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Abstract
Lentiviral vectors are efficient gene delivery vehicles suitable for delivering long-term transgene
expression in various cell types. Engineering lentiviral vectors to have the capacity to transduce
specific cell types is of great interest to advance the translation of lentiviral vectors towards the clinic.
Here we provide an overview of innovative approaches to target lentiviral vectors to cells of the
immune system. In this overview we distinguish between two types of lentiviral vector targeting
strategies: 1) targeting of the vectors to specific cells by lentiviral vector surface modifications, and
2) targeting at the level of transgene transcription by insertion of tissue-specific promoters to drive
transgene expression. It is clear that each strategy is of enormous value but ultimately combining
these approaches may help reduce the effects of off-target expression and improve the efficiency and
saftey of lentiviral vectors for gene therapy.
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INTRODUCTION
The delivery of genes of interest to cellular targets has been studied intensively over the past
twenty years in hopes that autoimmune diseases such as Parkinson's disease and severe
combined immunodeficiency (SCID), as well as cancers, may be cured. It has been over a
decade since the first gene therapy procedure was performed on a patient.(1) The patient was
born with SCID, which required her to live in relative isolation with frequent bouts of illnesses
and routine administration of antibiotics. For the procedure, the patient's white blood cells were
removed and cultured in the lab. Then, the missing genes were inserted into the cells and the
cells were infused back into the patient's bloodstream. After this, the patient's immune system
was strengthened by 40%, although the procedure was not permanent and so the corrected
white blood cells had to be repeatedly infused every few months. There has been some debate
whether these results were obtained solely due to the gene therapy procedure versus the other
treatments which were administered; however, this study was at least able to demonstrate that
gene therapy could be administered to a patient without adverse consequences.(2)

GENE DELIVERY VECTORS
There are two types of vehicles by which genes may be delivered into cells. First, synthetic
delivery vehicles can be used. These usually consist of either lipids or polymers which surround
the DNA, termed lipoplexes(3) and polyplexes, respectively. There are three types of
lipoplexes: anionic, neutral, and cationic. Anionic and neutral lipids were initially preferred
since they were safer, more compatible with body fluids, and had the potential for tissue-
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specific gene transfer; however, production of these lipoplexes was difficult and expression in
transduced cells was relatively low(4). Cationic liposomes, on the other hand, naturally form
complexes with DNA, which is negatively charged. The positive charge also facilitates the
penetration of the complexes into the negatively charged cellular membrane. Most polyplexes
are created with cationic polymers. Unlike lipoplexes, though, some polyplexes are unable to
deposit the DNA into the cytoplasm.(5) Thus, these polyplexes need to be co-transfected with
endosome-lytic agents, such as inactivated adenovirus, to be effective. Synthetic, non-viral
vectors have both advantages and disadvantages. They are capable of being produced on a
large scale and have low host immunogenicity; however, although recent advances in vector
technology have yielded higher transfection efficiencies, they remain too inefficient for most
clinical applications.

The second type of gene delivery vehicle is the viral vector. These exploit the natural ability
of viruses to efficiently deliver genetic materials to cells. With the tools available to modern
biology, therapeutic transgenes can be easily swapped with the original viral genes, resulting
in specialized gene delivery vehicles. Several in vivo studies, animal disease models, and even
clinical trials have been successfully conducted using viral delivery vectors, mostly using
adenoviral, adeno-associated, retroviral, or lentiviral vectors.(6) However, several factors limit
the efficacy of viral vectors for gene delivery. First, systemic barriers, such as pre-existing
immunity,(7-9) and cellular barriers, such as binding to the cell surface,(10,11) hinder the
efficient delivery of genes into the cells. Also, inefficient production and purification of the
viral vectors,(12,13) as well as poor transduction efficiency to the therapeutically relevant cells
(11,14) are other barriers that must be overcome for viral gene delivery vectors.

RETROVIRAL VECTORS
Retroviruses are enveloped viruses with diploid, single-stranded, 7-12 kb positive sense RNA
genomes.(15) This genome contains gag, which encodes the structural proteins (matrix protein,
capsid protein, and nucleocapsid protein), pro and pol, which encodes enzymatic proteins
(protease, reverse transcriptase, and integrase), and env, which encodes the surface and
transmembrane units of the envelope protein (Figure 1).(16) The genetic material is contained
in the nucleocapsid, which is enveloped by a bi-lipidic membrane taken from the virus-
producing cell. The glycoproteins are inserted into this membrane and are responsible for
binding the virions to receptors on the cell surface. The interaction between the envelope
glycoprotein and cellular receptors is what determines viral tropism. Binding leads to
conformational changes in the viral envelope glycoprotein, exposing the hydrophobic fusion
peptide. When inserted into cellular membrane, this peptide will mediate fusion between the
viral and cellular membranes. After virus-cell membrane fusion occurs, the core nucleoprotein
complex is released into the cytoplasm and reverse transcription of the viral genome into DNA
occurs. This newly synthesized double-stranded DNA is then transported into the nucleus and
integrated into to the host chromosome.

Since retroviruses are able to accommodate extensive changes to their genomes and integrate
efficiently into the genomes of their host cells, they are excellent candidates for gene transfer
vectors. The first retroviral vectors were produced with the help of replication-competent or
helper viruses. In 1983, retroviral packaging cells were created that supplied the retroviral
proteins but did not produce replication-competent viruses. Later, all the viral coding regions
were deleted and only the vital viral elements for high-efficiency transfer were retained. Since
viral entry, reverse transcription, and genome integration are not dependent on the synthesis
of viral proteins, the viral vectors can contain only the genes of interest.

Retroviral vectors hold many advantages over other gene delivery methods. First, they can
transduce many different types of cells from different species. They can also integrate their
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genetic payload into cells with precision and produce high levels of transgene expression. Since
the virus had been engineered to be replication-incompetent, there is no danger of the vector
spreading to other cells, or of viral proteins being produced after transduction. Lastly, retroviral
vectors have a relatively large payload capacity and offer low immunogenicity.(15) Drawbacks
of retroviral vectors include the inability to transduce non-dividing cells, the lack of stability
in the envelope proteins, and the risk of insertional mutagenesis due to the semirandom
integration of genes.(17)

LENTIVIRAL VECTORS
A subclass of retroviruses that has emerged as another vehicle for gene delivery is the lentivirus.
Lentiviral vectors (LVs), such as those derived from the human immunodeficiency virus (HIV)
are capable of infecting nondividing cells through mitosis-independent transport of the viral
DNA into the nucleus.(18,19) This feature is particularly useful for gene transfer to nondividing
cells, such as antigen presenting cells (APCs), monocytes, and neurons.(19-21) LVs also do
not tend to integrate by transcriptional initiation sites, a problem faced by other viral vectors.
(22) However, like retroviral vectors, high-titer production of LVs has been difficult due to the
complex nature of the virus. To combat this problem, vectors have been produced which contain
the vesicular stomatitis virus (VSV) envelope protein with the HIV core proteins. This has
resulted in higher-titer vector production, as well as higher transduction efficiencies.
Development of the LV has been geared towards improving safety by reducing the risk of
insertional mutagenesis. First, the vector was made self-inactivating (SIN) and the enhancer
in the LTRs has was deleted.(23) Second, to prevent read-through transcripts, a strong RNA
polyadenylation sequence was added to the vector sequence.(24) Lastly, DNA insulators were
inserted into the LTR to isolate the internal promoter from the neighboring genome.(25)

GENERAL TRANSDUCTIONAL TARGETING STRATEGY: DELIVERY OF
GENES TO SPECIFIC CELLS

One strategy for altering the cellular tropism of lentiviruses is through the construction of
phenotypically mixed particles, or pseudotypes, in which heterologous glycoproteins are
incorporated into the viron as it buds out from the producing cell.(26) Pseudotyping LVs
consists of engineering vector particles to incorporate envelope glycoproteins (GPs) derived
from other enveloped viruses. Pseudotyped particles adopt the tropism of the virus from which
the GP was derived.(26) Perhaps the most prominent glycoprotein used to pseudotype
lentivectors is the vesicular stomatitis virus G (VSV-G) protein. VSV-G-pseudotyped
lentivectors appear to use ubiquitous lipid-type receptors, such as phosphatidylserine, resulting
in a broad cellular tropism.(27-29) This broad tropism, along with good vector stability,(30)
is the reason why VSV-G is the most widely used GP for pseudotyping LVs. However, VSV-
G-pseudotyped vector particles also have significant shortcomings. VSV-G expression is toxic
to cells if expressed constitutively and thus complicates the development of stable packaging
cell lines.(31) Furthermore, VSV-G-pseudotyped particles are inactivated by human serum
complements, requiring PEGylation for in vivo applications.(32) Vectors based on HIV and
other lentiviruses have also been pseudotyped with various envelope proteins to expand the
host range to a variety of cell types. In addition, pseudotyping with alternative viral
glycoproteins can be used to resolve other limitations such as neutralization by host immune
responses, inefficiencies in production and purification, poor specificities, and poor
transduction of therapeutically relevant cells.(33) Thus, pseudotyping techniques to generate
viral vectors with novel and improved gene delivery properties offer a potential system to
address these gene delivery shortfalls.

Entry of pseudotyped viruses is limited to cells and tissues that express the appropriate cellular
receptor. The natural budding mechanism of the lentivirus and the plasticity of the envelope
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membrane to be altered allow pseudotyping with surface glycoproteins from a variety of
different enveloped viruses. Previous virus envelopes used to pseudotype lentivectors have
been review elsewhere,(26) but among others include: lyssavirus (Rabies virus), arenavirus
(lymphocytic choriomeningitis virus (LCMV)), alphavirus (Sindbis virus), influenza virus
(HA), coronavirus (SARS-CoV), Flavivirus (HCV), Filovirus (Ebola), Gammaretrovirus
(RD117), Bacculovirus (GP64), and Measles virus. These pseudotyped vectors vary widely in
their cellular tropism, titer, efficiency of packaging, stability, immune response, and
inactivation by complement. All characteristics should be carefully considered when choosing
a suitable glycoprotein tailored to best fit the experiment. For example, the superiority of
Gibbon Ape Leukemia virus (GALV) and the cat endogenous retroviral glycoprotein (RD114)
for transduction of progenitor and differentiated hematopoietic cells was established by
screening a large library of pseudotyped vectors.(34-37) HIV-1 vectors pseudotyped with
RD114 and amphotropic murine leukemia virus (MLV) glycoproteins were more efficient than
VSV-G pseudotypes at transducing human cord blood CD34+ cells and progenitors.(34) When
lentiviruses are utilized in the CNS, additional glycoprotein characteristics such as retrograde
transport must be considered. While envelope proteins from VSV and Rabies come from the
same viral family and exhibit similar tropism, they have very different retrograde transport
activities when injected into the striatum of the mouse brain.(38) Whereas VSV-G transduces
cells locally, equine infectious anemia virus (EIAV) pseudotyped with rabies envelope proteins
undergo retrograde transport to the thalamus upon striatal injection.(39) Ultimately, the aim
of incorporating alternative envelope glycoproteins is to produce a therapeutic, safe, and
efficient LV for clinical applications.

Alphaviruses exhibit a wide cellular tropism that includes important gene therapy targets such
as antigen-presenting cells, neurons, and muscle cells. The cellular receptors for the various
alphavirus glycoproteins have not yet been identified; however, several receptors or receptor-
coreceptor combinations may be involved in virus entry. This property allows the tropism of
HIV-1-based LVs to be altered.(40) Recently, wild-type mosquito-produced Sindbis
alphavirus(41) was shown to use C-type lectins as attachment receptors leading to productive
transduction of dendritic cells. Additionally, several reports of efficient pseudotyping of LVs
with Ross River virus (RRV), Semliki Forest virus (SFV), and Sindbis virus (SIN)
glycoproteins have been reported.(42-44) Pseudotyping is an alternative straightforward
method to utilize the mechanism by which alphaviral glycoproteins can mediate transduction
by C-type lectins. As an important example, to narrow the tropism of LVs and enhance vector
stability, Sindbis virus glycoproteins have been mutated to reduce binding to heparan sulfate
and enhance dendritic cell tropism.(45,46) High affinity interactions of viral glycoproteins with
these C-type lectins might represent a strategy by which dendritic cells can be targeted by
viruses. Enhanced delivery of antigen to immature dendritic cells may provide an opportunity
for improvement of vaccines, particularly for gene-based vaccination approaches.

Development of methods capable of engineering LVs to be cell type-specific receptors could
substantially change the current practice of gene therapy and greatly expand the scope of gene
therapy for disease treatment.(47-49) Cell-specific transduction can address most of the side
effects of off targeting gene transfer by the precise introduction of the therapeutic nucleic acid
into expected cells.(49) A common strategy is to genetically modify envelope glycoproteins
to incorporate targeting ligands into LVs. It was found that several glycoproteins have
structures that are able to tolerate the insertion of binding motifs such as peptide ligands,
(50-53) single chain antibodies,(54-56) growth factors,(57-60) etc. These engineered
glycoproteins can retarget vectors to cells expressing their corresponding target moieties.
Another popular approach is to introduce a “molecular bridge” to direct vectors to specific
cells(49). The molecular bridge has dual specificities: one end can recognize viral
glycoproteins and the other end can bind to the molecular determinant on the target cell. Such
a molecule can direct the attachment of viral vectors to target cells for transduction. To date,
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ligand-receptor, avidin-biotin, and chemical conjugations have been exploited for the creation
of such molecular bridges to retarget envelope vectors.(61-63) Recently, monoclonal
antibodies have been introduced as a new kind of molecular bridge to allow vectors to
preferentially transduce cells expressing cognate surface antigens both in vitro(44) and in vivo.
(64) In such studies, the E2 protein of the Sindbis virus glycoprotein was modified to contain
the Fc-binding domain of protein A. Thus, one end of the monoclonal antibody could bind to
viral vectors and the antigen recognition end could direct vectors to antigen-expressing cells.
Proteins overexpressed by producer cells can also be incorporated onto the vector surface. LVs
have been produced that incorporated CD4 and CCR5 or CD4 and CXCR4 to target the HIV
primary receptors and co-receptors of HIV-1-infected cells.(65,66)

Functions of binding and fusion of some natural viruses such as paramyxovirus are attributed
to two proteins: an attachment protein and a fusion protein.(67) Thus, mimicking such viruses
to separate the binding and fusion functions as two distinct envelope molecules on the surface
of enveloped vectors represents another attractive strategy for targeting. Lin et al. incorporated
a binding-defective but fusion-competent hemagglutinin (HA) protein as a fusion protein and
a chimeric glycoprotein engineered to contain specificity for the Flt-3 receptor as a binding
protein, into gammaretroviral vectors.(68) It was shown that such two proteins could
complement each other to mediate preferential modification of cells expressing Flt-3 in vitro
(68). We have demonstrated successful targeting LVs by co-display of membrane-bound
antibody as the binding protein and fusogenic molecule derived from Sindbis virus
glycoprotein as the fusion protein.(69) Efficient and specific transduction was accomplished
by a two-stage process: endocytosis induced by the antibody-antigen interaction and fusion
triggered by the acidic pH within the endosomal compartment.

GENERAL TRANSLATIONAL TARGETING STRATEGY: TRANSGENE
EXPRESSION IN SPECIFIC CELLS

Another strategy for targeting the genetic manipulation of specific cell types is through the
construction of tissue-specific expression vectors, in which a tissue-specific promoter confers
restricted transgene expression in only the target cells. When the transgene is delivered to the
affected cell it would encounter the appropriate transcriptional machinery and theoretically
will not be eliminated by degradation or by an immune response. Tissue-specific promoters
have been widely used to restrict transgene expression using both viral vectors and non-viral
vectors. Most of them aim at the production of tissue-specific expression after transduction
and differentiation of hematopoietic stem cells (HSCs).

One focus of gene therapy relies on transduction of HSCs that are self-renewing and have the
potential to differentiate into all blood cells, which makes them the main target for the genetic
correction of hematopoietic diseases. Recently, transplantation of genetically modified HSCs
has been explored for the treatment of inherited blood disorders such as SCID resulting from
the lack of the common γ chain receptor (X-linked SCID),(70) adenosine deaminase-deficient
SCID (ADA-SCID),(71) and chronic granulomatous disease (CGD).(72) Previous studies have
revealed that MLV-derived vectors integrate in a nonrandom fashion into the host genome,
favoring transcripitonally active genes, CpG islands, and transcriptional start sites.(73) The
occurrence of leukemia-like disorders in patients with SCID-X1 treated by gene therapy has
been associated with insertional activation of protooncogenes.(74,75) The retroviral vectors
used in the previous clinical trials possessed strong enhancer and promoter elements within
the integrated viral LTR.(70-72,76) The strong enhancer of the LTR drives expression but is
known to be involved in the overexpression of the LMO2 protooncogene. Improved safety may
be achieved by the third generation self inactivating LVs, in which transgene expression is
driven by tissue-specific promoters. Tissue-specific promoters may prevent oncogenesis in
cells of the relevant lineages by using more tightly regulated protein expression.
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TARGETING IMMUNE CELLS USING CELL-SPECIFIC PROMOTORS
The goal of targeted gene delivery is precise transgene expression. The technique of driving
gene expression using LVs with restricted promoters is amendable to targeting various immune
cell types. Targeted expression in immune cells must produce an appropriate amount of
transcription without inducing an immune response or gene silencing. Recently, systems have
been developed to regulate transgene expression.(77) Clearly, transgene expression restricted
to only the target cell type, controlled expression of the gene, and a limited induced immune
response are desirable properties of an immune cell-specific promotor gene expression system.
Tissue-specific promoters have been used to restrict transgene expression to specific cells of
both non-immune and immune systems.(78) To target expression to specific cells of the
hematopoietic system, most tissue-specific expression has focused on the transduction and
differentiation of HSCs. Previous cell-specific lentiviral promoters have been shown to result
in B cell,(79-83) T lymphoid,(84-87) and general antigen-presenting cell-specific expression.
(88-94) However, the study of LV integration has pointed out the preferential insertion of the
transgene in transcriptionally-active sites of the cell genome.(95) Furthermore, additional
genetic elements are desirable to impede the convolution of the genome environment where
the transgene will be inserted.

For B cells, previously used retro/lentiviral promoters have included an immunoglobulin (Ig)
heavy chain enhancer in combination with a phosphoglycerate kinase or cytomegalovirus
(CMV) promoter to increase expression,(82) and a CD19 gene promoter to drive expression
of a marker gene in mice using a retroviral vector(83) and in human B cells using a LV.(79)
An Ig kappa (Igκ) light chain promoter and enhancer has been described as a useful B cell-
specific promoter in a LV.(80)

Given that T cells, whether CD4+ or CD8+, are prominent players in pathologic conditions
such as viral infection, autoimmunity, and cancer, specific expression of therapeutic genes in
T cells has important implications for gene therapy strategies. Using a LV with transgene
expression restricted through the CD4 gene promoter and enhancer sequences,(85) expression
was restricted to mature T cells. A LV driven by the T lymphocyte-specific proximal lck was
also able to restrict expression when injected to mouse embryos.(87) In contrast to transducing
HSCs then differentiating them into T cells, another strategy involves direct gene transfer to
the target cells. To efficiently transduce T cells with HIV-1-based lentivectors, the central DNA
flap of the wild-type virus, which acts as a cis-determinant of HIV-1 nuclear import, is
important for efficient gene transfer into prestimulated CD4+, as well as CD8+ human T cells.
(86) Stable high level expression of the transgene of interest is a crucial parameter for gene
therapy. To enhance the gene expression of LVs in primary T cells, one strategy is to
incorporate the CD2 locus control region (LCR) to regulate gene expression in T cells.(84)
The use of these vector construction techniques for T cell-based gene therapy of genetic
disorders appears very promising.

The technique of driving gene expression using LVs with restricted promoters is also
amendable to targeting various antigen-presenting cell types. The 3.2 kb dectin-2 gene
promoter fragment has been used to drive gene expression in a vaccine construct.(91) Because
of its tissue distribution, the dectin-2 gene has been considered a potentially promising method
to restrict gene expression to antigen-presenting cells.(88) Lopes and colleagues demonstrated
that lentivectors with gene expression driven by the dectin-2 promoter exhibited restricted
distribution to CD11c+ DCs after subcutaneous injection.(91) Additionally, dectin-2
lentivectors encoding the human melanoma antigen NY-ESO-1 stimulated significant CD8+

and CD4+ T cell responses in HLA-A2 transgenic mice.(91) The concept of driving gene
expressing using a LV with transcriptional control of a transgene was alternatively
implemented with the DC-specific DC-STAMP promoter to transduce HSCs and obtain
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transgene transcription predominantly in DCs and in some monocytes.(89) When injected into
the brain of a mouse, a LV containing the HLA-DRα promoter was able to target a population
of intraparenchymal microglia APCs.(96) Another potential application of APC-gene therapy
is to prevent an immune response after the infusion of gene-modified autologous stem cells
for the treatment of primary hematopoietic diseases, where the transgene had never been
present in the patient. Promoter targeting can circumvent the expression of transgenes by APCs
after hepatocyte gene therapy in a mouse model.(97) The immune response against the
transgene was much lower in the mice injected with a hepto-specific promoter versus an
ubiquiotous CMV promoter. Adoptive transfer of transgene-modified APCs or transgene-
induced adaptive regulatory T cells together with LVs could induce tolerance to transgene-
expressing cells.(98) However, the efficacy of promoter-specific targeting seems to depend on
its precise pattern or level of expression.

The administration of LVs carrying tissue-specific promoters should be directed to the affected
tissue where it would encounter the appropriate transcriptional regulatory machinery and not
incur restricted expression or be silenced by the host cell immune system. This strategy has
been proven to be a good method to restrict transgene expression. However, additional
convolution in the genome environment where the transgene will be inserted can also restrict
expression. The knowledge of LV integration tropism has been advanced enormously and
revealed the preferential insertion of the transgene in transcriptionally-active sites of the cell
genome. Thus, one could expect some transgene expression could take place due to the
transcription of upstream genes, even if the vector contains a tissue-specific promoter.

The use of tissue-specific promoters is a good approach to restrict transgene expression. When
combined with additional genetic components such as insulators to shield the promoter from
neighboring regulatory elements,(99-101) inducible expression,(77) and use of non-integrating
LVs,(102) the safety and controllability of tissue-specific transgene expression can be
significantly enhanced leading to better designed clinical vectors.

TARGETING IMMUNE CELLS USING MODIFIED ENVELOPE PROTEINS
The need for efficient and safe gene transfer to immune cells has led to a growing interest in
the development of methods for targeting lentivectors to specific target cells and tissues.
Development of a high titer lentivector to receptor-specific immune cells is an attractive
approach to restrict gene expression and could potentially ensure therapeutic effects in the
desired cells while limiting side effects caused by gene expression in non-target cells. Many
attempts have been made to develop targetable transduction methods by using LVs.(47-49)
Promising targeting methodologies have been developed for these vectors, but despite enticing
results, limitations remain.

Lentivectors initiate infection through interactions between their envelope glycoproteins and
specific cellular receptors, and this interaction is a critical determinant of viral tropism. The
natural budding mechanism of the lentivectors and the plasticity of envelope membrane
glycoproteins to be altered allow insertion of ligands, peptides, cytokines, and single-chain
antibodies that can direct the vectors to specific cell types.(16,103-105) One targeting strategy
for gene delivery to immune cells attempts to redirect the tropism of the envelope glycoprotein
of MLVs by the addition of ligands, which bind to specific molecules associated with the cell
membrane.(60,106) However, this approach has often resulted in relatively inefficient infection
because the function of the chimeric envelope protein was compromised to some extent.
(107) Likewise, targeting of enveloped lentiviruses using single-chain antibodies fused to the
MLV envelope protein has resulted in similar limitations.(55,93,108-111) Another strategy
involves using “bridging molecules” to target vectors. In order to target ecotropic MLVs by
means of MHC class I and class II antigens, antibodies against ecotropic MLV GP are bridged
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by streptavidin to specific cell membrane markers on the other side.(63) The MLV-modified
targeting vector's transduction remains limited by inefficiency due to the diminished fusion
activity of the engineered surface protein, which reduces endosomal delivery of the viral capsid
into cells. Similar methods have been used to alter the natural tropism of a lentivector surface
protein to enhance transduction of MHC-1-expressing cells but have been met with similar
difficulties.(112) Another approach circumvents this fusion deficiency by utilizing vectors
displaying both MLV glycoproteins fused to activating ligands and VSV-G to enhance HIV-1
lentivector transduction of resting T cell lymphocytes.(58,113,114) However, these approaches
have had limited success and future attempts must resolve fusion activity while preserving the
ligand targeting, thereby producing efficient high titer lentivectors.

Systemic injection of HIV-vectors pseudotyped with various envelope proteins results in
predominant transduction of the liver and spleen.(115) HSCs are often used as targets for
therapy because of their self-renewal and multi-lineage differentiation capabilities. Although
HSCs only represent a small fraction of cells in the bone marrow, they can fully reconstitute
all blood cell elements including cells integral to the immune system such as B cells, T cells,
and dendritic cells. A system to deliver genes specifically to HSCs would be a powerful tool
for engineering novel therapies for the hematopoietic system. To circumvent the need for
specific targeting, current strategies depend upon direct injection to a localized site with cell-
specific promoters/enhancers or ex vivo isolation, purification, and transduction. While natural
viral variants can offer some desirable properties for the transduction of hematopoietic cells,
they possess several limitations such as poor specificities and poor transduction of
therapeutically relevant cells.(26) Recently, RRV-mediated transduction of human CD34+

cord blood cells and progenitors was very inefficient.(42) Therefore, protein engineering
approaches to generate viral vectors with novel and improved gene delivery properties offer
attractive means to address these gene delivery problems for HSCs. Interestingly, surface
proteins overexpressed by producer cells can be also efficiently incorporated into virion
particles during vector production, facilitating novel targeted gene delivery opportunities.
(69,116) However, when both ecotropic MLV glycoproteins and the membrane-bound form
of stem cell factor (SCF) were produced, the virus transduced cells in a inverse targeting
fashion.(117) The SCF-displaying vectors failed to infect c-kit-positive hematopoietic cells,
but efficiently infected c-kit-negative epithelial carcinoma cells. This was because the fusion
function of MLV is dependent on the binding of the glycoprotein to the cell. Similarly, another
targeting methodology incorporates avidin or streptavidin onto the viral surface along with the
gp64 glycoprotein. These vectors conjugated to biotinylated ligands or antibodies can be
retargeted to enhance transduction of target cell types.(118) One limitation in using this strategy
is that the viral glycoproteins used for fusion retain their binding potential creating high levels
of non-targeted infection. However, the fusion function remains intricately linked with the
binding of the viral fusogen glycoprotein, causing problems when the binding function is
separated from the fusion molecule.

One approach to limit the background infection caused by viral fusogen binding is to create a
binding-defective version of the viral fusogen molecule. Cannon and coworkers created a
binding-defective version of Fowl Plague Virus Rostock 34 (HAmu). When incorporated into
a retrovirus displaying a functionally attenuated envelope glycoprotein targeted to murine
Flt-3, HAmu could enhance viral transduction efficiency.(68) HAmu is thought to mediate
fusion independent of receptor binding and, when targeted to the Flt-3 receptor, could be useful
for vectors directed either to hematopoietic progenitor cells or myeloid leukemias.(47) In
another strategy to target lentivectors to immune cells, Chen and coworkers created lentivectors
pseudotyped with the Sindbis virus glycoprotein containing the IgG binding domain of protein
A (ZZ domain). When combined with a CD4 antibody, the vectors were able to specifically
transduce CD4+ lymphocyte subpopulations in human primary peripheral blood mononuclear
cells (PBMCs).(44) To target dendritic cells, the natural affinity of the Sindbis virus, which
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naturally binds to DC-SIGN, was utilized by eliminating the binding to non-specific cellular
heparan sulfate molecules, thus restricting SVGmu pseudotyped particles to DCs.(46) Further
mutations by Chen and coworkers in the Sindbis glycoprotein made a binding-deficient and
fusion competent molecule,(64) which, when combined with a CD34 antibody, produced
vectors which specifically transduced CD34+ cells in nonpurified human mobilized PBMCs.
(119) We adapted this form of Sindbis glycoprotein but decoupled the antibody binding domain
and instead separated the binding and fusion functions into two separate molecules that are
inserted into the viral envelope.(69) With the addition of membrane-bound anti-CD20
antibody, vector particles conferred their binding specificity to cells expressing the B cell
marker CD20.(69,120,121) The efficiency was further enhanced by engineering several mutant
forms of the Sindbis fusogen which exhibited elevated fusion functions in a pH-dependent
manner.(121) This system was further expanded to deliver genes to monospecific
immunoglobulin-expressing B cells,(122) CD3-positive T-cells,(123) and CD117-expressing
HSCs.(124) In another approach to target CD20 human primary B lymphocytes, the measles
virus binding (H protein) and fusion (F protein) functions were divided and the viral
glycoprotein was retargeted using a single-chain antibody fused to the mutant binding-deficient
H protein.(125) Such lentivectors re-targeted to specific immune cells are an attractive vehicle
for targeted gene delivery and could potentially ensure therapeutic effects in the desired cells,
while limiting side effects caused by gene expression in non-target cells.

CONCLUSION
Several promising targeting methodologies have been developed for lentivectors to modify
immune cells (see Table for the summary). Although this review has focused largely on the
final step of achieving targeted gene expression, other aspects are equally important. These
hurdles include high costs of vector production for clinical use, immune system barriers
(antibodies, complement system), and questions of systemic application and dosage.(49)
However, despite these hurdles, the enticing results and the promise of cures for previously
incurable diseases warrant further studies and clinical consideration.
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Figure 1.
Schematic of the retrovirus structure and a representative lentiviral vector backbone plasmid,
FUW.
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Table 1

Targeting of Lentiviral vectors to immune cells using amendable strategies by modifying the envelope targeting
or by transcriptional targeting.

Target cells Envelope Targeting References Transcriptional Targeting References

Antigen Presenting Cells (46,108) (88-94)

T Cells (44,58,106,113,123) (84-87)

B Cells (69,120-122,125) (79-83)

Hematopoietic Stem Cells (68,107,114,117,119,124) (126)

Macrophage/Other (60,63,110-112) (127,128)
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