplemented with 10% fetal calf serum (FCS).
2. FCS, inactivated at 56°C for 30 min.
3. CV-1 African green monkey cells (ATCC CCL-70).
4. Thymidine kinase negative 143B human osteosarcoma cell line (ATCC CRL8303). If the cells are passaged over a longer period of time, BrdU (see Subheading 2.4.) should be added to the medium at 25 µg/mL to select for the
tk-negative phenotype.
5. PT67 packaging cells (ATCC CRL-12284). The cells are part of a commercially
available vector system (RetroXpress, Clontech, Palo Alto, CA) that also contains
the plasmid pLXSN, the appropriate control for the chimeric vector.
6. NIH/3T3 mouse ﬁbroblast cells (ATCC CRL-1658).
7. VV, Western Reserve strain (ATCC VR119). NIH guidelines require that propagation of vaccinia virus but also retroviral transductions be performed in a biosafety
level 2 facility.

2.2. Insertion Plasmid for Hybrid Vector Construction
The plasmid pR-XSN has been described previously (17). A gene of interest
can be inserted into the multiple cloning site (MCS) of the vector. In the context
of the plasmid, the U3 region of the retroviral 5′-LTR containing the retroviral
promoter is replaced by a vaccinia promoter. However, in the transduced target
cell the transgene will be expressed under control of the LTR promoter as a
consequence of the rearrangements during reverse transcription. The vector
can be customized including even introns and polyadenylation sites (18), as
those RNA processing signals do not affect vector production. On the other
hand, all genes and other DNA sequences inserted into the vector should be free
of the motif TTTTTNT, because it is recognized by the vaccinia transcription
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apparatus as a termination signal and leads, therefore, to the synthesis of
incomplete vector genomes.
2.3. Plasmid Transfection
All reagents have to be sterile ﬁltered through 0.2 µm.
1. HEPES buffered saline (HBS). The pH 7.1 is extremely important for good
transfection. The pH may be adjusted with 0.3 N NaOH.
2. 5-mL Polystyrene Tubes, Falcon 2058.
3. CaCl2, 2.5 M solution in water.

2.4. Selection of Hybrid Virus
1. Low geling agarose, high quality, e.g. from FMC Bioproducts, Rockland, MN.
2. Phosphate-buffered saline (PBS) without Ca/Mg.
3. 2X DMEM. Combine 40 ml 10x DMEM (Invitrogen inc.), 4 mL 10X nonessential
amino acids (BioWhittaker, Verviers, Belgium), penicillin to a ﬁnal concentration
of 200 U/mL, streptomycin to 200 µg/mL, L glutamine to 5.6 mM, and 1.5 g
NaHCO3 and adjust to 200 mL with water. Sterile ﬁlter after complete dissolution
of the components. The media can be stored at 4°C for maximal 12 mo.
4. Mycophenolic acid (MPA) (Sigma Chemical Co., St. Louis, MO). Stock solution
is 10 mg/mL in 0.1N NaOH.
5. Xanthine (Sigma). Stock solution is 10 mg/mL in 0.1N NaOH.
6. Hypoxanthine (Sigma). Stock solution is 10 mg/mL in 0.1N NaOH.
7. Neutral red (Sigma), Stock solution is 1% in water.
8. 5-Bromo-2′-deoxyuridine (BudR) (Sigma), stock solution is 10 mg/mL in
water.

2.5. Preparation, Puriﬁcation, and Titration of Hybrid Virus
1. Trypsin, porcine, 2.5% (Invitrogen Inc.). It is also traded under the designation
of 1⬊250 trypsin.
2. Sonicator with a sonication tip (Branson Ultrasonics, Danbury, CT).
3. Corning centrifuge tubes 430776.
4. 10 mM Tris-HCl pH 9.0.
5. 36% Sucrose. The solution is prepared by diluting the sucrose in water, supplementing the solution with 1 M Tris-HCl base to a ﬁnal pH 9.0. The pH of the
solution is crucial, if the pH is too low, a signiﬁcant loss in infectivity is to be
expected during virus puriﬁcation.
6. SW28 ultracentrifuge polyallomer tubes (Beckman Instruments, Palo Alto, CA).
7. Crystal violet (Sigma). Prepare a 1% stock solution in 20% ethanol, the working
concentration is 0.1% in 20% ethanol.

2.6. Production and Titration of Retroviral Vector
1. Polybrene (Hexadimethrine Bromide; Sigma). A 1000X stock solution is prepared
with 4 mg polybrene in water.
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2. Filter units 0.1 µm.
3. G418 is available in powdered form from Clontech, Palo Alto, CA. The effective
weight is approx 0.7 g per gram of powder. Make a 10 mg/mL stock solution
by dissolving 1 g of powder in approx 70 mL of DMEM. Sterile ﬁlter and store
at 4°C.

3. Methods
3.1. Generation of Retroviral/Vaccinia Hybrid Virus
The generation of VV that expresses a retroviral vector cassette is achieved
by homologous recombination between plasmid DNA and the vaccinia genome
in infected cells and by subsequent selection of the desired recombinant.
The following protocol outlines the construction of a basic hybrid vaccinia
virus, termed vrR-XSN. The resulting VV vector is able to replicate and will,
upon infection of a packaging cell line, produce retroviral vector of the same
structure as obtained with the proviral plasmid pLXSN. To work with the
replication-defective VV system, proper virus and cell lines have to be taken,
but the standard methods that are described in the following can be applied
with only minor changes. The application of hybrid VV for the production of
retroviral particles will be discussed in Subheading 3.2.
3.1.1. Infection for Homologous Recombination
1. Grow CV-1 cells in 100-mm tissue culture dishes in DMEM containing 10%
FCS until they are 80 to 95% conﬂuent.
2. Prepare a dilution of VV WR wild-type (wt) containing 2.5 × 106 PFU per
milliliter using DMEM as a diluent.
3. Remove the media from the cells and replace by 1 mL of the vaccinia dilution to
infect the culture at a multiplicity of infection (MOI) of 0.5 PFU/cell. Incubate
in a CO2 incubator for 1 h.

3.1.2. Plasmid Transfection for Homologous Recombination

While incubating the cells with the virus dilution, prepare the DNA–calcium
phosphate complex. Calculate approx 15 min for the preparation of the
DNA–calcium phosphate precipitate.
1. Dilute 20 µg of plasmid pR-XSN DNA with 1 mL HBS in 10-mL polystyrene
tubes. Vortex thoroughly.
2. Using a pipet, carefully deposit 50 µL of 2.5 M CaCl2 at the bottom of the tube.
Mix by slowly rolling the tube until complex formation becomes visible by an
opalescent appearance of the solution. Precipitates with yet visible particulate
structures should be discarded.
3. Immediately proceed with adding the mixture dropwise to the infected cells.
Continue incubation for 5 h.
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4. Aspirate the media and replace with DMEM containing 10% FCS. Continue
incubation for 48 to 72 h (see Note 1).

3.1.3. Preparation of a Recombination Crude Stock
1. Harvest the cells by scraping into the media. Normally, at 72 h postinfection, the
largest part of the cells should be already detached as a result of infection.
2. Transfer the cell suspension into 15-mL Falcon tubes and pellet by centrifugation
at 120g for 5 min.
3. Resuspend the pellet in 500 µL of DMEM without FCS. Add 50 µL of 2.5%
trypsin and incubate in a 37°C water bath for 30 min. Agitate during incubation
several times by inverting the tubes.
4. Stop the digest by adding 500 µL FCS. Disrupt the cells by sonication (1 min, 2 s
interval pulses) with a sonication tip immersed into the lysate.
5. Store the crude stock at –70°C. Vaccinia stocks are also stable at –20°C for
several years.

3.1.4. Selection of Hybrid Virus
1. Prepare nine tissue culture dishes (100-mm diameter) with conﬂuent CV-1 cells.
Best results are obtained when the cells are seeded 2–3 d before use.
2. Dilute the crude stock from Subheading 3.1.3. in DMEM using 15-mL Falcon
tubes. Six mL of the dilutions 10–3, 10–4, and 10–5 are needed. Aspirate the medium
from the plates and add 2 mL of the virus dilutions to each plate, always infecting
three plates with the same dilution. Incubate for 1 h in a 37°C CO2 Incubator.
3. For the gpt selection, prepare 2% low geling agarose melted in H2O and 2X
DMEM, both equilibrated to 37°C in a water bath.
4. Combine 50 mL low geling agarose (LGA) with 50 mL 2X DMEM and, for
selection, 250 µL MPA (25 µg/mL), 1250 µL xanthine (125 µg/mL) 150 µL
hypoxanthine (15 µg/mL). Proceed immediately to the next step (see Note 2).
5. Aspirate media from the cells and add 10 mL of the selective agarose overlay
per plate. Place at 4°C for 10 min to allow the overlay to solidify and continue
incubation in a 37°C CO2 incubator.
6. After 3 d, a staining overlay is used to visualize the virus plaques in the infections
(see Note 3). For this purpose, melt 1% LGA in PBS and adjust to 37°C in a
water bath. Add neutral red to a ﬁnal concentration of 50 µg/mL, pour 10 mL of
the overlay on each plate and place at 4°C for 10 min. For staining, put the dishes
back into the CO2 incubator. Good contrasts will be reached after about 3 h. A
longer time than 5 h is not advisable because of the risk of cell lysis.
7. Pick clearly visible plaques at the appropriate dilution with a 100-µL pipet tip
and resuspend in 500 µL DMEM. Usually we proceed with 10 isolates.
8. The following plaque puriﬁcations are all done in six-well culture plates. Prepare
dilutions 10–1 and 10–2 of the isolates in 2 mL DMEM. Aspirate the medium from
a six-well plate with conﬂuent CV-1 cells and infect the cells by adding 1 mL per
well of the dilutions. Repeat the selection procedure beginning with step 3 on.

574

Holzer and Falkner

Per well, 2 mL of selective overlay and of staining overlay are added. Therefore,
40 mL of overlay have to be prepared for 10 isolates.
9. After another 3 d, visualize the plaques by neutral red staining as described in
step 6. Pick one plaque per isolate.
10. Repeat the plaque puriﬁcation procedure two more times applying thymidine
kinase negative selection. For manipulations, follow steps 7 to 9, but use the
thymidine kinase negative cell line 143B instead of CV-1 and a BudR selection
overlay.
11. The BudR selective overlay is prepared by combining 25 mL LGA with 25 mL
2X DMEM and 125 µL BudR stock solution (to a final concentration of
25 µg/mL).

3.1.5. Large Scale Preparation and Puriﬁcation of the Hybrid Virus

For vector production, it is theoretically sufﬁcient to use lysates of known
titer of the infected cells, so-called crude stocks. However, after upscaling of
the virus, we routinely prepare puriﬁed and concentrated stocks.
1. From the ﬁnal isolates of the selection procedure, 250 µL are used to infect CV-1
that have been grown to conﬂuency in a 100-mm tissue culture dish. The cells
are ﬁrst incubated with the virus in a total of 1 mL DMEM. After 1 h of virus
adsorption this dilution is replaced by 10 mL of DMEM.
2. After 5 d, the infection should be complete (detached cells) and a crude stock
of the plaque puriﬁed recombinant is prepared analogous to Subheading 3.1.3.
Typically, this viral crude stock will contain 108 to 109 PFU. For determination
of the vaccinia titer, see Subheading 3.1.6.
3. Use the crude stock to infect 20 tissue culture ﬂasks of 175 cm2 each with CV-1
with at a MOI of 0.1 PFU/cell. For this purpose, prepare a dilution of 4 × 107
PFU in 100 mL DMEM, aspirate the media from the ﬂasks, and add 5 mL of the
virus dilution to each ﬂask. After 1 h of virus adsorption incubate the infections
in 30 mL DMEM for 5 d.
4. Collect the material from the infections, if necessary scrape the cells into the
media. Pellet the cells at 2900g for 15 min using 250-mL Corning centrifuge
tubes (430776) or similar types.
5. Resuspend the pellet from 20 ﬂasks in 40 mL of 10 mM Tris-HCl pH 9.0. After
adding 4 mL 2.5% trypsin, digest at 37°C for 30 min in a water bath under
repeated agitation. Sonicate as described in Subheading 3.1.3. Using the WR
strain of VV, inactivating the trypsin with FCS is not necessary if proceeding
to the next step immediately.
6. After sonication, aliquots of 13 mL digest are loaded onto cushions of 17 mL of
36% sucrose using SW28 ultracentrifuge tubes.
7. Centrifuge at 33,000g in a Beckman ultracentrifuge with a SW-28 rotor for
80 min at 4°C.
8. Pool the pellets in 1 mL of 10 mM Tris-HCl pH 9.0 and store at –70°C. The
original method by Joklik (19) provides banding of the virus in a sucrose gradient
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as another puriﬁcation step that may be performed optionally but this is not critical for the success of the experiments. Additional information about puriﬁcation
and other techniques used with recombinant VV is given in (20).

3.1.6. Titration of VV
1. Grow CV-1 cells to conﬂuence in six-well tissue culture plates. You will need
one plate per titration.
2. Prepare serial 10-fold dilutions of the virus stock in 2 mL DMEM per dilution.
Usually, the dilutions 10–3 to 10–9 are titrated for small crude stocks (100-mm
culture dish scale) and 10–5 to 10–10 for sucrose gradient puriﬁed stocks.
3. Replace the culture medium of the CV-1 cells by 1 mL of the respective dilution
per well and incubate for 1 h.
4. Remove the virus dilutions, add 2 mL DMEM, and continue the incubation at
37°C for 2 d.
5. Aspirate the medium, ﬁx and stain the cells with Crystal violet 0.1% for 3 min.
After aspirating the stain, count plaques on the well with the highest countable
number of plaques to calculate the titer (PFU/mL) of the undiluted stock.

3.2. Production of Retroviral Particles with the Hybrid Virus
The plaque puriﬁed hybrid virus stock is now used to infect packaging
cells to obtain retroviral vector particles (see Note 4). The NIH 3T3 based
packaging line PT67 can be easily infected with VV and has already been
tested with several hybrid vaccinia/retroviral vectors. Retroviral titers may
vary considerably depending on the status of the cell line. It may therefore be
advisable to perform a control experiment with a classical retroviral vector
(ideally the vector pLXSN) in the same cell batch. However, the set up of this
control experiment has already been described in detail (see the manual of the
Clontech RetroXpress system), and will not be discussed in this Subheading.
3.2.1. Infection of the Packaging Cells
1. Grow PT67 packaging cells to conﬂuence in 100-mm tissue culture dishes in
DMEM containing 10% FCS.
2. Dilute the hybrid virus solution in DMEM to a ﬁnal concentration of 5 × 106
PFU per mL for an intended MOI of 1 PFU/cell.
3. Remove the medium and replace it by 1 mL of diluted hybrid virus.
4. Let the virus adsorb to the cells at 37°C for 1 h, then change the media to 5 mL
DMEM and continue the incubation for another 12 h.

3.2.2. Harvest of the Retroviral Vector
1. Check the infection by microscopy. At the chosen conditions, 12 h postinfection,
a pronounced cytopathic effect should be visible. Usually, cells appear round,
but are still adherent to the culture dish surface.
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2. Collect the media, add polybrene to a ﬁnal concentration of 4 µg/mL and ﬁlter
through 0.1 µm. Usually 0.2-µm ﬁlters are routinely used with retroviral vectors.
The 0.1-µm ﬁlters, however, completely retain the much larger VV and allow for
retroviral vector stocks that are free of producer virus. Vaccinia contamination
of the retrovirus containing supernatants can be circumvented by the use of
replication-defective vaccinia virus. For this variant, see Notes 5–7.
3. Use the ﬁltered supernatants for titrations or generation of transduced cell clones.
Retroviral stocks that are not used immediately should be aliquoted and stored
at –70°C.

3.2.3. Titration of the Retroviral Vector

The method of titrating the G418 resistant retroviral vector in the collected
supernatants by classical colony-forming assay (CFA) has been adopted unaltered
from previous protocols. However, for completeness of the outlined experiments the titration will be brieﬂy described.
1. Plate NIH 3T3 cells in a six-well tissue culture dish at 5 × 104 cells per well
the day before use.
2. Prepare serial dilutions (usually six 10-fold dilutions) of the ﬁltered supernatants.
To dilute the virus, use fresh DMEM containing 4 µg/mL polybrene.
3. Infect the NIH 3T3 target cells by adding the virus containing medium to the
cells.
4. 48 h postinfection, trypsinize the cells and seed into 100-mm dishes containing
500 µg/mL G418. Change media 5 d later. After a total of 12 to 14 d, colonies of
G418 resistant cells will have formed that can be stained with crystal violet and
counted for titer determination. Alternatively, the colonies can be picked with a
pipet and transferred into 24-well plates to obtain transduced cell clones.

4. Notes
1. Generally, it is not necessary to supplement the media with FCS for VV infections. However, it does not affect viral growth. Infections can also be done in the
presence of FCS, unless analysis of proteins in the supernatants is intended.
2. When working with LGA-media, attention should be paid to the correct temperature at the time-point of pouring the overlay. Although premature geling
must be avoided, temperatures exceeding 38°C may inactivate the virus and/or
kill the cells. For convenience, the overlay may be mixed in prewarmed glass
bottles to gain some time before geling.
3. Selection of recombinant VV works well with incubation periods of 3 d for
each round of plaque puriﬁcation as described in Subheading 3.1.6. but equally
with 2 d. The shorter incubation time will result in smaller but still clearly
visible plaques.
4. The process of homologous recombination for the generation of recombinant VV
may occasionally result also in recombinants that contain nonfunctional inserts.
Southern blotting of the genomic VV DNA can be done to further characterize
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the chimeric viruses and to demonstrate the absence of contaminating parental wt
virus. In any case, it is recommended to functionally test at least two isolates of
the chimeric virus by performing the vector production experiment.
5. As an important safety aspect, vaccinia/retroviral chimeras can also be constructed on the basis of the defective virus technology (10,21). Outside of the
complementing cell line RK44.20, these VV are not able to propagate, but they
can infect the same cells as replicating VV and express foreign genes, albeit
at lower expression levels than replicating forms. Defective chimeras have
demonstrated retroviral titers in the range of replicating viruses, when used as
producers in packaging cells.
6. If replication-defective vaccinia virus is used, all steps during vector construction
have to be carried out in the complementing cell line RK44.20 that solely
supports growth of the defective virus.
7. Critical factors for optimal yield of retroviral vector are the vaccinia dose for the
primary infection and the time point for harvesting the retroviral particles. The
vector titer in the supernatant is maximal at a multiplicity of VV infection (MOI)
of 1 PFU per cell. Collecting the supernatants 8 h postinfection with defective
VV (17) and 12 h in case of replicating VV has been found to be ideal.

References
1. Li, K. J. and Garoff, H. (1996) Production of infectious recombinant Moloney
murine leukemia virus particles in BHK cells using Semliki Forest virus-derived
RNA expression vectors. Proc. Natl. Acad. Sci. USA 93, 11,658–11,663.
2. Wahlfors, J. J., Xanthopoulos, K. G., and Morgan, R. A. (1997) Semliki Forest
virus-mediated production of retroviral vector RNA in retroviral packaging cells.
Hum. Gene Ther. 8, 2031–2041.
3. Feng, M., Jackson, W. H. Jr., Goldman, C. K., Rancourt, C., Wang, M. Dusing,
S. K., et al. (1997) Stable in vivo gene transduction via a novel adenoviral/retroviral
chimeric vector. Nat. Biotechnol. 15, 866–870.
4. Savard, N., Cosset, F. L., and Epstein, A. L. (1997) Defective herpes simplex virus
type 1 vectors harboring gag, pol, and env genes can be used to rescue defective
retrovirus vectors. J. Virol. 71, 4111–4117.
5. Paoletti, E. (1996) Applications of pox virus vectors to vaccination: an update.
Proc. Natl. Acad. Sci. USA 93, 11,349–11,353.
6. Moss, B. (1996) Genetically engineered poxviruses for recombinant gene expression, vaccination, and safety. Proc. Natl. Acad. Sci. USA 93, 11,341–11,348.
7. Moss, B. (1996) Poxviridae: the viruses and their replication, in Fields Virology
(Knipe, M. D., Channock, R. M., Melnick, J., Roizman, B., and Shope, R., eds.),
Raven, Philadelphia, PA.
8. Panicali, D. and Paoletti, E. (1982) Construction of poxviruses as cloning vectors:
insertion of the thymidine kinase gene from herpes simplex virus into the DNA of
infectious vaccinia virus. Proc. Natl. Acad. Sci. USA 79, 4927–4931.
9. Mackett, M., Smith, G. L., and Moss, B. (1982) Vaccinia virus: a selectable eukaryotic cloning and expression vector. Proc. Natl. Acad. Sci. USA 79, 7415–7419.

578

Holzer and Falkner

10. Holzer, G. W. and Falkner, F. G. (1997) Construction of a vaccinia virus deﬁcient
in the essential DNA repair enzyme uracil DNA glycosylase by a complementing
cell line. J. Virol. 71, 4997–5002.
11. Falkner, F. G. and Moss, B. (1988) Escherichia coli gpt gene provides dominant
selection for vaccinia virus open reading frame expression vectors. J. Virol. 62,
1849–1854.
12. Chakrabarti, S., Brechling, K., and Moss, B. (1985) Vaccinia virus expression
vector: coexpression of beta-galactosidase provides visual screening of recombinant virus plaques. Mol. Cell Biol. 5, 3403–3409.
13. Cofﬁn, J. M. and Varmus, H. E., eds. (1996) Retroviruses. Cold Spring Harbor
Laboratory Press, New York.
14. Yuen, L. and Moss, B. (1987) Oligonucleotide sequence signaling transcriptional termination of vaccinia virus early genes. Proc. Natl. Acad. Sci. USA 84, 6417–6421.
15. Miller, A. D. and Rosman, G. J. (1989) Improved retroviral vectors for gene
transfer and expression. Biotechniques 7, 980–982, 984–986, 989–990.
16. Miller, A. D. and Chen, F. (1996) Retrovirus packaging cells based on 10A1
murine leukemia virus for production of vectors that use multiple receptors for
cell entry. J. Virol. 70, 5564–5571.
17. Holzer, G. W., Mayrhofer, J. A., Gritschenberger, W., Dorner, F., and Falkner, F. G.
(1999) Poxviral/retroviral chimeric vectors allow cytoplasmic production of
transducing defective retroviral particles. Virology 253, 107–114.
18. Konetschny, C., Holzer, G. W., and Falkner, F. G. (2002) Retroviral vectors
produced in the cytoplasmic vaccinia virus system transduce intron-containing
genes. J. Virol. 76, 1236–1243.
19. Joklik, W. K. (1962) The puriﬁcation of four strains of poxvirus. Virology 18,
9–18.
20. Earl, P. and Moss, B. (1991) Expression of proteins in mammalian cells using
vaccinia viral vectors, in Current Protocols in Molecular Biology (Ausubel, F. M.,
Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A., and Struhl,
K., eds.), Wiley, New York, section IV, units 16.15–16.19.
21. Holzer, G. W., Gritschenberger, W., Mayrhofer, J. A., Wieser, V., Dorner, F., and
Falkner, F. G. (1998) Dominant host range selection of vaccinia recombinants by
rescue of an essential gene. Virology 249, 160–166.

Index

579

Index
A
Adeno-associated virus (AAV)
AAV composition, 222
AAV packaging systems, 242–243,
272–273
AAV serotypes, 269
Cis and trans elements in viral
replication, 203
Design of transgene cassettes,
222–223
Genome and life cycle, 202–203,
237–240, 271
Methods for AAV vectors
Animal infusion/fixation and
brain processing, 280–281
Cesium chloride purification
of rAAV vectors, 246–47
Cotransfection of rAAV and
packaging plasmids into
293-T cells, 260–261
Determination of vector
particle number, 247–249
DNA purity, 274
Generation of recombinant
virus, 226–227, 275
Immunohistochemistry, 281–282
In vivo testing of trans-splicing
system, 293–294
Infectivity assay, 278–279
Novel tools for production and
purification rAAV, 255–257
Organ removal and tissue
processing, 276-277

579

Packaging of rAAV using super
helper plasmids, 244–246
Plasmid purification, 224, 257, 292
Polymerase chain reaction
amplification of junctions,
211, 213
Production of rAAV, 209,
211–212, 277, 299–303
Purification of rAAV, 227,
228–230, 258–259, 278, 293
Dialysis and storage, 278
Using heparin affinity
chromatography, 262
Using iodixanol step gradient
ultracentrifugation, 261
Purification of recombinant
Rep68 protein, 210, 212
Quantitative PCR, 279
Recombinant AAV plasmid
vector, 226
Southern blot analysis, 210–211,
213
Targeted integration of plasmids
mediated by Rep expression,
210, 212
Targeted integration of rAAV
using recombinant Rep
protein, 210, 212-213
Titration of rAAV, 227, 230–231,
247
Determination of titer by DNA
dot blot hybridization, 259–
260, 262–265

580
Vector infusion into the brain,
227, 231
Vector injection into adult mouse
striatum or ventricle, 276,
279–280
Receptors and AAV tropism,
223–224, 271
Requirements for targeted
integration, 205–206
Protocols for targeting
integration, 206–208
Vectors for gene therapy, 204–205
Advantages and disadvantages
of AAV vectors, 240–242
Lack of toxicity and
immunogenicity, 224–225
Routes of delivery in the brain,
225–226
Trans-splicing vectors, 287–292
Intermolecular
recombination, 288
Overcoming the AAV
packaging limitation,
288–292
Trans-splicing of
therapeutic transgene, 295
Cloning of the proviral
plasmids for
generating rAAV,
297–299
Co-infection protocol,
303
Consensus splice signal
sequences, 295
Detection of transsplicing products,
303-304
Vector design and
cloning, 295

Index
Vectors encoding the lacZ
gene, 294–295
Adenovirus
Capsid architecture, 90
Capsid modification, 150–151
Gene delivery vectors, 90, 169–170
Advantages of gutless
adenoviral vectors, 137
Cell-specific gene delivery, 90
Evaluation of efficiency,
toxicity, and inflammatory
reactions, 113–115
Gutted adenovirus vectors, 154
Potential applications of
gutless adenoviral vectors,
139–140
Redirecting adenovirus to host
cell receptors, 93
Targeting achieved by genetic
modification of capsid
proteins, 90
Use of polyethylene glycol
linkers, 91
Homologous recombination,
136–137
Life cycle, 167–169
Methods for adenoviral vectors
Cell culture, 140
Characterization
DNA analyses, 148
Titer, 148–149
Cloning, 140
Cotransfection and
recombination in 293 cells,
141–142
Direct cloning into the
adenovirus genome,
142–143
Transfection, 143–144

Index
Detection of wild-type revertants
in vector preparations, 191–192
Generation of recombinant
virus, 140–141
In vitro assembly of recombinant
adenoviral vectors, 186–188
In vitro ligation to assemble
Ad5 vector genome, 187
Preparation of Ad5 genomic
fragment, 186
Preparation of DNA
fragments from shuttle
plasmids, 186
Isolation and purification of
recombinant virus, 141
Isolation and titration of primary
vector stocks, 188–190
Determination of infectious
particle titers, 189–190
General cell culture, 188
Primary vector lysates, 189
Transfections, 188–189
Large-scale preparation and
purification of adenoviral
vectors
Amplification of Ad vector
stocks, 190–191
Overlay with agarosecontaining medium, 144
Purification of adenoviral
vectors on cesium chloride
density gradient, 162
Virus amplification, 144–145
Virus purification, 145–148, 191
Packaging cell lines, 153–154
Generation and growth of
gutted adenoviral vectors on
C7-cre cells, 163–164

581
Generation of modified
adenoviral packaging cell
lines, 155
Growth of adenoviral vectors
on C7-cre cells, 156
Biologic assays for cre
recombinase in C7 cells,
159
Efficiency of converting
plasmid vectors into
replicating viruses, 157
One-step burst assay on C7
cells
Plaque purification on C7
cells, 157
Replication, 136
Structure and genetics, 135–136
Tropism determinants, 89
Advantages of using HSV-1 vectors
in gene delivery, 61
Alphavirus, see Semliki forest virus
Animal models of lysosomal storage
disease, 385–387
Treatment of lysosomal storage
disorders, 387–388
Animal model for Parkinson’s
Disease, 116, 121–123
Detection of circulating antiadenovirus neutralizing
antibodies, 119, 126
Detection of viral genomes in the
brain by PCR, 117–119, 125
Immunostaining, 117, 123–125
Perfusion and fixation, 116, 123
Preparation of brain sections, 117
Anticancer therapy, 62–63
Ganciclovir in effective
antitumor therapy, 72–74

582
HSV tk system for gene therapy
of cancer, 63
B
Bacterial artificial chromosome, 51–54
C
Cre recombinase activity, 159
Efficiency of virus production
from floxed genomes, 159
Southern analysis of cre-loxP
recombination in viral
vectors, 159–161
D
Disadvantages of using HSVvectors in gene delivery, 62
E
Epstein-Barr virus, 64
F
Fibroblast growth factor receptor, 93
Foamy virus (FV)
Cis-acting sequences, 551
Methods for FV vectors
Concentration of vector stocks,
555
Detection of wild-type FV
with the FAB assay, 556
Fixatives and stains, 553
Generation of high titer vector
stocks, 554
Titration of vector stocks,
555–556
Transduction of hematopoietic
cells, 553–554, 557–558,
559–560
CFU staining in situ, 559

Index
CFU marking assay, 558–559
FV vectors, 545-552
Advantages of FV vectors, 552
Detection of wild-type FV in
the tas-independent vector
stocks, 550
Foamy marker rescue assay,
550, 556–557
Generation of replicationincompetent, FV vectors, 549
Tas-independent vector
system, 549
Life cycle and genome
organization, 546–547
Packaging cell lines, 552
H
Heparan sulfate receptors, 93
Herpes simplex virus, 1–31
Basic biology of HSV-1, 1–5
Genetic structure, 1
Latency, 4, 35
Life cycle, 3, 34
Lytic infection, 3
Major components of virus
particle, 2
Gene therapy vectors, 5–12
Amplicons, 8
Conditionally-replicating
vectors, 6–7
Delivery of genes to neurons, 36
Disabled HSV-1 vectors, 37
Improved amplicon packaging
system, 51–54
Insertion of transgenes, 9–11
Minimizing toxicity, 8, 38
Chemical crosslinks to decrease
helper virus toxicity, 74–74

Index
Promoters for long-term gene
expression, 39
Replication-defective vectors,
6–7
Triple IE mutant vector, 10
Methods for herpes simplex viral
vectors
Construction of disabled HSV-1
vectors, 38
Construction of recombinant
virus, 14, 42
Isolation of viral DNA for
transfection, 13
Large scale preparation, 16
Packaging of helper virus-free
HSV amplicon vectors, 56–
58, 66
Plaque purification of
recombinant virus, 43
Preparation of infectious viral
DNA, 41
Preparation of viral stock, 15, 44
Titration of HSV amplicon
vectors, 58
Titration of viral stock, 15
Viral vector production, 66-72
Human A375 melanoma xenografts,
72–74
Human ovarian cancer mouse
model, 101
I
In vivo infection of intraperitoneal
tumors, 101
Integrating gutless adenovirus–AAV
hybrid vectors, 150
Internal ribosome entry site, 345
Ion exchange chromatography, 99

583
L
Lentiviruses (complex retroviruses)
Feline immunodeficiency virus
(FIV)
Development of FIV-based
vectors, 409–411
Envelope plasmid, 414–415
FIV transfer vector, 411–413
FIV packaging plasmid, 413
General biology, 405
Genome organization, 406–409
Accessory proteins Vif and
Orf2, 409
Long terminal repeats,
406–408
Rev and rev-responsive
element, 409
Structural and enzymatic
proteins, 408–409
In vivo gene delivery by FIV
vectors, 415
Safety modifications, 415–416
Methods for FIV vectors
Construction of FIV vector
and packaging constructs,
419–420
FIV vector production, 420–
422
Large-scale
production, 422
Purification and concentration
of FIV vector preparations,
422–423
Titration of FIV vectors, 423
Human immunodeficiency virus
(HIV)
Design of HIV-1 vectors, 473–
476

584
Gene delivery to human
hematopoietic stem cells
(HSC), 467–478
Assays for replicationcompetent virus, 482–483
Reverse transcriptase
assay, 482-483
Tat-induction assay, 483
Concentration of vector
particles by
ultracentrifugation, 480–481
Cotransfection of 293T cells
and vector particle
production, 480
Design of HIV-1 vectors for
transfer into HSC, 476–478
Isolation, culture, and
transduction of cord
blood CD34+ cells, 482
Titration of vector stocks, 481
Transduction of hematopoietic
cell lines, 481
Transplantation of cord blood
cells into NOD/SCID
mice, 482
Life cycle of HIV-1, 470–473
Molecular biology of HIV-1,
468–470
Multigene expression system
regulated by differential
splicing, 436–439
Characterization of
multigene vectors, 439443
Splicing patterns, 434–436
Lentiviral genome and vector
elements, 367–360
Lentiviral vectors

Index
Cre/loxP reporter system for titer
determination, 371
Gene transfer to the brain, 383–389
Animal models of lysosomal
storage disease, 385–387
Treatment of lysosomal
storage disorders, 387–388
Utility of lentiviral vectors for
gene transfer to the brain,
383–385
Lentiviral vector production,
388–389
Safety and improvement of
lentiviral SIN vectors, 372–373
Self-inactivating (SIN) lentiviral
vector with U3 and U5
modifications, 369–371
System based on differential
splicing, 433–443
Trans-lentiviral vectors, 449–453
Predicting vector safety, 451–452
Quality control of vector
stocks, 457–458
Detection of env minus
recombinants, 458–460
Vector design, 452-453
Vector methods
Split packaging and transenzyme components,
455–456
Trans-vector stocks, 456
Vector recombination, 450–451
Methods for lentiviral vectors
Assays for replicationcompetent recombinants,
393–394
Cells and culture conditions, 373
Collection and concentration
of viral supernatant, 393

Index
Detection of beta-glucuronidase
on frozen tissue sections,
391–392, 396
DNA transfection, 374, 376,
389–390, 392, 443
Generation of recombinant
lentiviral vectors, 375
Cell preparation, 375–376
Lentiviral vector titration for
lacZ reporter gene expression,
374–375
Plasmids, 373–374
Stereotactic surgery, 391
Surgical manipulations
Anesthesia, 394
Drilling and injection, 394–395
Perfusion, 395–396
Postoperative animal care, 395
Surgical preparation of the
animals, 394
Titration of lentiviral nICre
vectors, 379–380
Titration of lentiviral vectors,
393, 444–445
Viral vector harvesting and
concentration, 374, 376–379
Concentration by
microcentrifuge
centrifugation, 378
Concentration by
polyethylene glycol
precipitation, 378–379
Concentration by
ultracentrifugation, 444
Harvesting virus, 376-378
M
Measurement of transgene expression
in tumor samples, 102–103

585
Beta-galactosidase ELISA, 102
Taqman analyses of hexon DNA,
102–103
Moloney murine leukemia virus,
309, 314
Multiplicity of transduction, 322
Mutein protein, 99
O
Origin of replication for HSV-1 and
EBV, 64
P
Plasmid map of pHE700 vector, 65
Polyethylene glycol (PEG) linkers, 91
Heterofunctional PEG molecules, 92
PEGlyation of adenovirus
vectors, 92
Determination of particle
number, 100
Generation of adenovirus/
PEG/FGF conjugate, 98
In vitro transduction assay, 100
Preparation of adenovirus/PEG
particles, 97–98
Purification of adenovirus/PEG
by size exclusion
chromatography, 98
Purification of adenovirus/
PEG/FGF2 by ion exchange
chromatography, 99
Quantitation of adenovirus/
PEG particles, 96-97
Removal of uncoupled
TMPEG, 98
Pox/retroviral chimeric vectors
Cytoplasmic production of
transducing defective
retroviral particles, 565–570

586
Hybrid vector construction and
methods
Infection of packaging cell
lines, 575
Insertion plasmid, 570–571
Large-scale preparation and
purification of hybrid virus,
574–575
Plasmid transfection, 571, 572
Preparation, purification, and
titration of hybrid virus,
571, 572, 573, 575
Production and titration of
retroviral vector, 571–572,
575–576
Selection of hybrid virus, 571,
573
Vaccinia retroviral hybrid
vectors, 568–570
Progesterone regulatable system, 332
Promoters used in gene transfer,
170–174
Cell type-specific promoters,
171–173
Constitutively active promoters,
170–171
Cre/loxP switch, 171
Endogenous regulated promoters,
173–174
PUVA vectors, 75-81
Cell survival and toxicity after
transduction with PUVA
modified HSV vectors, 79–
81
Optimal PUVA combination to
permit transgene expression,
75–77

Index
Response relationship between
transgene expression and
PUVA dose, 77–78
R
Rapamycin regulatable system, 332
Rapid histochemical stain for lacZ
expression, 17
Retroviruses
Complex retroviruses, see
Lentiviruses
Ecdysone-inducible expression
system, 331–336
Adapting the ecdysone system
for use with retroviral vectors,
334–336
Advantages and disadvantages
of the ecdysone system, 336
Modifications to the ecdysone
system for use with
mammalian systems, 333–334
Overview, 333
Methods for retroviral vectors
Analysis of reporter gene
expression, 337
Assay of viruses, 348
Detection of reporter gene
expression 339
Measuring beta-galactosidase
expression, 339–340
Measuring green fluorescent
protein expression, 340
Cell growth and maintenance,
337–339
Flow cytometry of infected
hematopoietic cells, 349
Generation of stable cell lines,
337, 339

Index
Generation of VSV-G
pseudotyped MLV vectors,
321–322
Identification of the minimum
packaging signal in the SRV
genome, 358
Infection of mice with
retroviral vectors, 348
PCL (parent cell line)
generation, 318–320
Polymerase chain reaction
(PCR) and reverse
transcriptase-PCR, 357–358
Preparation of viral stocks,
347–348
VCL (vector producing cell line)
production via high multiplicity
of transduction, 322
Final VCL clone selection,
322–324
Virus production, 337, 339
Retroviral recombination, 449
Structural and enzymatic
components, 310, 311
Packaging and producer cell
lines, 309–310
Viral vectors for gene therapy
Expression levels of retroviral
components, 314–315
General description, 567–568
High-titer MLV vector
production, 314
Insertion of multiple
provectors, 315
Large-scale manufacture. 317
Parent cell line, 314
Replication-competent MLV
based vectors, 343–347

587
Comparison of replicationcompetent and deficient
vectors, 343
Design of replicationcompetent retroviral
vectors, 345–346
Infection of newborn mice
hematopoietic cells, 346–347
Internal ribosome entry
site, 345
Safety issues, 310
Scale-up issues for retroviral
vectors, 316
Simian retroviral vectors, 353–355
Construction of SRV
transduction vectors,
358–359
Construction of SRV
packaging vectors, 360
Detection of lacZ in cells
containing SRV
transduction vectors, 362
Determination of SRV
packaging sequence, 359–
360
Generation of SRV packaging
cell line, 361–362
Retroviral packaging signals
and packaging cell lines,
354–355
Split genome design, 312, 313
S
Semliki forest virus (SFV)
Development of SFV vectors,
503–505
Gene therapy and vaccination,
495–496

588
General features and replication, 493
Methods for SFV vectors
Generation and characterization
of SFV virions, 4978 499,
513
Plaque assay for replicationcompetent SFV particles,
519–520
Recombinant SFV plasmids,
497, 498
SFV RNA synthesis, 496,
497–498
Titration of SFV stocks, 497–
499
Transduction of recombinant
SFV viruses, 500
Virus activation and test
infections, 515
Packaging of SFV particles,
505–506
Recombinant vector production 493
Safety aspects of using SFV
vectors, 510–511, 529–530
Vectors for large-scale production
of recombinant proteins,
525–530
Large-scale protein production,
526-529, 534–537
Recombinant protein
production in suspension
culture, 537–540
Infection of suspension
cultures, 539–540
Metabolic labeling of cells,
538–539
Test infections of adherent
cells, 538

Index
SFV vectors for recombinant
protein expression 526
Vectors in neurobiology and gene
therapy, 503–511
Gene therapy applications,
508–510, 519
Infection of cultured
hippocampal slices, 517
Infection of primary neurons
in culture, 515–517
Affinity chromatography
concentration, 516
Ultracentrifugation and
concentration of virus
stock, 516
In vivo injections of SFV
vectors, 518
Use of SFV vectors in
neuroscience, 506–508
Size exclusion chromatography, 98
Southern blot hybridization of viral
DNA, 17
Synthetic transcription regulation
systems, 174-177
Activation of promoter systems
RU486, ecdysone, and tet,
174–177
Combining cell-type specificity
and tet regulation, 181–183
Development of complete
transcription regulation system
in Ad vectors, 177–180
E1 enhance interference with
cloned promoter activity, 180
Repression of promoter systems
tetR and lacR, 174
Tet-off and Tet-on vectors, 181

Index
Inclusion of tet transsuppressor, 183–184
Stereotaxic surgery, 115-116, 120–121
T
Tetracycline regulatable system,
331–332
Transduction of human target cells,
72
Traut’s modification of whole IgG
molecules, 103–105

589
Coupling thiolated IgG, 105
Quantitation of IgG on
adenovirus/PEG/IgG by
ELISA, 105
V
Vaccinia virus (VV)
Replication, 566
VV vector system, 566–567
VSV-G pseudotyped MLV vectors,
321–322

M E T H O D S I N M O L E C U L A R M E D I C I N E TM
Series Editor: John M. Walker

Viral Vectors for Gene Therapy
Methods and Protocols
Edited by

Curtis A. Machida
Department of Oral Molecular Biology, School of Dentistry,
Oregon Health & Science University, Portland, OR

The promise of gene therapy can be realized only if workable vectors can be found to deliver therapeutic
genes. In Viral Vectors for Gene Therapy: Methods and Protocols, leading researchers from academia
and biotechnology describe proven molecular methods for the construction, development, and use of
virus vectors for gene transfer and gene therapy. Offering detailed step-by-step instructions to ensure
successful results, these experts detail the use of herpes viruses, adenoviruses, adeno-associated viruses,
simple and complex retroviruses, including lentiviruses, and other virus systems for vector development
and gene transfer. Additional chapters demonstrate the use of virus vectors in the brain and central
nervous system. Each protocol includes a discussion of the principles involved, numerous charts and
tables, ample references, and notes on possible problems, troubleshooting, and alternative procedures.
Comprehensive and highly practical, Viral Vectors for Gene Therapy: Methods and Protocols provides
not only researchers with the basic tools needed to design targeted gene delivery vectors, but also
clinicians with an understanding of how to apply viral vectors to the treatment of genetic disorders.

Features
• Step-by-step methods for successful
replication of experimental procedures
• Vectors from all major categories of
viruses

• Guidance on the selection of vectors for
specific clinical applications
• Examples of virus vectors used in the
brain and central nervous system

Contents
Use of the Herpes Simplex Viral Genome to Construct Gene Therapy
Vectors. Construction of Multiply Disabled Herpes Simplex Viral
Vectors for Gene Delivery to the Nervous System. Improved HSV-1
Amplicon Packaging System Using ICP27-Deleted, Oversized HSV1 BAC DNA. Herpes Simplex Amplicon Vectors. Strategies to Adapt
Adenoviral Vectors for Targeted Delivery. Use of Recombinant Adenovirus for Gene Transfer into the Rat Brain: Evaluation of Gene
Transfer Efficiency, Toxicity, and Inflammatory and Immune Reactions. Generation of Adenovirus Vectors Devoid of All Virus Genes
by Recombination Between Inverted Repeats. Packaging Cell Lines
for Generating Replication-Defective and Gutted Adenoviral Vectors. Improving the Transcriptional Regulation of Genes Delivered
by Adenovirus Vectors. Targeted Integration by Adeno-Associated
Virus. Development and Optimization of Adeno-Associated Virus
Vector Transfer into the Central Nervous System. A Method for
Helper Virus-Free Production of Adeno-Associated Virus Vectors.
Novel Tools for Production and Purification of Recombinant AdenoAssociated Viral Vectors. Recombinant Adeno-Associated Viral Vector Types 4 and 5: Preparation and Application for CNS Gene Transfer. Trans-Splicing Vectors Expand the Packaging Limits of
Adeno-Associated Virus for Gene Therapy Applications. Generation
of Retroviral Packaging and Producer Cell Lines for Large-Scale

Methods in Molecular Medicine™
Viral Vectors for Gene Therapy: Methods and Protocols
ISBN: 1-58829-019-0
humanapress.com

Vector Production with Improved Safety and Titer. An EcdysoneInducible Expression System for Use with Retroviruses. In Vivo Infection of Mice by Replication-Competent MLV-Based Retroviral
Vectors. Development of Simian Retroviral Vectors for Gene Delivery. Self-Inactivating Lentiviral Vectors and a Sensitive Cre-loxP Reporter System. Lentiviral Vectors for Gene Transfer to the Central
Nervous System: Applications in Lysosomal Storage Disease Animal Models. A Highly Efficient Gene Delivery System Derived from
Feline Immunodeficiency Virus (FIV). A Multigene Lentiviral Vector
System Based on Differential Splicing. Production of Trans-Lentiviral Vector with Predictable Safety. Human Immunodeficiency Virus
Type 1-Based Vectors for Gene Delivery to Human Hematopoietic
Stem Cells. Semliki Forest Viral Vectors for Gene Transfer. Semliki
Forest Virus (SFV) Vectors in Neurobiology and Gene Therapy. Semliki Forest Virus Vectors for Large-Scale Production of Recombinant
Proteins. Development of Foamy Virus Vectors. Poxviral/Retroviral
Chimeric Vectors Allow Cytoplasmic Production of Transducing
Defective Retroviral Particles. Index.

90000

9 781588 290199

