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Abstract——During the past decade, gene therapy
has been applied to the treatment of disease in hun-
dreds of clinical trials. Various tools have been devel-
oped to deliver genes into human cells; among them,
genetically engineered retroviruses are currently the
most popular tool for gene delivery. Most of the sys-
tems contain vectors that are capable of accommodat-
ing genes of interest and helper cells that can provide
the viral structural proteins and enzymes to allow for
the generation of vector-containing infectious viral
particles. Retroviridae is a family of retroviruses that
differs in nucleotide and amino acid sequence, genome
structure, pathogenicity, and host range. This diver-
sity provides opportunities to use viruses with differ-
ent biological characteristics to develop different
therapeutic applications. Currently, a variety of retro-

viruses that provide distinct advantages for gene de-
livery has been modified and used in clinical trials. In
this review, the genome structures of oncoviruses, len-
tiviruses, and spumaviruses are reviewed and exam-
ples of vectors derived from these viruses are de-
scribed. As with any delivery tool, the efficiency, the
ability to target certain tissue or cell type, the expres-
sion of the gene of interest, and the safety of retrovi-
ral-based systems are important for successful appli-
cation of gene therapy. Significant efforts have been
dedicated to these areas of research in recent years.
Various modifications have been made to retroviral-
based vectors and helper cells to alter gene expres-
sion, target delivery, improve viral titers, and increase
safety. The principles and design of these modifica-
tions are discussed in this review.

I. General Introduction and Scope

The DNA sequence of the entire human genome has
just been determined (Marshall, 2000; Pennisi, 2000).
Identification and characterization of all 50,000 to
100,000 human genes will lead to a greater understand-
ing of normal and aberrant genes that play important
roles in causing human disease. These developments are
likely to provide vastly expanded opportunities to inter-
vene in disease processes by delivering genetic material
to the target cells affected by the disease. This new
approach to treating disease, namely gene therapy, is
likely to play an increasingly important role in medicine
of the 21st century.

With the advancement of biotechnology and molecular
biology, hundreds of human genes have already been iso-
lated and characterized. Furthermore, mutations in many
of these genes that are responsible for various diseases
have been identified. These developments have made it
possible to treat genetically inherited diseases using nu-
cleic acids rather than proteins or pharmacological agents.
In addition, the molecular mechanisms of action have been
dissected for various genes in humans as well as other
organisms. This understanding provides the knowledge
base that can be used to enhance or interfere with these
mechanisms of action with gene therapy.

Molecular biologists and gene therapists are well
aware that the knowledge of molecular mechanisms of
genetic disease does not imply that successful gene ther-
apy approaches will be developed. After all, the molecu-
lar mechanism of sickle cell anemia has been understood
for several decades but a promising gene therapy ap-

proach is not yet in sight. Ideally, gene therapy should
be efficient, cell-specific, and safe. One of the challenges
of gene therapy is the efficient delivery of genes to target
cells. Although the nucleic acids containing the genes
can be generated in the laboratory with relative ease,
the delivery of these materials into a specific set of cells
in the body is far from simple. Various methods have
been developed to deliver the genes into cells. Some of
these methods involve using physical approaches to de-
livery such as direct DNA injection, encapsulation of
DNA into liposomes, and gene gun technology (Cooper,
1996; Yang et al., 1996; Prince, 1998). Other methods
take advantage of viruses, a class of intracellular para-
sites, to deliver the genes into the target cells. In gen-
eral, viruses are more efficient at delivering genes to
target cells than physical methods.

Viruses are logical tools for gene delivery. They repli-
cate inside cells and therefore have evolved mechanisms
to enter the cells and use the cellular machinery to
express their genes. The concept of virus-based gene
delivery is to engineer the virus so that it can express
the gene of interest and yet retain its ability to deliver
the gene to target cells. These engineered viruses are
often referred to as viral vectors. Depending on the spe-
cific application and the type of virus, most viral vectors
contain mutations that hamper their ability to replicate
freely as wild-type viruses in the host.

Viruses from several different families have been
modified to generate viral vectors for gene delivery.
These viruses include retroviruses, adenoviruses, ad-
eno-associated viruses, herpes simplex viruses, picorna-
viruses, and alphaviruses (Flotte and Carter, 1995; Glo-
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rioso et al., 1995; Smith, 1995; Prince, 1998; Robbins et
al., 1998). Retroviruses were the first viruses to be mod-
ified for gene delivery, and retroviral vectors are used in
the majority of all gene therapy clinical trials (Anderson,
1996). Several reviews have summarized various as-
pects of retroviral vector-based gene therapy (Dornburg,
1995; Gunzburg et al., 1996; Vile et al., 1996; Miller,
1997; Karavanas et al., 1998). This review will focus on
the design of retroviral vectors and helper constructs.

An ideal retroviral vector for gene delivery must be effi-
cient, cell-specific, regulated, and safe. The efficiency of
delivery is important because it can determine the efficacy
of the therapy. Current efforts are aimed at achieving
cell-type-specific infection and gene expression with retro-
viral vectors. In addition, retroviral vectors are being de-
veloped to regulate the expression of the gene of interest,
since the therapy may require long-lasting or regulated
expression. Safety is a major issue for viral gene delivery
because most viruses are either pathogens or have a patho-
genic potential. It is important that during gene delivery,
the patient does not also inadvertently receive a patho-
genic virus that has full replication potential. The design of
retroviral vectors and strategies to address these concerns
will be covered in this review.

II. Background
A. Replication Cycle of Retroviruses

A general outline of the retroviral replication cycle is
illustrated in Fig. 1. Retroviruses are RNA viruses that
replicate through an integrated DNA intermediate (Cof-
fin, 1996). Retroviral particles encapsidate two copies of
the full-length viral RNA, each copy containing the com-
plete genetic information needed for virus replication.
Retroviruses possess a lipid envelope and use interac-
tions between the virally encoded envelope protein that

/ Reverse transcription
@D- = n_=

~— —>’°.°.\A+

Translation %o

o

Fic. 1. Replication cycle of retroviruses. A retrovirus binds to a recep-
tor on the cell surface (shown as a crescent), enters the cell, and reverse
transcribes the RNA into double-stranded DNA (shown as a line flanked
by black boxes), viral DNA integrates into the cell chromosome (shown as
zigzag lines) to form a provirus. Cellular machinery transcribes and
processes the RNA (shown as thin lines), and translates the viral proteins
(shown as black ellipses and white circles). Viral RNA and proteins
assemble to form new viruses, which are released from the cell by bud-
ding.
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is embedded in the membrane and a cellular receptor to
enter the host cells. Using the virally encoded enzyme
reverse transcriptase, which is present in the virion,
viral RNA is reverse transcribed into a DNA copy. This
DNA copy is integrated into the host genome by inte-
grase, another virally encoded enzyme. The integrated
viral DNA is referred to as a provirus and becomes a
permanent part of the host genome. The cellular tran-
scriptional and translational machinery carries out ex-
pression of the viral genes. The host RNA polymerase 11
transcribes the provirus to generate RNA, and other
cellular processes modify and transport the RNA out of
the nucleus. A fraction of viral RNAs are spliced to allow
expression of some genes whereas other viral RNAs re-
main full-length. The host translational machinery syn-
thesizes and modifies the viral proteins. The newly syn-
thesized viral proteins and the newly synthesized full-
length viral RNAs are assembled together to form new
viruses that bud out of the host cells (Coffin, 1996).

The replication cycle described above applies to all
retroviruses with the exception of spumaviruses. It has
recently been shown that reverse transcription of spu-
maviruses occurs in the virus-producing cells rather
than the infected target cell, and the infectious virus
contains a DNA genome (Yu et al., 1996a, 1999; Moebes
et al., 1997).

B. Genome Structure of Retroviruses

Based on their genome structures, retroviruses can be
classified into simple and complex retroviruses (Coffin,
1996; Vogt, 1997). Simple and complex retroviruses en-
code gag (group-specific antigen), pro (protease), pol
(polymerase), and env (envelope) genes. In addition to
these genes, complex retroviruses also encode several
accessory genes. [In this review, the gene is referred to
in italics (for example, gag), whereas the polyprotein is
referred to in regular font with the first letter capital-
ized (for example, Gag)].

Retroviruses can also be classified into oncoviruses,
lentiviruses, and spumaviruses (Coffin, 1996). Most on-
coviruses are simple retroviruses. Lentiviruses, spuma-
viruses, and some oncoviruses are complex retroviruses.
Currently, all three types of viruses are being exploited
as gene therapy tools. Examples of each type will be
discussed later in this review. Structures of the three
types of retroviruses are shown in Fig. 2. Murine leuke-
mia virus (MLV)? is illustrated as an example of an
oncovirus (Fig. 2A), human immunodeficiency virus 1

2 Abbreviations: MLV, murine leukemia virus; HIV-1, human im-
munodeficiency virus 1; LTR, long terminal repeat; att, attachment
sites; TAR, trans-activation response region; PBS, primer binding
site; SU, surface domain; PPT, polypurine tract; RRE, Rev-respon-
sive element; GaLV, gibbon ape leukemia virus; VSV, vesicular sto-
matitis virus; SNV, spleen necrosis virus; RSV, Rous sarcoma virus;
ALV, avian leukosis virus; IRES, internal ribosomal entry site; ADA,
adenosine deaminase; HSV-tk, herpes simplex virus thymidine ki-
nase; bp, base pair(s); GCV, ganciclovir; SCID, severe combined
immunodeficiency; kb, kilobase(s).
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A. Proviral structure of MLV genome (8.8 kb)

| us [Rlus| | gag

U3 {R|US|

o] 5o |

eny

B. Proviral structure of HIV-1 genome (9.7 kb)

[us[Rjus [ gag | bifl | env u3 [R]US]
proj pol | 7 [vpu
ot

C. Proviral structure of human foamy virus genome (12.3 kb)

U3 |R|US
(] ben3

{u3 [RJus| | geg | eny

pro| pol

Fia. 2. Genome structures of an oncovirus, a lentivirus, and a spuma-
virus. A, proviral structure of murine leukemia virus with the genome
size of 8.8 kb; B, proviral structure of human immunodeficiency virus
type 1 with the genome size of 9.7 kb; C, proviral structure of human
foamy virus with the genome size 12.3 kb.

(HIV-1) is illustrated as an example of a lentivirus (Fig.
2B), and human foamy virus is illustrated as an example
of a spumavirus (Fig. 2C).

The viral DNA contains large redundant sequences at
the two ends of the genome designated long terminal
repeats (LTRs) (Coffin, 1996; Vogt, 1997). LTRs can be
further divided into U3 (unique 3’), R (repeat), and U5
(unique 5') regions. The viral promoters and transcrip-
tional enhancers are located in the U3 region. The R
region is essential for reverse transcription and replica-
tion of all retroviruses. In addition, the R regions of some
viruses also contain elements important for gene expres-
sion. For example, the R region of MLV also contains a
polyadenylation signal, whereas the HIV-1 R region con-
tains a trans-activation response region (TAR) that is
important for activation of HIV-1 gene expression (Lu-
ciw, 1996). The U5 region contains sequences that facil-
itate the initiation of reverse transcription. Immediately
downstream of the 5" LTR is a primer binding site (PBS)
that has sequence complementarity to a portion of a
cellular tRNA. Different tRNAs are used by different
viruses as primers for the initiation of reverse transcrip-
tion (Vogt, 1997). The packaging signal (V) or encapsi-
dation signal (E) are sequences that interact with the
viral proteins to accomplish specific packaging of the
viral RNA (Linial and Miller, 1990; Rein, 1994; Berkow-
itz et al., 1996). The MLV V is located in the 5" untrans-
lated region between the PBS and the gag open reading
frame, and it is sufficient for incorporation of foreign
RNA into viral particles (Mann et al., 1983; Adam and
Miller, 1988). However, sequences extending into the
gag open reading frame can enhance the efficiency of
packaging; the sequences containing the MLV packag-
ing signal together with the portion of the gag open

HU AND PATHAK

reading frame that facilitates packaging is termed ¥*
(Bender et al., 1987). The HIV-1 packaging signal is less
well defined, but includes the 5’ untranslated region as
well as the 5’ portions of the gag open reading frame
(Lever et al., 1989; Hayashi et al., 1992; Richardson et
al., 1993; Kaye et al., 1995; McBride and Panganiban,
1996, 1997; McBride et al., 1997). However, these se-
quences have not been shown to be sufficient for pack-
aging of heterologous RNA. In human and simian foamy
viruses, both the 5’ untranslated region and sequences
located in the 3’ portion of pol are important for RNA
packaging (Erlwein et al., 1998; Heinkelein et al., 1998;
Wu et al., 1998).

The coding regions of all retroviruses contain at least
three genes. The gag gene near the 5’ end of the viral
genome codes for Gag polyproteins that make up the
viral capsid. After assembly of the virus particle, the
Gag polyprotein is proteolytically cleaved into several
proteins including matrix, capsid, and nucleocapsid. The
pol gene encodes reverse transcriptase and integrase.
Reverse transcriptase copies the viral RNA to generate
the viral DNA, whereas integrase integrates the viral
DNA into the host chromosome to form a provirus. In all
retroviruses, a spliced mRNA is used to expresses the
env gene. The env gene codes for the envelope polypro-
tein, which is cleaved into the transmembrane domain
and the surface domain (SU). The sequences that encode
the viral protease (Pro) are always located between gag
and pol and are most often expressed as either a part of
the Gag polyprotein or as a part of the Gag-Pol polypro-
tein.

With the exception of spumaviruses, pol is expressed
as a Gag-Pol fusion protein by controlled ribosomal
frameshifting or translational suppression of a stop
codon between the gag and pol open reading frames
(Coffin, 1996; Swanstrom and Wills, 1997). The pol gene
in spumaviruses is expressed by a spliced mRNA (Yu et
al., 1996b). Because the expression of gag and pol are
closely related in most viruses, these genes are often
referred to as gag/gag-pol in helper constructs.

The region between env and the 3" LTR contains a
purine-rich region known as polypurine tract (PPT) that
is important for reverse transcription (Coffin, 1996). In
some viruses, this region also contains a constitutive
transport element that allows the transport of the full-
length, unspliced RNA from the nucleus to the cyto-
plasm (Bray et al., 1994; Ogert et al., 1996). The 3' LTR
has the same sequence as the 5’ LTR. Short sequences at
the two ends of the LTR are important for integration
and are referred to as attachment sites (att). The att
interact with integrase and are necessary for efficient
integration of the viral DNA (Coffin, 1996; Brown, 1997).

The HIV-1 genome encodes other accessory proteins in
addition to Gag, Pro, Pol, and Env (Luciw, 1996; Vogt,
1997; Frankel and Young, 1998). These accessory pro-
teins are Tat, Rev, Nef, Vif, Vpr, and Vpu (shown in Fig.
2B); spliced mRNAs are used to express all of the acces-
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sory proteins. Tat is a transcriptional activator that
binds to the TAR region of the viral RNA and some host
proteins. These interactions increase both initiation and
elongation of the viral RNA transcription. Rev regulates
transport of unspliced (full-length) or single-spliced viral
RNA from the nucleus to the cytoplasm. Rev binds to a
region of the viral RNA known as the Rev responsive
element (RRE) located within Env to allow transport of
viral RNAs containing the RRE across the nuclear mem-
brane (Luciw, 1996). Multiply spliced HIV-1 RNAs that
express Rev, Tat, and other accessory proteins do not
contain RRE and can be transported out of the nucleus
without the presence of Rev (Luciw, 1996).

Nef down-regulates the CD4 receptor and plays an
important role in viral pathogenesis; Nefis also thought
to enhance viral reverse transcription, although the ex-
act mechanism of this enhancement is unclear. Vif plays
an important role in the infectivity of viruses. However,
propagating the virus in certain cell types can some-
times circumvent this requirement. It is thought that Vif
may counteract the effect of a negative host factor. Cer-
tain cell types that are devoid of the putative negative
factor can efficiently produce infectious Vif-deficient
HIV-1 viruses. Vpu can trigger CD4 degradation and
enhance virion release. Vpr is present in large quantities
in the virion and is thought to be important for cell cycle
arrest, fidelity of viral DNA synthesis, and efficiency of
viral replication in some cells (Luciw, 1996; Mansky,
1996; Vogt, 1997; Frankel and Young, 1998; Mansky et
al., 2000).

Spumaviruses (foamy viruses) are a distinct genus of
the retrovirus family. Recent studies revealed that spu-
maviruses are different from oncoviruses and lentivi-
ruses in many aspects, and share some similarities with
hepatitis B virus. Therefore, it has been suggested that
spumaviruses should be classified as a subfamily of the
Retroviridae family (Linial, 1999). The genome struc-
ture of a human spumavirus is shown in Fig. 2C. In
addition to gag, pol, and env, human spumaviruses also
contain three accessory genes designated bell, bel2, and
bel3 (Vogt, 1997). Bel1, also known as Tas, is a transcrip-
tional transactivator that is required for efficient expres-
sion of the viral U3 promoter (Linial, 1999). Tas is ex-
pressed from an internal promoter (Linial, 1999).

II1. Basic Concepts in Retrovirus Vectors and
Helper Cells

When a replication-competent retrovirus infects a nat-
ural host cell, it can form a provirus in the host genome,
express viral genes, and release new infectious particles
to infect other hosts. In most gene therapy applications,
it is not desirable to deliver a replication-competent
virus into a patient because the virus may spread be-
yond the targeted tissue and cause adverse pathogenic
effects. Therefore, in most retroviral systems designed
for gene delivery, the viral components are divided into

a vector and a helper construct to limit the ability of the
virus to replicate freely (Miller, 1997). The term vector
generally refers to a modified virus that contains the
gene(s) of interest and cis-acting elements needed for
gene expression and replication. Most vectors contain a
deletion(s) of some or all of the viral protein coding
sequences so that they are not replication-competent.
Helper constructs are designed to express viral genes
lacking in the vectors and to support replication of the
vectors. The helper function is most often provided in a
helper cell format although it can also be provided as a
helper virus or as cotransfected plasmids. Helper cells
are engineered culture cells expressing viral proteins
needed to propagate retroviral vectors; this is generally
achieved by transfecting plasmids expressing viral pro-
teins into culture cells. Most helper cell lines are derived
from cell clones to ensure uniformity in supporting ret-
roviral vector replication. Helper viruses are not used
often because of the likelihood that a replication-compe-
tent virus could be generated through high frequency
recombination. Helper functions can also be provided by
transient transfection of helper constructs to achieve
rapid propagation of the retroviral vectors.

An example of a retroviral vector in a helper cell and
a target cell is shown in Fig. 3A. In this example, the
retroviral vector contains all of the cis-acting elements
needed for viral replication and gene expression. Most
retroviral vectors are maintained as bacterial plasmids
to facilitate the manipulation and propagation of the
vector DNA (Fig. 3B). These double-stranded DNA vec-
tors can be introduced into helper cells by conventional
methods such as DNA transfection, lipofection, or elec-

A.

LI PZZI 1] vector

No viral
proteins
Helper cell Target cell
B. packaging
U3 [R[Us] signal u3 [R|US
att PBS cloning sites PPT att
[ drug resistance gene | ori
plasmid backbone

Fic. 3. Retroviral vector propagation in helper cells and structure of a
prototypical vector. A, propagation of retroviral vectors in helper cells.
Helper cells produce the viral proteins (shown as black ellipses and white
circles) that are used to assemble viral particles containing RNA tran-
scribed from the viral vector. Target cells do not express viral proteins
and cannot generate viral particles containing the vector RNA. B, cis-
acting elements needed in a prototypical retroviral vector. The plasmid
backbone contains a drug resistance gene and a bacterial origin of repli-
cation (ori).

6002 ‘v AInr uo Aq B1o0°sjeuinofiadse’Asiwireyd wolj papeojumoq


http://pharmrev.aspetjournals.org

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

498

troporation. The helper cell shown expresses all of the
viral proteins (Gag, Gag-Pol, and Env) but lacks RNA
containing the packaging signal. Viral RNA is necessary
for the formation and release of infectious viral particles,
but it is not necessary for the formation of “empty”
noninfectious viral particles. When the vector DNA is
introduced into the helper cells, vector RNA containing a
packaging signal is transcribed and efficiently packaged
into viral particles. The viral particles contain viral pro-
teins expressed from helper constructs and RNA tran-
scribed from the vector. These viral particles can infect
target cells, reverse transcribe the vector RNA to form a
double-stranded DNA copy, and integrate the DNA copy
into the host genome to form a provirus. This provirus
encodes the gene(s) of interest and is expressed by the
host cell machinery. However, because the vector does
not express any viral proteins, it cannot generate infec-
tious viral particles that can spread to other target cells.

IV. Helper Cells and Packaging Systems
A. Helper Cell Lines

Helper cells are designed to support the propagation
of retroviral vectors. The viral proteins in the helper
cells are expressed from helper constructs that are
transfected into mammalian cells. Helper constructs
vary in their mode of expression and in the genes they
encode. Most of the currently available helper cell lines
are listed in a table in a recent review (Miller, 1997).

B. One-Genome Helper Constructs

In helper cell lines that were initially developed, all of
the viral genes were expressed from one helper con-
struct. Examples of these helper cells are C3A2 and V-2
(Mann et al., 1983; Watanabe and Temin, 1983). The
helper constructs for these cell lines were cloned proviral
DNAs that lacked the packaging signals. These helper
cells can support efficient propagation of retroviral vec-
tors. However, a major problem with these helper cells is
that replication-competent viruses can be frequently
generated during the propagation of the viral vector.
The helper construct contains most of the viral genome
and thus shares significant sequence homology with the
retroviral vector. The sequence homology can facilitate
recombination between the helper construct and the ret-
roviral vector to generate replication-competent viruses.
Although the helper RNA lacks the packaging signal, it
can still be packaged into a virion with a low efficiency
(approximately 100- to 1,000-fold less than RNAs con-
taining V) (Embretson and Temin, 1987a). Retroviral
recombination occurs frequently between the two co-
packaged viral RNAs to generate a DNA copy that con-
tains genetic information from both parents. If the
helper RNA and the vector RNA are packaged into the
same virion, the large regions of sequence homology
between the two RNAs can facilitate homologous recom-
bination during reverse transcription to generate a rep-
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lication-competent virus. A similar recombination event
can also occur between the helper RNA and RNA derived
from an endogenous virus at a lower efficiency to gener-
ate replication-competent viruses.

C. Split-Genome Helper Constructs

The safety concern associated with the generation of
replication-competent viruses has provoked the design
of many helper cell lines using “split genomes”, includ-
ing WCRIP, GP+envAm12, and DSN (Danos and Mulli-
gan, 1988; Markowitz et al., 1988; Dougherty et al.,
1989). In these helper cells, the viral Gag/Gag-Pol
polyproteins are expressed from one plasmid and the
Env proteins are expressed from another plasmid. Fur-
thermore, the two helper constructs also contain dele-
tions of viral cis-acting elements to reduce or eliminate
sequence homology with the retroviral vector. In these
helper cells, genes encoding viral proteins are separated
into two different constructs and the viral cis-acting
elements are located in the vector. Therefore, several
recombination events have to occur to reconstitute the
viral genome. In addition, reducing the regions of homol-
ogy decreases the probability that these recombination
events will occur. Therefore, helper cells containing
split-genome helper constructs are considered safer than
helper cells containing one-genome helper constructs.

D. Inducible Helper Constructs

In contrast to the helper cell lines described above
that express viral proteins constitutively, some helper
cell lines have been designed to express the viral pro-
teins in an inducible manner. One rationale for the
generation of an inducible helper cell line is that some
viral proteins are cytotoxic and cannot be easily ex-
pressed at high levels (Yu et al., 1996a). By using an
inducible system, expression of the cytotoxic proteins
can be limited to the stage in which virus is propagated.
By controlling the expression of the cytotoxic proteins,
high viral titers can be achieved. Examples of the induc-
ible helper cells include the 293GPG cells (Ory et al.,
1996) and HIV-1 helper cell lines (Yu et al.,, 1996a).
Recent advances in inducible gene expression systems
are described in some recent reviews (Thummel, 1990;
Walther and Stein, 1996; Clackson, 1997; Saez et al.,
1997; Harvey and Caskey, 1998; Herdegen and Leah,
1998; Rossi and Blau, 1998; Gao et al., 1999; Morgan et
al., 1999).

E. Transient Transfection Systems

With the development of efficient transfection meth-
ods, transient transfection systems have also been de-
veloped for propagation of retroviral vectors. In these
systems, helper functions are generally expressed from
two different constructs, one expressing gag-pol and an-
other expressing env. These two constructs generally
share little sequence homology. The retroviral vector
and the helper constructs are transfected into cells, and
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viruses are harvested a few days after transfection. This
system has been employed by several different groups to
successfully propagate MLV-based vectors and foamy
virus vectors to achieve high viral titers (Finer et al.,
1994; Soneoka et al., 1995; Naviaux et al., 1996; Tro-
bridge and Russell, 1998; Yang et al., 1999).

F. Systems That Generate Pseudotyped Viruses

Pseudotyping refers to viral particles containing a
viral genome from one virus and part (or all) of the viral
proteins from a different virus (Zavada, 1976; Boettiger,
1979). The most common form of pseudotyping involves
one virus using the envelope protein of another virus
(Zavada, 1976; Boettiger, 1979). Some of the helper cell
lines contain helper constructs that express gag-pol from
one virus and env from another virus. Since the Gag
polyproteins select the viral RNA, the viral vector to be
propagated contains an RNA that is recognized by the
Gag polyprotein expressed in these cells. However, the
viral particles produced contain the Env protein derived
from another virus. Therefore, these viral particles can
only infect cells that express a receptor that can interact
with the heterologous envelope protein. For example,
the helper cell line PG13 expresses gag-pol from MLV
and env from gibbon ape leukemia virus (GaLV) (Miller
et al., 1991). Because the PG13 cell line expresses MLV
Gag polyprotein, it can efficiently package MLV-based
retroviral vectors. However, these viruses can only in-
fect cells that express the receptor for the GaLV enve-
lope. MLV and GaLV are distantly related retroviruses,
which makes it plausible that an infectious virus can be
generated from pseudotyping. Surprisingly, however, it
has also been shown that some envelopes derived from
viruses of a different family can also pseudotype retro-
viruses and generate infectious viral particles (Zavada,
1976). For example, the G protein of vesicular stomatitis
virus (VSV), a rhabdovirus, can be used to generate
pseudotyped retroviral vectors (Burns et al., 1993; Yee
et al., 1994a,b). These VSV G pseudotyped viruses ex-
hibit a very broad host range and can infect a variety of
cells that cannot normally be infected with retroviruses.

G. Systems Containing Genetically Modified env for
Cell or Tissue Targeting

Interactions between the viral envelope proteins and
the cellular receptors determine the host range of the
virus. Strategies have been developed to target virus
delivery into certain cell types by modifying the viral
Env. After translation and modification, the SU portion
of Env interacts with a cellular receptor. Efforts are
currently being made to modify the SU portion of the
Env to interact with other cell surface molecules. The
modification of the SU portion of Env is often achieved
by deletion of a part of the coding region for SU and
replacing it with regions of other proteins. Proteins that
have been used to modify the SU portion of Env include
erythropoietin, heregulin, insulin-like growth factor I,

and single-chain variable fragment antibodies against
various proteins (Kasahara et al., 1994; Chu and Dorn-
burg, 1995; Han et al., 1995; Somia et al., 1995; Jiang et
al., 1998; Konishi et al., 1998; Chadwick et al., 1999).
Some of these strategies have been shown to work in
both cell culture and in animals; for example, viral par-
ticles with hybrid Env containing single-chain antibod-
ies were shown to be able to infect target cells in cul-
tured cell lines and in a SCID-hu mouse model (Jiang et
al., 1998; Jiang and Dornburg, 1999).

H. Hybrid Systems

Some recently developed systems use a hybrid ap-
proach for propagation of retroviral vectors. A helper cell
line is used to constitutively express some of the viral
proteins, whereas other viral proteins are introduced
into the helper cell line by transient transfection. For
example, a retroviral vector can be introduced into a
helper cell line that constitutively expresses the MLV
gag-pol. To propagate the retroviral vector, a plasmid
designed to express the VSV G can be introduced into
the system by transient transfection (Yee et al., 1994b).
As another variation on this theme, the retroviral vector
itself may encode some of the viral proteins (for example,
Gag/Gag-Pol), and a helper cell line may provide other
viral proteins (Env) (Boerkoel et al., 1993). Approaches
that use other viruses to deliver the retroviral helper
constructs are also being explored. For example, a mod-
ified herpes simplex virus was generated to contain the
retroviral gag, pol, and env to serve the helper function
(Savard et al., 1997). Similarly, adenovirus vectors and
Semliki Forest virus-derived expression vectors have
also been used to deliver genes encoding MLV viral
proteins to helper cells (Li and Garoff, 1996; Duisit et al.,
1999).

V. Vectors Based on Different Retroviruses

Many retroviruses have been modified to generate
vectors that can carry gene(s) of interest. Viral vectors
generally contain all of the cis-acting elements needed
for viral replication and gene expression; these elements
are shown in Fig. 3B. Additional elements may also be
needed in vectors derived from some viruses to ensure
successful gene delivery. The requirement for these cis-
acting elements has often become apparent from greater
understanding of the biology of these viruses. In addi-
tion, to allow easy manipulation in bacterial cells, most
retroviral vectors are in plasmid form and have a back-
bone containing the bacterial origin of replication and an
antibiotic resistance gene (Fig. 3B).

The following steps are typically carried out to pro-
duce viral particles from retroviral vectors. Vector DNA
is first introduced into the helper cells by transfection,
electroporation, or lipofection. After introduction of the
DNA into the helper cells, the vector DNA integrates
into the helper cell and is expressed. The viral RNA is
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expressed from the 5' LTR and consists of all the se-
quences between the two R regions. This viral RNA
contains the packaging signal and is packaged into the
viral particles efficiently. During retroviral replication,
the plasmid backbone sequences outside the two LTRs
are not transferred to the target cells. The basic struc-
tures of some retroviral vectors derived from different
retroviruses are described below.

A. Vectors Derived from Oncoviruses

Vectors derived from three different oncoviruses will
be described here to represent some of the most widely
used retroviral vectors. Oncoviruses can only infect di-
viding cells; therefore, vectors that are derived from
oncoviruses can only be used to efficiently deliver genes
into dividing cells. The requirement for cell proliferation
can sometimes be used as an advantage to selectively
target rapidly dividing cells (for example, cancer cells).

1. Murine Leukemia Virus-Based Vectors. Currently,
MLV-based retroviral vectors and helper cells are the
most frequently used system for gene delivery. The de-
velopment and availability of engineered vectors and
helper cell lines has promoted the popularity of MLV-
based vectors. The structure of a prototypical MLV-
based retroviral vector is illustrated in Fig. 4A. The
vectors contain cis-acting viral sequences that are
needed for gene expression and viral replication such as
LTRs, PBS, PPT, and att. The packaging signal can be
the minimum signal (V) or the longer signal that ex-
tends into the gag open reading frame (¥") (Mann et al.,
1983; Bender et al., 1987; Adam and Miller, 1988). When
the W™ is present in the vector, it is necessary to mutate
the translational initiation codon of gag to prevent ex-
pression of the truncated Gag protein. Several vectors

A. MLV-based vector

cloning sites

U3 |R|US| WY/¥+ U3 R‘US
1 T
att PBS PPT att

B. SNV-based vector
cloning sites

U3 R|U5| E U3 [R|US
1 T
art PBS PPT att

C. RSV-based replication competent vector
cloning sites

| eny I \/l U3 IRIUS
T
sz’x PPT art

[ u3 [R]Us| ¥ |gag-pro
T

ol

att PBS

D. ALV-based vector
cloning sites

U3 |RUS| ¥ [gagl U3 R|US
att PBS PPT att

Fic. 4. General structures of the oncovirus-derived vectors. All vec-
tors are shown in DNA form. A, MLV-based vector; B, SNV-based vector;
C, RSV-based vector; D, ALV-based vectors. Truncated gag contains a
part of the packaging signal.

have been designed to contain multiple restriction en-
zyme sites between the packaging signal and the 3’
untranslated region (marked as cloning sites in Fig. 4A).
The presence of these cloning sites facilitates the con-
struction of vectors that can express the gene of interest.
MLV-based vectors can be propagated in all of the
MLV helper cell lines efficiently. There are several MLV
envelope proteins that dictate the host range of MLV
vectors. Viruses that use the ecotropic envelope can in-
fect mouse cells but not cells derived from other species.
Viruses that use the amphotropic envelope can infect
both mouse cells and cells derived from other species,
including human cells. Viruses that use the xenotropic
envelope cannot infect mouse cells but can infect cells
derived from other species (Miller, 1997). In addition,
MLV vectors can also be propagated in spleen necrosis
virus (SNV)-based helper cell lines (Embretson and Te-
min, 1987a; Certo et al., 1998; Certo et al., 1999). SNV is
an avian virus that is distantly related to MLV. Surpris-
ingly, SNV proteins retain the ability to interact with
MLV cis-acting sequences and package MLV RNA, re-
verse transcribe the MLV genome, and integrate the
MLV RNA into the host (Embretson and Temin, 1987a;
Certo et al., 1998, 1999).
2. Spleen Necrosis Virus-Based Vectors. Structure of
a typical SNV-based vector is shown in Fig. 4B. The
required viral sequences in these vectors are very simi-
lar to those of the MLV vectors. The packaging signal of
SNV, denoted E, does not extend into the gag open
reading frame (Watanabe and Temin, 1982; Embretson
and Temin, 1987a); therefore, most SNV-based vectors
do not contain the gag coding regions. Similar to MLV
vectors, the genes of interest are inserted into a linker
region containing multiple restriction sites between the
packaging signal and the 3’ untranslated region.
SNV-based vectors can be propagated in SNV-based
helper cell lines such as C3A2, DSDH, DSH134G, and
DSN (Watanabe and Temin, 1983; Dougherty et al.,
1989; Hu and Temin, 1990; Martinez and Dornburg,
1995). However, SNV vectors cannot be propagated in
MLV-based helper cells because MLV proteins cannot
efficiently package SNV RNA (Certo et al., 1998). In
addition, the SNV promoter is not functional in mouse
cells (Embretson and Temin, 1987b), which are fre-
quently used to engineer MLV packaging cell lines. It
has been shown that a post-transcriptional block may
prevent the replication of SNV in a human cell line
(HeLa) (Koo et al., 1991). If SNV cannot replicate in
human cells then the SNV-based systems should be
safer than MLV-based systems for human gene therapy,
since the generation of a replication-competent virus
during vector production should not pose a threat to the
patient. However, the SNV-based systems are not exten-
sively used in gene therapy because they are not as well
developed or as widely available as MLV-based systems.
3. Rous Sarcoma Virus- and Avian Leukosis Virus-
Based Vectors. RSV is the only known acute oncogenic
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retrovirus that is replication-competent (Coffin, 1996;
Vogt, 1997). In addition to gag-pol and env, RSV also
encodes the oncogene v-src between env and the 3’ LTR.
A splice acceptor site upstream of the v-src allows the
gene to be expressed as a spliced mRNA (Vogt, 1997).
The ability of RSV to code for an additional gene has
inspired the generation of RSV-based replication-compe-
tent retroviral vectors. Various modifications have been
made to generate a replication-competent viral vector
(Hughes et al., 1987; Greenhouse et al., 1988; Petropou-
los and Hughes, 1991), an example of which is shown in
Fig. 4C. In this construct, v-src was replaced by a splice
acceptor site and several restriction enzyme sites. DNA
fragments can be inserted in the restriction sites to
generate a replication-competent vector that expresses
the gene of interest.

ALV has also been modified to generate vectors that
require helper cells for their propagation (Stoker and
Bissell, 1988; Cosset et al., 1992; Thacker et al., 1995).
An example of an ALV vector is shown in Fig. 4D.
Similar to the MLV and SNV vectors described above,
the basic structure of an ALV vector also contains the 5’
and 3’ LTRs, att, PBS, PPT, and a packaging signal. The
packaging signal of ALV extends into the gag open read-
ing frame, and the relevant portions of gag are included
in ALV-based vectors to achieve efficient packaging.

B. Vectors Derived from Lentiviruses

In contrast to the oncoviruses, some lentiviruses have
been shown to infect nondividing, quiescent cells (Lewis
et al., 1992; Bukrinsky et al., 1993). Lentivirus-based
vectors were developed in part because they could be
used to deliver genes into nondividing cells (Naldini et
al., 1996; Blomer et al., 1997). Lentiviruses are complex
retroviruses that need to express accessory proteins for
regulation of their replication cycle. Some of these ac-
cessory proteins bind to regions of the viral genome to
regulate gene expression. Therefore, lentivirus-based
vectors need to incorporate additional cis-acting ele-
ments so that efficient viral replication and gene expres-
sion can occur. As examples of lentivirus-based vectors,
HIV-1- and HIV-2-based vectors are described below.

An HIV-1-based vector is shown in Fig. 5A. This vec-
tor contains cis-acting elements that are also found in
simple retroviruses. It has been shown that sequences
that extend into the gag open reading frame are impor-
tant for packaging of HIV-1. Therefore, HIV-1 vectors
often contain the relevant portion of gag in which the
translational initiation codon has been mutated. In ad-
dition, most HIV-1 vectors also contain a portion of the
env gene that includes the RRE (Luciw, 1996). Rev binds
to RRE, which permits the transport of full-length or
singly spliced mRNAs from the nucleus to the cytoplasm
(Luciw, 1996). In the absence of Rev and/or RRE, full-
length HIV-1 RNAs accumulate in the nucleus. Alterna-
tively, a constitutive transport element from certain
simple retroviruses such as Mason-Pfizer monkey virus

501
A. HIV-1-based vector

cloning sites
U3 |R|US

U3 [RIUS| ¥ [zag? [RRE]

att PBS

PPT att

B. Foamy virus-based vector
cloning sites
U3 [R|US ‘{/ S pol U3 [R[US
att PBS PPT att

Fic. 5. General structures of vectors derived from a lentivirus and a
spumavirus. A, HIV-1-based vector. Truncated gag contains a part of the
packaging signal. The RRE is needed for the transport of the full-length,
unspliced RNA to the cytoplasm. B, human spumavirus-based vector. The
3’ pol sequences (shown as truncated pol) are needed for efficient pack-

aging.

can be used to relieve the requirement for Rev and RRE
(Bray et al., 1994). The genes of interests can be inserted
between RRE and the 3’ LTR, or between the truncated
gag and RRE.

Efficient transcription from the HIV-1 LTR promoter
requires the viral protein Tat (Luciw, 1996). Therefore,
it is important that Tat is expressed in target cells if
efficient transcription from the HIV-1 LTR is needed.
The need for Tat expression can be met by expressing
the Tat gene from the retroviral vector. Alternatively,
expressing the gene of interest from a heterologous in-
ternal promoter can circumvent the need for Tat expres-
sion.

Most HIV-2-based vectors are structurally very simi-
lar to HIV-1 vectors (Corbeau et al., 1998; Corbeau and
Wong-Staal, 1998; Kaye and Lever, 1998; Poeschla et
al., 1998a). Similar to HIV-1-based vectors, HIV-2 vec-
tors also require RRE for efficient transport of the full-
length or singly spliced viral RNAs. Although HIV-2 also
causes acquired immunodeficiency syndrome in hu-
mans, it is thought that HIV-2 is less pathogenic than
HIV-1. Therefore, the HIV-2 vector is considered by
some as the safer alternative to the HIV-1 vector (Poe-
schla et al., 1998a).

It has also been demonstrated that the HIV-1 vector
can be propagated to high viral titers using viral pro-
teins from simian immunodeficiency virus (White et al.,
1999). In this system, the vector and helper constructs
are from two different viruses, and the reduced nucleo-
tide homology may decrease the probability of recombi-
nation.

In addition to vectors based on the primate lentivi-
ruses, vectors based on feline immunodeficiency virus
have also been developed as a safer alternative to vec-
tors derived from the pathogenic HIV-1 genome (Poe-
schla et al., 1998b). The structures of these vectors are
also similar to the HIV-1 based vectors. Preliminary
studies were initiated in developing caprine arthritis-
encephalitis virus-based vectors (Mselli-Lakhal et al.,
1998); improvement of this system will rely on better
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understanding of the biology of the virus such as delin-
eating the interaction between RRE and Rev and defin-
ing the packaging signal necessary for efficient encapsi-
dation of the viral RNA.

C. Vectors Derived from Spumaviruses

Foamy viruses are unconventional retroviruses in
that many features in their replication cycle are differ-
ent from those of oncoviruses and lentiviruses. Although
these viruses can be toxic to cultured cells, none of the
foamy viruses are known to cause any disease in hosts
(Linial, 1999). The apparent lack of pathogenicity asso-
ciated with foamy viruses makes them a very attractive
tool for gene delivery (Linial, 1999).

An example of a foamy virus vector is shown in Fig.
5B. This vector contains the typical retroviral cis-acting
sequences. In addition to the sequences in the 5’ un-
translated region, the 5’ portion of the gag open reading
frame and sequences in the 3’ portion of the pol open
reading frame are important for efficient packaging
(Erlwein et al., 1998; Heinkelein et al., 1998; Wu et al.,
1998). The requirement of pol sequences for packaging
was only recently defined, and it is likely that these
vectors will be improved when the minimum sequences
needed for efficient packaging are delineated. Similar to
the lentiviruses, expression from the human foamy virus
promoter is activated by the viral protein Tas (Linial,
1999). It is important to take this into consideration
when constructing foamy virus-based retroviral vectors
so that efficient gene expression can be achieved in
target cells.

VI. Design of Retroviral Vectors

Retroviral vectors may contain many different modi-
fications that serve various purposes for the gene ther-
apist. These modifications may be introduced to permit
the expression of more than one gene, regulate gene
expression, activate or inactivate the viral vectors, and
eliminate viral sequences to avoid generation of a repli-
cation-competent virus. Some examples of these modifi-
cations are described below.

A. Standard Vectors

1. U3 Promoter-Driven Gene Expression. Full-length
viral RNA is expressed from the retroviral promoter
located in the U3 region of the 5" LTR. The viral RNA
contains the R, U5, 5’ untranslated region, a gene of
interest, 3’ untranslated region, U3, and R. The gene
inserted between the 5’ and 3’ untranslated regions can
be translated from the full-length RNA that is tran-
scribed from the U3 promoter.

During the propagation of viral stocks, it is often de-
sirable to express a selectable marker gene in the vector
so that helper cells transfected or infected by the viral
vectors can be selected. Therefore, it is often necessary
to design retroviral vectors that express a selectable
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marker gene as well as a gene of interest. Drug resis-
tance genes are frequently used as selectable markers,
but other marker genes, such as the green fluorescent
protein gene, can also be used to select for transfected or
infected cells. The expression of two genes in a retroviral
vector can be achieved by expressing the 3’ gene by
using an internal promoter, RNA splicing, or an internal
ribosomal entry site (IRES). These approaches to ex-
pressing two genes from a retroviral vector are schemat-
ically outlined in Fig. 6.

2. Vectors That Use an Internal Promoter to Express
Additional Genes. An example of gene expression from
a retroviral vector containing an internal promoter is
shown in Fig. 6A. This vector is designed to express gene
A and gene B. A full-length RNA and a subgenomic RNA
can be synthesized from this vector. The full-length RNA
that is expressed from the viral U3 promoter is used to
translate the gene A protein. The subgenomic RNA that
is expressed from the internal promoter is used to trans-
late the gene B protein.

Several retroviral vectors containing internal promot-
ers have been successfully utilized for expression of two
genes. However, potential interference between the U3
and the internal promoter can occur. For example, it has
been shown that the SNV U3 promoter and the herpes
simplex virus thymidine kinase promoter can interfere
with each other in SNV-based retroviral vectors (Emer-
man and Temin, 1984a,b; Emerman and Temin,
1986a,b). Promoter interference can lead to reduced lev-
els of transcription from either the U3 or the internal
promoter. Even though some promoters do not interfere
with each other, the potential for interference should be
considered before the construction of retroviral vectors
designed for the expression of two genes.

[ us [R[us| ¥ [gene A 77777 geneB | [ u3 [R]US|

l Transcription

A. Internal promoter Translation

RUS W geneA pro  geneB U3 R geneA
_geneB = U3 R geneB

B. Splice site
RUS ¥ geneA sa  geneB U3 R geneA
RUS . sa gene B U3 R gene B

C. Internal ribosomal entry site
RUS W  geneA JRES geneB U3 R geneAandB

Fic. 6. Expression of two genes from one retroviral vector. The two
genes of interest are depicted as gene A and gene B. The regulatory
sequences needed for the expression of gene B are shown as a hatched
box. RNA is shown as thin lines. A, gene B expression is regulated by an
internal promoter (pro); B, gene B expression is regulated by utilizing a
splice acceptor site (sa) upstream of the gene to generate a spliced RNA;
C, gene B expression is regulated by translation using IRES.
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3. Vectors That Use Splicing to Express Additional
Genes. Retroviruses express env by regulated splicing
(Coffin, 1996). The splice donor site that is used to ex-
press env is located in the 5’ untranslated region of
retroviruses. During replication, some full-length viral
RNAs are spliced to produce subgenomic viral RNAs
that are used to express the Env proteins. Splicing vec-
tors were developed by using the same principle to ex-
press two different genes by using the viral splice donor
and splice acceptor sites (Dougherty and Temin, 1986).
An example of gene expression by a splicing vector is
shown in Fig. 6B. In this vector, a splice acceptor site is
located between genes A and B. The full-length RNA is
used to translate the gene A protein, and the spliced
RNA is used to translate the gene B protein. Although
two mRNAs are synthesized from this vector, only the
full-length viral RNA contains the packaging signal and
is efficiently encapsidated into viral particles.

The advantage of splicing vectors is that only one
promoter is necessary, and the potential for promoter
interference is eliminated. However, the disadvantage of
splicing vectors is that the efficiency of splicing can be
significantly influenced by the vector RNA sequence
(Dougherty and Temin, 1986). As a result, expression of
two genes using splicing vectors is unpredictable, and
splicing vectors are not used as commonly as other vec-
tors.

4. Vectors That Use Translational Control Signals to
Express Additional Genes. 1t was first demonstrated in
picornaviruses that sequences in the mRNA can serve as
signals that allow the ribosome to bind to the middle of
an mRNA and translate a gene far from the 5’ end of the
mRNA (Pelletier and Sonenberg, 1988; Jang et al., 1990;
Jang and Wimmer, 1990). These sequences (named
IRES), are now commonly used in retroviral vectors. An
example of gene expression from a vector containing an
IRES is shown in Fig. 6C. In this vector, the IRES is
inserted between gene A and gene B. Only one mRNA
can be synthesized from this vector; however, the mRNA
is bicistronic because of the presence of IRES, and it is
used to translate both gene A and gene B. Gene A is close
to the 5’ cap, and ribosomes that bind to the 5’ end of the
mRNA use normal mechanisms to synthesize the gene A
protein efficiently. Gene B is immediately 3’ to the
IRES, and ribosomes that bind to the IRES can synthe-
size the gene B protein in a cap-independent manner.
This strategy has been used successfully to express
many different genes. In general, the gene expressed
with an IRES is translated less efficiently than the gene
located near the 5’ end of the mRNA (Davies and Kauf-
man, 1992). Therefore, the gene of interest is often
placed at the 5’ end near the cap, whereas the selectable
marker is placed immediately 3’ to the IRES.

In addition to the IRES sequences identified in picor-
naviruses, IRES sequences have also been identified in
the 5’ untranslated regions of some retroviruses such as
MLV, SNV, and an endogenous virus like particle
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(VL30) (Berlioz and Darlix, 1995; Berlioz et al., 1995;
Lopez-Lastra et al., 1997). Therefore, it is also possible
to use these retroviral IRES sequences to express a
second gene.

B. Double-Copy Vectors

The fact that the LTR sequences are duplicated in
retroviral vectors has been exploited to construct vectors
containing two copies of the gene of interest. An example
of a double-copy vector is shown in Fig. 7A. The first set
of double-copy vectors contains the gene of interest in
the U3 region upstream of the viral promoter (Hantzo-
poulos et al., 1989; Sullenger et al., 1990a,b; Lee et al.,
1992). These genes are expressed using either an RNA
polymerase II promoter or an RNA polymerase III pro-
moter. This strategy has been shown to successfully
increase the level of gene expression. For example, RNA
expression is increased using a double-copy vector in
combination with an RNA polymerase III promoter
when the desired product is a small antisense RNA or an
RNA decoy (Sullenger et al., 1990a,b; Lee et al., 1992).

Another example of a double-copy vector is shown in
Fig. 7B. This vector contains the gene of interest in the
middle of the R region (Adam et al., 1995). The rationale
for this design is based on the hypothesis that a gene is
translated more efficiently when it is closer to the 5’ cap
site. Because viral RNA synthesis is initiated at the 5’
end of R, the gene of interest that is cloned in the middle
of the R region is within 50 nucleotides of the 5’ end of
the RNA. This strategy was shown to increase the
amount of protein synthesized in one of the two tested
constructs but did not alter the expression level in an-
other construct (Adam et al., 1995). Thus, it was sug-
gested that the enhancement of gene expression is de-
pendent upon the sequence of the gene.

C. Self-Inactivating Vectors

One safety concern associated with using retroviral
vectors for gene therapy is that a replication-competent
virus can be generated during propagation of the vec-
tors, which can lead to inadvertent spread of the thera-
peutic vector to nontarget tissues. To address this con-
cern, a class of vectors was designed to undergo self-

A. U3 double-copy vector

(N vs [Rus | | [ v3 [R[us
v

N k4 N
pro + gene pro + gene

B. R double-copy vector

(G TR [ (o] RS

Fic. 7. Double-copy vectors. A, U3 double-copy vector. The promoter
(pro) and gene of interest (gene) are shown as black boxes. B, R double-
copy vector.
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inactivation. The principle is that after gene delivery,
the vector will delete some of the cis-acting elements
needed to complete another round of replication. There-
fore, even in the presence of a replication-competent
virus, these vectors cannot be transferred to other target
cells efficiently. The generation of a replication-compe-
tent virus sometimes involves recombination between
the defective helper plasmid and the vector encoding the
gene of interest. Therefore, another possible benefit of
the self-inactivating vector is that it may decrease the
probability of generating a replication-competent virus.

1. U3 Minus Vectors. U3 minus vectors were the first
self-inactivating retroviral vectors to be developed (Yu et
al., 1986; Dougherty and Temin, 1987). Structure of a
typical U3 minus vector is shown in Fig. 8. These vectors
are designed to delete the viral U3 promoter during
reverse transcription so that the provirus in the target
cell lacks a viral promoter. In these vectors, the U3 of the
5" LTR is intact, whereas the U3 of the 3’ LTR is inac-
tivated by a large deletion. The RNA generated from this
vector contains R, U5, 5’ untranslated region, gene(s) of
interest, 3’ untranslated region, a deleted U3, and R.
During reverse transcription, the U3 at the 3’ end of the
viral RNA is normally used as a template to generate the
LTR. Therefore, the viral DNA that is synthesized from
the U3 minus vector through reverse transcription con-
tains deleted U3 sequences in both LTRs. Since the viral
promoter is deleted during reverse transcription, the
gene of interest is under the control of an internal pro-
moter. The advantage of the U3 minus vector is that it is
potentially safer, since the probability of generation of a
replication-competent virus is reduced. However, at a
low frequency, recombination during DNA transfection
can occur to regenerate the U3 at the 3’ LTR (Olson et
al., 1992). If this occurs, the resulting vector will still
contain the promoter in the U3 and thus retain two
complete LTRs. Additional modifications have been

Provirus in helper cell

u3 [Rlusf ¥ [pro| gemeA | [A]R]US]
transcriptionl
gene A AR
RUs ¥ pro gene A AR

Reverse transcription
of full-length RNA

Provirus in target cell

ARUS| ¥  [pro| gemeA | [A]R]US]

transcriptionl

gene A AR

Fic. 8. U3 minus vector. Proviral structures in helper cells and target
cells are shown. RNAs are shown as thin lines. A, deletion in U3 region.

made in some U3 minus vectors to decrease the homol-
ogy between the 5’ and 3’ LTRs (Olson et al., 1994),
which reduces the probability of recombination and re-
generation of an intact LTR during DNA transfection.

2. Cre/loxP Vectors. The Cre recombinase, a natu-
rally occurring site-specific recombinase of bacterio-
phage P1, recognizes a 32-bp sequence named loxP. Cre
can efficiently mediate site-specific recombination using
two loxP sites separated by sequences of variable
lengths (Hoess et al., 1984). The recombination events
include deletion, insertion, and inversion of the se-
quences between the loxP sites. This system has been
exploited to develop self-inactivating retroviral vectors
(Choulika et al., 1996; Russ et al., 1996). An example of
a Cre/loxP-mediated self-inactivating vector is shown in
Fig. 9. This vector contains an intact 5’ LTR and all of
the cis-acting elements needed for retroviral replication.
The vector contains the cre recombinase gene that is
expressed using an internal promoter. The 3" LTR has
been modified by insertion of several sequences in the
U3, including a loxP site, a promoter, and a gene of
interest; in addition, the 3’ U3 often contains a deletion
to reduce the promoter activity. The full-length viral
RNA is packaged into virion, and upon infection of tar-
get cells, the viral RNA is reverse-transcribed. The 3’ U3
sequence is used as a template to synthesize both LTRs;
consequently, the sequences in both LTRs contain a copy
of the loxP site, a promoter, and a gene of interest. The
cre gene is expressed, and the Cre recombinase is syn-
thesized in the infected target cells. The Cre recombi-
nase then mediates the deletion of sequences between
the two loxP sites in the viral DNA, which results in
deletion of the 5’ LTR, the 5’ untranslated region, the
internal promoter, and cre. As a result, the provirus in
the target cells contains only one LTR that expresses the
gene of interest.

Using the same principle, the Cre/loxP system can be
used to delete different sequences in the retroviral vec-
tor as well as delete portions of the helper construct in

Provirus in helper cell

loxP
-
| U3 [R|us|  [pro| cre oo cene AR
I 7 lox Ppro gene A AR
In target cell l Reverse transcription of viral RNA
lox P loxP

N4 =
Woro cene ADDEITT TR0 2cne ADVITE

l Expression of Cre,

Cre-mediated recombination

loxP

N
Ipro gene AEE

Fic. 9. Vector containing Cre/loxP sequences. The gene cre codes for a
site-specific recombinase. The loxP sequences are substrates for Cre-
mediated recombination.

Provirus in target cell
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the packaging cells. Another application of the Cre/loxP
system is that it can be used to delete the selectable
marker from a retroviral vector after the viral DNA is
integrated into the chromosome of the target cells
(Fernex et al., 1997). The selectable marker is included
in the vector so that helper cells transfected with the
vector DNA can be selected. Deletion of the selectable
marker is desirable because the presence of the select-
able marker can lead to promoter interference or an
immune response against the transduced cells (Jung et
al., 1998).

Deletion of the selectable marker is accomplished by
insertion of two loxP sites that flank the selectable
marker gene. After the vector is introduced into target
cells by infection, the target cells are infected with an-
other vector that expresses the Cre recombinase. The
Cre recombinase then deletes sequences between the
two loxP sites, which include the selectable marker. As a
result, the final provirus expresses only the gene of
interest.

D. Self-Inactivating and Self-Activating Vectors

Depending on the properties and effects of the gene
products, it may be desirable to have an inactivated gene
of interest in the helper cells and activate this gene after
it is delivered to target cells. For example, if the product
from the gene of interest is cytotoxic, then expressing
the gene in helper cells would result in toxicity and most
likely reduce or eliminate viral production. A series of
vectors have been generated to simultaneously activate
a gene and inactivate the vector during gene delivery
(Julias et al., 1995; Delviks et al., 1997). This is accom-
plished by the frequent deletion of directly repeated
sequences during reverse transcription. If directly re-
peated sequences are present in a virus, one copy of the
direct repeat and all of the sequences between the two
repeats can be deleted at high frequencies during re-
verse transcription (Pathak and Temin, 1990; Bowman
et al., 1998). This property of reverse transcriptases was
exploited to generate the self-activating and self-inacti-
vating retroviral vectors (Julias et al., 1995; Delviks et
al., 1997).

An example of this type of vector is shown in Fig. 10
The vector contains the gene of interest (gene A), which
is split into two overlapping fragments. The first frag-
ment contains the 5’ sequences (“gen”) and the second
fragment contains the 3’ sequences (“ene A”). Both frag-
ments contain the middle “en” portion of gene A, which
forms a direct repeat. The packaging signal is placed
between the two direct repeats. A functional gene A
product is not expressed from the vector since the gen or
the ene A fragments do not contain the complete se-
quence needed for expression of a functional gene A
product. This vector RNA is efficiently packaged and
reverse-transcribed in target cells. Reverse transcrip-
tase can accurately delete one copy of the repeat and
intervening sequences at a high frequency during re-
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Provirus in helper cell

| u3 |R|U5H gen| hd [ene A| | u3 [R]us|

zz L7 4]
l transcription
RU5 gen V¥ encA U3 R
Direct repeat deletion during
i . reverse transcription
Provirus in target cell

| U3 [R]US| [gene A] | U3 [R]US|

U3 R

RUS genc A

Fic. 10. Self-inactivating and self-activating vector. Gene A se-
quences are split into gen and ene A so that the middle “en” portion of
gene A is directly repeated. After direct repeat deletion during reverse
transcription, gene A is reconstituted and the sequences between gen and
ene A are deleted.

Provirus in helper cell

[ [RIGY [geneh |
transcription
RUS gene A T-Spro R

Provirus in target cell

v pro [N

Fic. 11. Vector containing tissue-specific promoter. A tissue-specific
promoter (T-S pro) is used to replace the viral U3 promoter in the LTR.
Regulation of gene A is under the control of the T-S pro.

l Reverse transcription

I gene A |

verse transcription. The resulting provirus in the target
cell lacks the packaging signal and contains a function-
ally reconstituted gene A (Julias et al., 1995; Delviks et
al., 1997). The reconstitution of gene A makes this vector
self-activating, whereas deletion of the packaging signal
makes this vector self-inactivating.

Depending on the length of the directly repeated se-
quence and the size of the packaging signal, the fre-
quency of direct repeat deletion can be greater than 95%
with a 700-bp direct repeat (Delviks and Pathak, 1999b).
In addition, this strategy can be used to delete the se-
lectable marker gene during reverse transcription so
that only the gene of interest is expressed in the target
cells (Delviks and Pathak, 1999a).

E. Vectors Targeted to Specific Cells

An important goal for gene therapists is to develop a
means to target gene delivery to specific cell types or
tissues. At least two strategies have been used in an
effort to target gene delivery using retroviral vectors.
One strategy is designed to control gene delivery at the
point of virus entry into the host cell by using natural or
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genetically engineered envelope proteins that interact
with cell-type-specific receptors (for discussion, see Sec-
tion IV). Another strategy is designed to control expres-
sion of the therapeutic gene in specific cell types by
using tissue-specific promoters.

F. Vectors That Utilize Cell-Type-Specific Promoters

Promoters that are active in certain tissues or respond
to certain reagents can be used to regulate the expres-
sion of a gene of interest (Cannon et al., 1996; Certo et
al., 1998). These promoters can be inserted between the
LTRs of a retroviral vector. Alternatively, the regulated
promoter can be used to replace the viral promoter in the
U3 region (Fig. 11). The design of a retroviral vector with
an internal tissue-specific promoter is similar to that of
other retroviral vectors containing internal promoters
(Fig. 6A). In this design, a U3 minus vector should be
employed to eliminate transcription from the U3 pro-
moter in target cells so that the gene of interest is only
expressed from the tissue-specific promoter. If the tis-
sue-specific promoter is used to replace the U3 promoter,
then it should be positioned in the 3" LTR so that the
tissue-specific promoter will be duplicated during re-
verse transcription (Fig. 11). As a result, the tissue-
specific promoter will be present in the 5" LTR of the
provirus, and it will be used regulate expression of the
gene of interest. Other variations of this strategy include
use of inducible or constitutive promoters and modifica-
tions of the promoter structures through replacement of
enhancer regions (van den Wollenberg et al., 1994; Fer-
rari et al., 1995).

VII. General Considerations for Using Retrovirus
Vectors and Helper Cells

Several issues must be considered before the construc-
tion of vectors and helper cells, including control of gene
expression, viral host range, virus titers that are re-
quired for efficient gene delivery, and safety of gene
delivery. These issues are briefly discussed below.

A. Gene Expression

Generally, the level of expression of viral proteins
determines the quantity of viral particles generated.
Therefore, it is desirable to have a high level of viral
protein expression in most helper cells to achieve high
viral titers. However, if one or more of the viral proteins
is cytotoxic, then it is necessary to express the viral
proteins at suboptimal levels or from inducible promot-
ers to prevent the toxicity to helper cells.

Prior to construction of the vector, it is important to
consider the preferred level of expression of the gene of
interest in the helper cells and the target cells. Several
different types of vector are described above and similar
principles can be used to construct the vectors. It is also
important to realize that the promoter strength may
vary in different cell types. Therefore, it is necessary to
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take into account the nature of the target cells. If a high
level of expression is preferred in both the helper and
the target cells, then it is important to select a promoter
that is highly active in both cells. Other strategies
should be used if different levels of gene expression are
desired in target cells and helper cells. For example, if
the gene of interest contains a toxic protein, then it is
important that gene expression be suppressed or pre-
vented in helper cells by using inducible promoters or
self-activating vectors. In addition to the selection of an
appropriate promoter, it is also important to examine
the sequences that will be placed in the vector for unde-
sirable regulatory signals. For example, inadvertent in-
sertion of splice donor and acceptor sites or polyadenyl-
ation signals can severely affect the efficiency of virus
production and gene expression.

B. Virus Host Range and Titers

1. Considerations for Envelope Selection and Virus
Host Range. The nature of the viral envelope protein
determines whether a certain virus can enter a target
cell. Therefore, it is important to consider whether the
target cells have the correct cell surface receptor before
the selection of an envelope protein that will be used for
virus production. There are many examples of successful
interactions between the Gag proteins of one retrovirus
with the Env protein of a different retrovirus that result
in functional pseudotyped viruses (Miller and Butti-
more, 1986). However, not all Gag and Env proteins can
interact to produce functional pseudotyped viruses
(Linial, 1999). If an unreported Gag and Env combina-
tion is being utilized to generate pseudotyped viruses, it
is desirable to characterize the nature of interactions
between Gag and Env. The Gag polyprotein determines
the specificity of vector RNA packaging; therefore, the
vector used has to contain the proper packaging signal
for efficient virus production.

2. Ping-Pong Amplification. Several strategies have
been developed to achieve high virus titers. One strategy,
referred to as the ping-pong method, uses cocultivation of
two packaging cells that express different envelope pro-
teins (Kozak and Kabat, 1990). The expression of the en-
velope protein in cells can reduce the efficiency of infection
with viruses containing the same envelope protein; this is
called superinfection interference. Cocultivation of the two
packaging cells results in efficient infection of each pack-
aging cell line with a virus produced from the other
packaging cell line. As a result, multiple copies of the
vector accumulate in each cell, which results in dramati-
cally increased virus production. It must be noted however
that high titer virus preparations produced with the ping-
pong method often contain replication-competent viruses
that presumably are generated through high frequency
recombination.

3. Concentration of Viruses. Another strategy to
achieve high viral titers involves concentration of virus
particles using physical methods. Virus concentration
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can be achieved by commercially available concentrators
or by ultracentrifugation of virus particles. It is impor-
tant to determine whether the process of virus concen-
tration affects the infectivity of the virus. If the viral
particles are concentrated 100-fold, but the virus infec-
tivity is reduced 10-fold, then only a 10-fold increase in
the virus titer is achieved.

In comparison to some DNA viruses, retroviruses are
much more labile and significant loss of virus infectivity
is observed during various procedures designed to con-
centrate virus. However, it has been shown that VSV G
pseudotyped viruses can be successfully concentrated by
ultracentrifugation without loss of virus infectivity; as a
result, virus titers of up to 107 to 10? infectious units per
ml can be achieved (Yee et al., 1994a,b). Therefore, ret-
roviruses with high infectious titers can be generated
through physical concentration of the viruses under ap-
propriate conditions.

C. Safety Concerns Associated with Retrovirus-Based
Gene Therapy

Possible transmission of a replication-competent virus
to patients is a major safety concern associated with
using viral vectors for gene therapy. Replication-compe-
tent MLV has been shown to cause lymphomas in pri-
mates used in gene therapy experiments (Donahue et
al., 1992; Vanin et al., 1994; Purcell et al., 1996). Be-
cause of this concern, all clinical grade vector viruses are
extensively tested for the presence of replication-compe-
tent viruses. In addition, the helper constructs and ret-
roviral vectors are carefully designed to reduce the prob-
ability of generating a replication-competent virus
through recombination.

Replication-competent viruses can either be gener-
ated through recombination between the helper con-
structs and the vectors, or they can be produced through
recombination between an endogenous retrovirus
(present in the host genome) and the helper construct or
the vector. Recombination events can occur during DNA
transfection or during reverse transcription of the virus
(Hu and Temin, 1990). Regardless of the mechanism, the
frequencies of recombination are augmented by the ex-
tent of homology between the helper construct and the
retroviral vector. Therefore, several retroviral vectors
and helper constructs have been modified to reduce the
extent of homology. In addition, other features have also
been incorporated into these systems. For example, self-
inactivating vectors discussed earlier that can delete
cis-acting sequences important for viral replication such
as the packaging signal were generated. This reduces
the probability of the helper construct obtaining the
packaging signal from the vector. Similarly, split-ge-
nome packaging cell lines discussed earlier were devel-
oped to reduce the probability of generating a replica-
tion-competent virus. In addition, gene delivery systems
containing vector and helper constructs from different
viruses have also been developed. For example, HIV-1

core proteins have been used to package SIV vectors,
and SNV core proteins have been used to package MLV
vectors. The reduced nucleotide homology between
helper construct and viral vector should reduce the prob-
ability of recombination and the generation of replica-
tion-competent virus (White et al., 1999). However, this
approach has its limitations because these are the only
two known examples of retroviruses in which the viral
Gag/Gag-Pol protein of one virus can support the repli-
cation of the viral genome of another virus (Embretson
and Temin, 1987a; Rizvi and Panganiban, 1993; Certo et
al., 1998, 1999).

Endogenous retroviruses that are related to MLV are
present in the genomes of all mouse cells, and they also
play a role in the generation of replication-competent
viruses (Purcell et al., 1996). To avoid possible recombi-
nation with endogenous MLV-like viruses, some re-
cently constructed helper cell lines have been derived
from human cells that are not expected to contain en-
dogenous MLV-like viruses (Ory et al., 1996).

Another potential safety concern is that retroviruses
may integrate into host genes and inactivate essential
functions or activate cellular oncogenes by insertion of
promoters (Coffin, 1996). These genetic events have
been observed in experimental animals infected with
replication-competent retroviruses (Coffin, 1996). How-
ever, the number of infectious events carried out in an
experimental animal to observe these rare events are far
greater than those carried out in a gene therapy trial
using vectors devoid of replication-competent viruses.
Therefore, these rare events may pose a theoretical
rather than a realistic safety concern.

VIII. Gene Therapy Applications and Future
Directions

A. Retroviral Vectors Used in Gene Therapy Clinical
Trials

Gene therapy approaches involving retroviral vectors
can be used to treat several different types of human
diseases. Diseases that are amenable to gene therapy
include genetic disorders, a variety of cancers, graft-
versus-host disease after bone marrow transplantation,
and some infectious diseases. Gene therapy approaches
to a variety of diseases are being tested in many clinical
trials. The results of some of these clinical trials have
been discussed in some recent reviews (Hwu and Rosen-
berg, 1994, Blaese, 1995a,b; Breau and Clayman, 1996;
Dunbar, 1996; Lotze, 1996). A few examples of gene
therapy clinical trials involving retroviral vectors are
briefly described below.

The first clinical trial of human gene therapy was
designed to correct a genetic disorder known as adeno-
sine deaminase (ADA) deficiency (Blaese et al., 1995).
The patients lack adenosine deaminase, which results in
severe combined immunodeficiency. In this gene ther-
apy protocol, the patients’ white blood cells were isolated
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and infected with an MLV-based vector that expressed
ADA and a neomycin phosphotransferase gene (neo),
which served as a selectable marker. Cells infected with
the vectors were selected for resistance to G418 (a neo-
mycin analog). These infected cells were then introduced
back into the patients. This treatment improved the
patients’ physical condition and the vector provirus con-
taining the ADA was detected in the patients’ blood after
several years, indicating that the gene therapy was long-
lasting (Blaese et al., 1995).

Several different gene therapy strategies are being
developed in an effort to treat a variety of cancers. These
strategies include elimination of cancer cells by suicide
gene therapy (Oldfield et al., 1993), reversion of cancer
cells to normal cells by delivery of a functional tumor
suppressor gene (Roth et al., 1996), and modification of
cancer cells to elicit stronger immune responses (Lotze
et al., 1994).

Another potential application of gene therapy is to
prevent severe graft-versus-host disease that often re-
sults from allogeneic bone marrow transplantation. In a
gene therapy clinical trial, the bone marrow donors’
lymphocytes were first transduced with a retroviral vec-
tor encoding the herpes simplex virus thymidine kinase
gene (HSV-tk) (Bonini et al., 1997). HSV-tk is not toxic
by itself; however, HSV-tk can phosphorylate a nontoxic
prodrug named ganciclovir (GCV) to activate the toxicity
of the drug. The HSV-tk-expressing cells were then used
for bone marrow transplantation. Patients that devel-
oped graft-versus-host disease were treated with GCV to
eradicate the donor cells that were mounting an immune
response against the host. The results of this clinical
trial showed that this approach is effective in controlling
graft-versus-host disease (Bonini et al., 1997).

Retroviral vector-based gene therapies have also been
used in clinical trials to treat HIV-1 infection. Generally,
these treatments have involved modification of the syn-
geneic lymphocytes ex vivo using retroviral vectors and
are designed to suppress the expression of viral genes.
These strategies include use of antisense RNA, mutant
trans-dominant regulatory proteins, or ribozymes that
are targeted to cleave viral RNA (Nabel et al., 1994,
Morgan and Walker, 1996; Wong-Staal et al., 1998).
Another approach is to modify autologous fibroblasts to
express a part of the HIV Env so that a host immune
response can be elicited (Galpin et al., 1994).

B. Future Directions

Recently, retroviral-mediated gene therapy was dem-
onstrated to provide full correction of severe combined
immunodeficiency (SCID)-X1 phenotype in two patients
(Cavazzana-Calvo et al., 2000). This exciting advance-
ment clearly demonstrated that gene therapy can
achieve clinical benefit and provide treatment and/or
cure for certain diseases. However, many improvements
have to be made before the full potential of retroviral-
based gene therapy can be exploited; some of the direc-

HU AND PATHAK

tions for improvement are gene delivery efficiency, long-
term expression of the delivered genes, gene delivery in
vivo, cell-type-specific targeting, and safety. For exam-
ple, many of the therapy trial protocols involve removing
the target cells from the patients, delivering the gene of
interest ex vivo, and putting the cells back into the
patients. Although this approach works well for certain
diseases involving gene delivery to the blood cells such
as SCID-X1, it is not applicable to many other diseases
involving gene delivery into solid tissues. Directly deliv-
ering viral particles into patients involves overcoming
technical hurdles such as physically placing the parti-
cles near the target tissue, stability of the virus particles
in human blood/tissues, targeting the vector to the cor-
rect tissue, the effects of virus infecting nontarget cells,
and safety of the therapy. These and other technical
problems must be solved before using retroviral-based
gene therapy to treat certain diseases.

As described above, many retroviral systems have
been developed for gene delivery. It is unlikely that one
system will be the best tool for gene therapy of all dis-
eases; instead, it is likely that the advantage of each
system can be exploited to develop treatment for differ-
ent diseases. For example, some lentiviruses can infect
nondividing cells whereas MLV only infect dividing
cells. If the goal were to deliver genes into neural cells
for gene correction, it would be more effective to use
lentivirus-based vectors for the delivery. In contrast, if
the goal were to deliver suicide genes to treat cancer
cells in the neural system, then MLV-based vectors
would be attractive because they could target the divid-
ing cancer cells. Therefore, understanding the biology of
the viruses and the nature of the target cells is impor-
tant in the selection of a suitable gene delivery system.
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