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Summary

Encouraged by remarkable successes in preventing infectious diseases and by the well established
potential of immune system for controlling tumor growth, active therapeutic immunization
approaches hold great promise for treating malignant tumors. In recent years, engineered
recombinant viral vectors have been carefully examined as genetic immunization vehicles and
have been demonstrated to induce potent T cell mediated immune responses that can control tumor
growth. Very recent efforts suggest that lentivectors possess important advantages over other
candidate recombinant viral vectors for genetic immunization. Here we review the development of
recombinant lentivectors and the characteristics of T cell immune responses elicited by lentivector
immunization, including the mechanism of T cell priming with a focus on the role of skin
dendritic cells (DC) and potential applications for tumor immunotherapy.
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1. Introduction

T cell mediated immunity is critical for the prevention and control of a broad range of
infectious diseases and human malignancies 1 2. Elimination of tumor is mainly dependent
on the activation of tumor specific T cells, and especially CD8+ T cells, to recognize and
kill tumor cells. Thus, active immunization against tumors is intended to elicit potent and
durable T cell immune responses to eliminate existing tumors, and recognize and destroy
evolving tumor cells as they arise. However, despite extensive efforts and many clinical
trials, efficacy in tumor immunotherapy has been limited. The immunosuppressive condition
induced by growing tumors and weakly immunogenic self-antigen (Ag) tumor targets likely
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contribute to the failure of tumor immunization 35, but also suggest that better Ag delivery
systems are needed in order to elicit effective immune responses against weak Ag in
immune compromised environments.

Genetic immunization, especially with recombinant viral vectors, is a promising approach
for the elicitation of T-cell immunity, and genetic immunization strategies are now being
developed in animal models and evaluated in clinical trials 1. A number of different
recombinant viral vectors have been examined for the purpose of genetic immunization ’.
Recombinant vaccinia viruses were among the first vectors developed for genetic
immunization 8710 and have been widely utilized in clinical trials 1. However, comparative
studies suggested that vaccinia vectors is not as effective as other viral vectors in term of
eliciting effector and memory T cell immunity in mice and in non-human primates 12714, In
addition, their efficacy for immunization has been shown to be limited by pre-existing anti-
vaccinia immunity in the general population. In contrast, adenovirus based vectors, are
generally considered to be the most potent gene delivery vehicles for inducing T cell
immune responses 12: 15, However, the clinical application of adenoviral vectors for
immunization is also limited by vector immunogenicity. In particular, the development of
dominant immune responses against viral Ags is a major factor limiting the generation of
transgenic Ag specific immune responses. This appears to be a problem both in the context
of widespread pre-existing antivector immunity in targeted populations, and in regard to de
novo generation of immunodominant immune responses against vector Ags following vector
delivery. In this context, very recent studies suggest that lentivectors (lentiviral vectors) are
promising vectors for eliciting Ag specific T-cell immunity 16720, Immunization with
lentivectors has been observed to induce remarkably potent and durable T-cell immunity.
This is likely related to their capacity to transduce non-dividing cells, including DCs in vivo,
and to enable persistent Ag presentation through high level expression of transgenes and low
vector immunogenicity. Lentivector has recently been utilized in preclinical animal models
for prevention of infectious diseases 21723 and tumor immunotherapy. With improved
bisosafety and better understanding of the basic mechanism of T cell priming induced by
lentivector immunization, these vectors have great potential to effectively deliver Ag to
induce potent T cell immunity against tumors. Here we provide a brief description of
lentivector development and then review the recent progress in the development of
lentivector based genetic immunization with emphasis on the immunobiology of
lentivectors, the unique mechanistic features of lentivector-mediated immunization that may
contribute to their observed potency, and the promising potential of lentivector mediated
genetic immunization in tumor immunotherapy.

2. Lentivector development

Recombinant lentivectors are replication-defective, hybrid viral particles made of RNA
containing the cis-element of the lentiviral genome, lentivirus core protein and enzymes, and
the envelope protein of a different virus, typically the vesicular stomatitis virus glycoprotein
(VSV-G). Lentivector was first developed for the purpose of gene therapy because of the
merits of infecting non-dividing cells and prolonging gene expression in infected cells
through genome integration. The first generation of lentivector was described by Naldini et
al in the middle of 1990s using three plasmid co-transfection methods 24. The HIV genome
with deletion of the packaging signal and envelope protein was employed as a packaging
construct under the control of the heterologous CMV promoter. A second plasmid encoded
the envelope protein of VSV-G for generating pseudotyped hybrid viral particles. The third
plasmid served as transfer plasmid carrying the desired gene and cis-acting elements such as
packaging signals. RNA transcribed from the transfer plasmid is encapsulated by VSV-G
envelope protein into the viral particle that is then released into medium from co-transfected
cells to form recombinant lentivector. The utilization of VSV-G protein as envelope not only
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results in greater stability but also broadens the tropism of lentivector infections. The
biosafety of recombinant lentivector was improved by deleting all the accessory proteins
that are crucial for viral virulence (Vif, Vpr, Vpu, and Nef) of the lentiviral genome in the
packaging plasmid, resulting in the “second generation” lentivector without reducing the
efficiency of transduction 25, In both the first and second generation lentivectors, the
regulatory protein Tat is essential for generating full length viral transcripts by binding the
TAR (transactivation response element) stem-loop structure in the nascent RNA to recruit
cyclin-kinase complex that stimulates transcription elongation by polymerase Il to form full
length lentivector genome.

The refinement of lentivector development led to the development of third generation of
lentivectors. In the “third generation” of lentivector, the requirement of Tat is offset by using
a constitutive chimeric promoter (RSV U3 enhancer joined to U5 region of HIV 5’ LTR)
upstream of the vector transcript 26. The biosafety of third generation lentivectors was
further improved by complete removal of U3 region of 3’ LTR, resulting in self-inactivating
lentivectors 27. During reverse transcription, the deletion of U3 region of 3° LTR is
transferred to the 5’ LTR of the proviral DNA, which abolish the promoter activity of 5’
LTR and the production of full length vector RNA from the proviral DNA. Thus, after being
integrated into the host cell genome, the recombinant lentivector is unable to produce the
viral genome. In the third generation of lentivector, Rev is provided in-trans by a separate
non-overlapping construct to further minimize the potential of generating replication-
competent recombinants (RCR, also called replication-competent virus, RCV). Figure 1
depicts the current widely used third generation recombinant lentivector and its packaging
plasmids. Recombinant lentivectors capable of expressing multiple genes have also been
developed. These vectors utilize either different promoters 28: 29 or the internal ribosomal
entry site (IRES) of encephalomyocarditis virus (EMCV) and/or foot-and-mouth disease
(FMDV cleavage factor 2A 30 to drive gene expression. These improvements broaden the
application potential of recombinant lentivector mediated gene delivery by enabling
simultaneous expression of multiple genes in desired target cells.

One of the major concerns of using integration competent viral vectors including
conventional oncoretroviral vector and lentivector in gene delivery and genetic
immunization is the insertional tumorigenesis. Indeed, infection of cancer-prone Cdkn2a
deficient mice with retrovirus Moloney murine leukemia virus (MoMuLV) led to marked
acceleration of myeloid and lymphoid tumors possibly by preferential integration into
cancer-related loci or signaling pathway involved in cancer 3. Furthermore, high frequency
of leukemia developed in the children of severe combined immuno deficiency (SCID)
treated with ex vivo retroviral vector modified stem cells 32. In contrast, however, in the
same cancer prone mouse model, injection of recombinant lentivector modified stem cells
did not accelerate tumorigenesis 33. Consistent with this, patients with HIV infections are
not associated with increased malignancy because of integration. In addition, there is no
adverse effect in the mice transplanted with lentivector transduced hematopietic stem cells
34 Even though current data indicate that recombinant lentivector possess much safer profile
compared to retroviral vector, the concern of insertional mutagenesis prompts development
of the non-integrated recombinant lentivector. Saenz et al reported that in vitro if cell
division was prevented, non-integrated lentivector can produce high level of transgene
expression equivalent to integration competent lentivector 35, Similar results were also
observed in vivo by demonstrating comparable level of transgene expression in non-dividing
ocular and brain regardless of integration proficiency 36. Since DCs (the most potent Ag
presenting cells) are non-dividing, it is likely that non-integrating lentivector will be equally
effective in stimulating Ag specific immune responses. Indeed, Negri et al showed that
single immunization with non-integrating lentivector stimulate potent and persistent T cell
responses and antibody production at day 30 and day 90 comparable to that induced by
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integrated lentivector although they did not examine if effector function early time points
was similar 37,

The commonly used approach for producing recombinant lentivector in laboratories utilizes
transient co-transfection methods using calcium phosphate precipitation 38: 39, Although
scale up of the co-transfection approach remains a challenge, this method is versatile in
allowing production of lentivectors which can be pseudotyped with a variety of viral
proteins with different cell type tropisms (see reviews by 40: 41, Recombinant lentivector
pseudotyped with envelope protein from different viruses results in preferential
transductions of restricted cell types, enabling partial targeting. Further specific cell
targeting by lentivectors has been achieved by incorporating specific single chain antibodies
into recombinant viral vectors which will recognize specific Ags whose expression is
restricted to specific cell types 42: 43, These improvements in lentivector construction
directly address biosafety concerns of HIV derived gene delivery vectors and are likely to
enable clinical applications of lentivectors in near future.

The concentrations of recombinant lentivector are measured as a titer, either as transduction
units (TU) or as p24 level in the preparations. The transduction units are determined by
examining the infectious particles using easily infectable cell lines such as 293T cells. This
method is time-consuming and only useful for lentivector expressing marker genes such as
GFP or other genes whose proteins can be easily identified. Measurement of p24 levels in
lentivector preparations is an alternative simple approach for approximating titers. However,
the co-relation between transduction units and p24 level can be variable. A good vector
preparation can be 10-100 transduction units per pg of p24. Other titration methods such as
real time quantitative PCR based methods to measure the copy number of genomes have
also been developed 44.

3. Lentivector mediated genetic immunization

For initiating (or priming) T cell responses, APCs have to acquire, process, and present
antigenic epitopes in the form of MHC-peptide complexes to T cells that possesses the right
TCR for recognizing the MHC-peptide complex. The most potent APCs are DCs. In fact,
DCs are the probably the only APCs that prime naive T cells in vivo 4°. Recent studiee
suggest that recombinant lentivector can effectively transduce DCs in vitro and in vivo and
induce potent and persistent T cell immunity and long-lasting memory T cell responses
underscored by prolonged in vivo Ag presentation. Mechanistic studies indicate that unlike
wild type viral infections where cross presentation by LN resident DCs is important for
eliciting antiviral T cell responses, migrating skin DCs can effectively present lentivector
encoded Ag to naive T cells following subcutaneous immunization of lentivector 6. This
direct priming mechanism likely contributes to the elicitation of potent T cell immunity
following lentivector immunization.

3.1 Transduction of APCs with recombinant Lentivector

Compared to conventional oncoretroviral vectors, a major advantage of lentivectors is their
capability to infect non-dividing cells. Since DCs are the most effective APCs and non-
dividing, a bona fides question is whether lentivectors can transduce DCs, resulting in
effective processing and presentation of lentivector encoded Ags to immune cells. Following
the first demonstration of transduction of CD34+ in vitro by lentivector and the transgene
expression in the progeny DCs in 1998 47, several groups independently found that
lentivectors are remarkably effective for transducing human peripheral monocyte derived
DCs in vitro. Reported efficiencies of human DC transduction have varied considerably
from 30-40% in some studies 48 49, to as much as 70-100% in others 20: 5052, Similar
efficiencies were observed in the transduction of murine DCs, by lentivectors with
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transduction efficiencies reported from 40-50% to more than 90% 16: 19, 50, 53 The
observed capacity of lentivectors to transduce non-dividing cells suggests that either mature
or immature human DCs can be transduced by lentivector. This has generally been shown to
be the case, but under some conditions higher transduction efficiencies can be obtained with
immature DCs 48: 50, It is not clear why such wide variation in transduction efficiency has
been observed, but it is likely that these differences relate to technical differences between
investigators and systems such as the method of lentivector preparation, titer determination,
and promoter used in the expression of transgenes, rather than to biologic variables. In
addition, comparative studies found that lentivector was more effective at transducing both
mouse BMDCs and human monocyte derived DCs than widely used adenoviral vectors %4,
Importantly, we and others had further found that lentivector transduction of BMDCs had
less effect on the maturation process of BMDCs in vitro as examined by the surface co-
stimulatory molecules and cytokine production in responses to inflammatory stimuli 16: 19,
Fonteneau et al also found that in vitro the maturation status of human CD11c+ DCs were
not affected by exposure to HIV particles °°. However, pDCs were potently activated by
HIV particles and produced type I IFN which induced the bystander maturation of myeloid
DCs. Brown et al confirmed this finding in vivo showing that the lentivector could activate
pDC to generate type | IFN which may limit transgene expression 26, Thus, it seems that
lentivector can activate pDC which could then indirectly activate myeloid CD11c+ DCs.

Consistent with in vitro results, recent studies show that direct administration of lentivector
via intravenous or subcutaneous injection results in transduction of Ag presenting cells
(APCs) including DCs in the spleen 5759, and in the draining lymph nodes 18: 46, 60,
Besides transduction of DCs in vivo, recombinant lentivector also results in transduction of
B cells in the spleen after intravenous injection 7: 59 or in the draining LNs after
subcutaneous immunization. But, B cells isolated from mice immunized with recombinant
lentivector did not induce naive TCR transgenic T cells proliferation. More importantly, B
cell knockout mice developed equally if not higher CD8 T cell immune responses following
lentivector immunization, suggesting that B cells, even though being transduced in vivo, do
not play a role in priming CD8 T cell immunity 61. However, based on available data, it is
unclear whether transduced B cells contribute to the maintenance of T cell immunity and the
development of memory T cell responses.

3.2 Role of skin DC subsets in CD8 T cell priming

Studies suggest that CD11c+ DCs are the only APCs that prime naive T cells responses in
vivo 45, However, CD11c+ DCs are a heterogenous group of cells that can have similar
dendritic shape but variations in Ag presentation function. These DC subsets have distinct
lineage, phenotype, and anatomical location, and possibly distinct functions. In mouse skin
draining lymph nodes (DLN), at least 6 DC subsets have been identified which can be
grouped into two major subdivisions based on their origins, i.e., tissue derived DCs and
blood derived DCs. Both groups of DCs can be further identified by their surface markers
62-64 Even though the DC subsets have been comprehensively characterized
phenotypically, the relative contributions of DC subsets to T-cell priming or cross-priming
immune responses after infection, and relevant to this discussion of recombinant
lentivectors, was unclear until recently.

Our general understanding of DC function is based in large part on the paradigm of skin
immune function 85 66, Following skin viral infections or skin immunization with
recombinant viral vectors, skin DCs (sDCs) including Langerhans cells (LCs) and dermal
DCs (DDCs) are infected and migrate to DLNs. These migrating and maturing sDCs were
suggested to be able to directly prime naive T cells in the DLNSs to initiate T cell immune
responses. However, this so called skin DC or LC paradigm was recently challenged by a
series of findings suggesting that skin migrating DCs were merely delivering the Ag
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captured in the periphery to LN resident DCs 67769 in a number of skin viral infections
including HSV, influenza virus (IAV), vaccinia virus (VV), lymphocytic choriomeningitis
virus (LCMV) infections, and Listeria monocytogenes bacteria infection. This
“collaborative” cross-presentation paradigm is appealing in the sense that Ag can be spread
to a large DC subset network for processing and presentation, creating a higher chance of
meeting cognate T cells and activating T cell responses. However, it apparently dissociates
the sentinel function and Ag presenting function of the DC networks. More importantly, this
cross presentation model also requires a subtle and undiscovered mechanism to faithfully
transfer presumably minute amounts of Ag and also environmental cues from migrating DCs
that have direct contact with invading microbes or other stimuli to the LN resident DCs that
are going to present Ag. In order to outsmart the microbes which develop the mechanisms of
evading the host immune system by either interfering with the Ag processing and
presentation of infected DCs, or by inducing cytopathic effects in infected cells, the host
could utilize this indirect mechanism to initiate defense against microbial invasion. In other
words, the host could use this mechanism only when they have to, especially when viral
infections interfere with the Ag processing and presenting function of APCs, such as in the
cases of HSV, HAV, and vaccinia virus infections. Thus, we suggest that Ag transfer is not
the primary pathway of Ag presentation. Further, we hypothesize that transduction of DCs
with recombinant lentivector, which has minimal deleterious effect on infected DCs, will
enable them to directly prime naive T cells. Consistent with our hypothesis, we found, by
utilizing a lentivector expressing the luciferase reporter gene, that the major DC subset
expressing the reporter gene in the DLN was the migrating skin DCs. Furthermore, the same
skin DC subsets migrating from the infected areas were able to prime naive CD8 T cells ex
vivo 46, We would propose that other genetic immunization strategies mediated by
recombinant viral vectors that do not adversely affect DC Ag presentation function,
including in theory some adenoviral and alpha viral vectors, could prime immune responses
through similar Ag presentation mechanisms. Thus, in contrast to wild type virus infection
in which the APC function of infected DCs is compromised, replication defective
recombinant viral vectors engineered to have no or little deleterious effects on infected cells
could enable directly infected DCs to prime naive CD8 T cells (Fig. 2). This could occur in
the presence or absence of cross-priming mechanisms. Further investigation of the
immunologic significance of direct priming, cross-priming, the role of different DC subsets
in priming and maintaining effector and memory T cell responses, and Ag transfer
mechanisms including the properties (stability) of Ags is likely to enable the design of
improved genetic immunization strategies.

3.3 Characteristics of lentivector mediated genetic immunization

The transduction of DCs in vitro and in vivo by lentivector and the ensuing priming of naive
T cells by lentivector transduced DCs suggest that recombinant lentivector can be an
effective vehicle for delivering Ag encoding genes into APCs for efficient expression,
processing, and presentation to induce potent immune responses. These specific features of
lentivector mediated gene transfer predict prolonged transgene expression and minimal
interference with the functions of host cells. Prolonged Ag expression may directly
contribute to the impressive potency and persistence of resulting T cell responses.

3.3.1 Prolonged Ag presentation in vivo after administration of lentivector
transduced DCs or after direct immunization with lentivector—The effect of in
vivo Ag presentation duration on the potency of effectors and the generation of memory T
cell responses has been investigated in recent years. It has been suggested that extended
interaction between APCs and T cells is required to elicit fit T cells that can respond to
homeostasis cytokines for survival 79=72. In addition, prolonged Ag presentation might be
required to have sufficient time for all possible cognate T cells to be screened by Ag
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presenting APCs and induce maximal CTL responses 3. Furthermore, it has recently been
demonstrated that Ag presentation in the late stage of viral infection may be needed to
generate memory CD4 and CD8 T cell responses 7476, Conversely, other findings suggest
that persistent Ag presentation may result in T cell exhaustion, such as that demonstrated in
chronic viral infection where a large amount of Ag is present /7. Thus, the Ag presentation
duration and its role on the ensuing immune response remain controversial. We have
investigated the duration of Ag presentation in vivo and found that Ag presentation could be
measured for up to two weeks after transfer of lentivector transfected DCs 16, This is
consistent with reports that Ag expression can last at least 7 days in DCs after ex vivo
transduction with lentivector 8. Our studies demonstrate that the duration of in vivo Ag
presentation is even longer following direct skin immunization with lentivector. We
observed significant OT-I proliferation in vivo three weeks after immunization with OVA
expressing lentivector 4. Similar prolonged Ag presentation was also reported following
adenoviral vector immunization /2. Importantly, this prolonged Ag exposure correlated with
potent protective immunity and in general did not prevent recall responses 16: 46: 59, 79, 80,
even though partially exhausted effector memory T cell phenotype was observed in some
cases /9. It seems that the effect of prolonged Ag presentation on induced T cell responses
after recombinant viral vector immunization is different from that observed in chronic viral
infections where exhausted T cell responses were reported 77+ 81,

These studies support further investigation and re-evaluation of the impact of Ag
presentation duration on the effector and memory function of activated T cells. The
persistent Ag presentation may contribute to the maintenance of sufficient levels of effectors
to control either viral infections or tumor growth. Understanding these correlations will
enable more informed manipulation of Ag presentation parameters in next generation
genetic vaccines.

3.3.2 Persistent T cell immune responses following lentivector immunization
—Prolonging Ag expression and presentation following lentivector-based immunization
predicts the induction of potent and persistent T cell immunity. Indeed, immunization with
lentivector transduced BMDCs induces stronger and longer lasting T cell immunity
compared to that resulting from peptide or protein pulsed DCs 6. It was also found
previously that the amplitude of CD8 T cell responses was greater in mice immunized with
lentivector transduced BMDCs, than that induced by BMDCs transduced with adenoviral
vector %4 or mRNA 78, In addition, they demonstrated that lentivector induced more potent
CD8 T cell immunity than standard peptide/incomplete Freund adjuvant method &0. Using
both an intracellular staining assay of IFN-y and in vitro cytolytic activity assay, Dullaers et
al demonstrated that direct immunization with lentivector and immunization with ex vivo
lentivector modified BMDCs are equally potent in eliciting T cell immune responses 82.
Further studies showed that direct injection of recombinant lentivector induce stronger CD8
T cell responses compared to other genetic immunization approaches, including naked DNA
and vaccinia vector based immunization 46. In most cases, lentivector appears to be superior
to adenovector in stimulating T cell immunity. Importantly, minimal vector specific immune
responses are observed following lentivector immunization, making repeated immunization
and/or boosting possible 46.

Although most studies have focused on CD8 T cell immunity, CD4 T cell responses can also
be elicited by lentivector immunization, particularly when the encoded protein is either
secreted or targeted to MHC |1 pathway by fusion with invariant chain (li) or transferrin
receptor sequences 9. The relative dependence of CTL priming and memory responses on
CD4+ T-cell help is unclear. Following direct lentivector immunization these responses
have been shown to be partially dependent on CD4 T cell help 82. In contrast, stimulation of
CTL activity and memory following immunization with ex vivo lentivector transduced DCs
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was totally dependent on CD4 T cell help 82. On the other hand, the in vitro stimulation of
human blood Flu-specific CTL activity by lentivector transduced monocyte derived DCs
was reportedly independent of CD4 T cell help 4.

Recently, several groups have investigated the kinetics of T cell immunity following
lentivector immunization 46: 59 82 After immunization, potent CD8 T cell immunity can be
detected as early as five days after immunization and peaks between 8 t010 days. CTL
activity remains at high levels for approximately one month and then gradually declines, but
maintains a significant level. Depending on experimental systems, as many as 40% of target
cells (10 million) can be lysed in vivo 1.5 months after immunization, suggesting potent and
long-lasting T cell immunity 6. This is in contrast to vaccinia vector induced CD8 T cell
immune responses that are relatively short-lived 46

4. Generation of antitumor immunity with lentivector immunization in
preclinical tumor models

The elicitation of a potent and persistent CD8 T cell mediated immune response, including
effector function capable of lysing tumor cells, is important for both controlling tumor
growth and eliminating established tumor cells. As illustrated above, lentivector appears to
be an excellent immunization vehicle for inducing potent and persistent effector T cell
immunity, perhaps due to the prolonged Ag presentation. It is not surprising that efforts to
develop lentivectors for immunization have focused on antitumor immunity.

4.1. Induction of melanoma specific T cell immunity by ex vivo lentivector transduced DCs

The efficacy of stimulating antitumor immunity with lentivector immunization was first
examined using ex vivo lentivector transduced DCs expressing the melanoma related Ags
including Melan-A, NY-ESO, GP100, TRP2. Metharom et al reported the transduction of
mouse BMDCs by lentivector with the transduction efficiency of 10-20% at an MOI of 2-4
83, Expression of mTRP2 gene in BMDCs was detected with immune staining. Importantly,
they demonstrated that immunization with BMDCs transduced with lentivector expressing
MTRP2 gene could protect mice from the challenge of B16 tumor cells 10 days later. In a
therapeutic immunization model, significant results were obtained when the tumors were
established by inoculating lower doses of B16 cells (1x10%) and repeated immunizations
were started early at 4 days after tumor inoculation. Results from this model suggested that
tumor immunotherapy could be achieved when tumor burden was low and lentivector
modified BMDCs were employed. Firat et al found that lentivector expressing combined
multiple melanoma Ag epitopes derived from gp100, MelanA/Mart-1, tyrosinase, NA17-A,
and MAGE-3 could transduce mouse BMDCs and human DCs effectively, especially when
the lentivector was modified to include nuclear localization signal of central and polypurine
tract sequence (cPPT). Importantly, those transduced DCs could effectively prime
melanoma CTL responses in vitro 8. Similar findings were also reported by Palmowski et al
who demonstrated that ex vivo lentivector transduced BMDCs could induce NY-ESO
specific CD8 T cell immune responses after immunization of HLA-A2 transgenic mice, and
these responses could be dramatically enhanced with a boosting immunization 8. Breckpot
et al found that human DCs transduced with lentivector expressing invariant chain (li) fused
melanoma Ag MAGE could prime both CD8 and CD4 T cell responses in vitro 19, In
addition, mice immunized with murine BMDCs transduced with lentivector expressing li-
OVA were protected from EL4-OVA tumor challenge and survived longer. Importantly, we
and others have demonstrated that lentivector transduced BMDCs induce potent and long-
lasting T cell immunity against tumor associated Ag that not only prevented tumor growth,
but also prolonged survival of tumor bearing mice 16: 19, In one recent study, Chapatte et al
also demonstrated that human and mouse DCs transduced ex vivo with recombinant
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lentivector expressing Melan Ayg.35 minigene could stimulate T cell activation in vitro and
in vivo. However, human and mouse DCs could not effectively process full length Melan A
self tumor Ag because of the presence of immunoproteasomes in DCs and thus failed to
stimulate potent T cell responses in vitro and in vivo, which could possibly limit the
applications of ex vivo transduced DCs in tumor immunotherapy 5.

4.2. Induction of tumor specific T cell immunity by direct lentivector immunization

As stated above, immunization with ex vivo lentivector transduced DCs could induce potent
T cell immunity against tumors in most cases, but, the process of DC generation and
transduction is laborious and expensive. Direct immunization with lentivector has
considerable practical and theoretical advantages compared to DC adoptive transfer
approaches. Firat et al first demonstrated that immunization of HLA-A2 transgenic mice
with recombinant lentivector expressing polyepitopic melanoma Ag could stimulate potent
CTL activity 84. Furthermore, subcutaneous injection of lentivector expressing a mini
Melan-A gene into HLA-A2 transgenic mice has been shown to induce more potent CD8 T
cell immune responses compared to peptide based immunization €. Importantly, the CD8 T
cell responses can be recalled by boosting immunization with the same lentivector 60 days
later, indicating repeated immunization with lentivector is possible. Using both tetramer
staining and in vivo CTL assays, Palmowski and colleagues demonstrated that direct
immunization of HLA-A2 transgenic mice with lentivector encoding NY-ESO also
stimulated CD8 T cell responses that could be dramatically enhanced by boosting
immunization with vaccinia viral vector expressing the same NY-ESO Ag %8. We have
demonstrated that direct immunization with lentivector could induce TRP2 specific CD8 T
cell immunity in vivo when TRP2 epitope was fused with EGFP protein 4. Interestingly
however, immunization with lentivector expressing native TRP2 protein did not elicit TRP2
specific T cell responses (He et al, unpublished results). Consistent with this finding, DNA
vaccines expressing native murine TRP1 Ag were found to be ineffective at stimulating
TRP1 specific CD8 T cell responses. On the other hand, plasmid DNA expressing mutated
TRP1 could induce T cell responses 86: 87_ In collaborating with Dr. Guevara-Patino, we
investigated the induction of CD8 T cell responses against multiple TRP1 epitopes and
found that after single lentivector immunization, potent and persistent CD8 T cell immunity
against several TRP1 epitopes could be detected (He et al, unpublished results). More
importantly, a single lentivector injection protected mice from B16 tumor challenge, and in
40% of tumor bearing mice tumors were eradicated after a single injection of lentivector
expressing mutated mouse TRP1 Ag. These results suggest that with Ag modifications,
lentivector-mediated gene delivery could become an effective genetic immunization strategy
for stimulating potent T cell mediated antitumor immunity. However, one possible limitation
is that recombinant lentivector or plasmid DNA expressing native full length self tumor Ag
may be incompetent to stimulate potent T cell immunity under certain circumstances
possibly due to the incapability of processing target Ag by DCs 85.

Even though it is debatable whether true memory T cell responses are established 1-2
months after immunization as the in vivo Ag presentation still exists, a rapid and more
potent secondary CTL response has been observed following a second immunization 150
days after priming, suggesting an effective memory T cell responses developed five months
after priming 82. The presence of tumor specific memory T cells has been implied in a
number of studies based on the observation of rapid effector function following secondary
immunization %8 82, In a recent study, the memory CD8 T cell responses were further
characterized 8. Chapatte et al compared the in vivo induction of Melan-A specific CD8 T
cell responses following lentivector (expressing the Melan Ayg.35 minigene) immunization
vs. peptide/adjuvant immunization approach in HLA-A2/H-2KP mice. Using tetramer
staining, they found that recombinant lentivector stimulated a stronger anti-Melan-A CD8 T
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cell response than peptide/adjuvant immunization. More importantly, majority of anti-
Melan-A T cells generated following lentivector immunization expressed the memory
marker CD127 at the peak of the primary response. In those mice, memory T cells were
detectable 4 months after priming and could be activated by secondary peptide-based
boosting immunization. This study suggests that lentivector was not only capable of
inducing potent effector function, but also of stimulating long-lasting memory T cell
responses that can be recalled to enhance antitumor immunity.

4.3. Delivery of tumor specific TCR gene into T cells for adoptive transfer into tumor
bearing hosts

In addition to the active immunization approaches to stimulate antitumor immunity,
lentivector based gene delivery can facilitate modification of T cells to target tumors.
Adoptive transfer of T lymphocytes expressing high avidity tumor Ag specific TCRs
enabled potent and reproducible clinical antitumor responses 8493, Promising results like
these have stimulated considerable interest in strategies based on modifying T cells with
TCR genes specific for tumor Ags. Morgan et al first demonstrated that T cell modified with
high avidity TCR genes delivered by retroviral vectors could sustain in the patients and
resulted in significant therapeutic effect 94. However, the high risk pf insertional
tumorigenesis of retroviral vector 32 and the low genotoxicity of lentivector integration 33
prompted broad interest of using lentivector for TCR transfer 9. Furthermore, early positive
results from the therapy of AIDS patients treated by adoptive transfer of lentivector
modified CD4 T cells 96: 97 strongly support the development of lentivectors for the
modification of tumor specific T cells for adoptive transfer. Thus, it is not surprising that a
number of laboratories have been actively investigating lentivector mediated TCR gene
delivery into T cells for adoptive transfer (abstract of keystone meeting symposia, Banff,
2007). Lentivector could become an important vehicle for modifying immune cells to
achieve robust antitumor immunity either through active immunization or adoptive transfer
of lentivector modified T cells that can specifically target tumor cells.

5. Conclusion

Genetic immunization with recombinant lentivector is a novel gene delivery strategy for the
purpose of stimulating Ag specific T cell immune responses. Studies to date suggest that
recombinant lentivectors have several important advantages over other genetic
immunization approaches. With regard to gene expression they are capable of: 1.)
transducing non-dividing DCs, 2.) expressing desired Ags only, and 3.) inducing persistent
Ag expression. These features allow prolonged Ag presentation which may be important in
priming and maintaining potent effector function that could be crucial in controlling chronic
infection and in eliminating all tumor cells the setting of therapeutic immunization.
Mechanistically, lentivectors can transduce peripheral tissue resident DCs that can then
migrate to draining LN where they contribute to potent T cell activation via direct
presentation of endogenous Ag with stronger antigenic signals and for a prolonged periods
of time. Effects of lentivector mediated immunization include maximal induction of potent
and prolonged T cell immunity, and minimal stimulation of antivector immune response.
Thus, lentivectors hold considerable promise for use in the development of effective genetic
immunization strategies. Furthermore, lentivector has considerable potential as a vector for
delivering tumor specific high avidity TCR genes into T cells for adoptive transfer tumor
immunotherapy.

6. Five year view

The recent failure of HIV vaccine clinical trial of using recombinant adenoviral vector
further dampen the hope of generating any usable T cell vaccines for HIV infection (News
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in Oct 5 issue of Science, 2007). However, it more reflects the value and relevance of T cell
responses in preventing HIV viral infections rather than the fundamental flaws in developing
T cell vaccines. There is a critical difference between conventional preventive immunization
where the purpose is to elicit long-lasting memory humoral responses to prevent invasion of
foreign microbes, and therapeutic immunization where the intention is to induce both potent
effectors to kill already existed tumor cells and long-term memory responses to prevent
evolving tumor cells 2. It is generally believed that in order to control tumor growth and
eliminate existing tumor cells, tumor specific T cell immune responses especially the
effector T cell responses play a critical role.

First, it is the authors’ opinion that our immediate future effort on developing genetic
immunization for tumor immunotherapy should focus on understanding the parameters that
govern the potency and persistency of effector and memory T cell responses. The authors
anticipate that basic mechanistic studies will reveal the important parameters of T cell
priming and allow manipulation of these factors to achieve optimal effector T cell responses
and memory responses. These parameters include but not limit to the role of different DC
subsets in priming T cell responses, the mechanism of T cell priming via direct vs cross
presentation, and the effect of Ag expression level (Ag dose) and duration of Ag
presentation following lentivector. The findings that certain subsets of DCs such as skin
DCs are the potent APCs for stimulating CD8 T cell responses following lentivector
immunization may promote development of targeted immunization strategy. Conversely, the
discovery of CD19+B220+ pDCs are potent stimulators of regulatory T cells in the tumor
bearing mice 98: 99 stress the importance and need to identify and avoid these regulatory DC
subsets in designing genetic vaccines for tumor immunotherapy.

Second, the general immune suppressive environment in tumor bearing host and the weak
self tumor Ag, two of the important issues in therapeutic immunization, are needed to be
tackled in order to obtain clinical benefit of tumor genetic immunization. These problems
may explain why the efficacy of therapeutic immunization using either protein or gene based
approaches in treating malignant tumors has not been materialized despite the tremendous
efforts of last decade. The immunologic milieu in the tumor-bearing host is very different
from that of a naive host, and tolerogenic Ag-presentation pathways may be favored in hosts
with tumors. Thus, it is imperative that investigations should be undertaken to understand
the mechanism of immune suppression of tumor burden and if and how the immune
tolerance can be broken following genetic immunization. Potentially, lentivectors may offer
the advantage of by directly priming naive T cells using activated transfected DCs.
Previously we demonstrated that lentivector in vitro had little effect on DC activation 16,
This minimal inflammatory effect of lentivector may be sufficient for activating DCs in vivo
to induce potent T cell activation but not inversely hurt the ensuing memory T cell responses
as that showed in CpG administration 190 However, it remains to be studied if additional
stimuli for DC activation or maturation provided as part of lentivector immunization or
delivered separately will be needed in reversing the immune suppressive condition of tumor
bearing host.

Furthermore, conventional tumor therapies such as surgery, chemo, and radiation will be
examined as approaches for removing the immune suppressive condition in tumor bearing
mice and creating a window for genetic immunization to elicit potent T cell immunity that
can prevent tumor recurrence.

In addition to all these potential research fronts of active genetic immunization, recombinant
lentivector will be extensively investigated for the potential of delivering TCR genes for
adoptive transfer tumor immunotherapy.
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Regarding to the development of lentivector per se, we predict that research efforts and
progresses will be made to further evaluate the biosafety in more clinical trials, to modify
the lentivectors for achieving in vivo specific targeting to DCs, and to have more reliable
methods for quantitative production.
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A: Recombinant lentivector expressing EGFP

Fig. 1.

Diagram of the recombinant lentivector. A represents the recombinant lentivector genome
that will be packaged into viral particles. B are the packaging vectors expressing necessary
components for assembling the recombinant lentivectors. RSV: Rous Sarcoma Virus; LTR:
Long Terminal Repeat; RRV: Rev Responsive Element; TRIP: Triple-stranded DNA flap
that contains a central polypurine tract sequence (cPPT) and the central termination
sequence (CTS); CMVp, CMV promoter; WPRE:woodchuck hepatitis virus
posttranscriptional regulatory element; VSV-G: Vesicular Stomatitis Virus Glycoprotein.
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Fig. 2.

Different DC subsets and mechanisms may be involved in priming CD8 T cell responses
after immunization with engineered replication defective recombinant viral vectors and after
wild type viral infections.
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