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Lentiviral vectors for
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Lentiviruses are retroviruses that are able to transduce both dividing and nondividing cells.
Dendritic cells are key players in the innate and adaptive immune responses, and are natural
targets for lentiviruses. Lentiviral vectors (LVs) have recently reached the clinical gene therapy
arena, prompting their use as clinical vaccines. In recent years, LVs have emerged as a robust
and practical experimental platform for gene delivery and rational genetic reprogramming of
dendritic cells. Here, we present the status quo of the LV system for protective or therapeutic
vaccine development. This vector system has been extensively evaluated for ex vivo and in vivo
(immuno)gene delivery. Improvements of the LV design in order to further grant a higher
biosafety profile for vaccine development are presented.

KEeywoRbs: cancer e chronic infection e clinical development e dendritic cell ® immunotherapy e lentiviral vector

Lentiviral vectors becoming mainstream
Retroviruses contain a diploid, positive-strand
RNA genome. Their life cycle is characterized
by their use of reverse transcriptase, converting
the RNA genome to double-stranded DNA,
which is then permanently integrated into the
chromosomes of the host cell. Oncoretroviruses
traditionally based on Moloney murine leukemia
virus have been widely used as gene-transfer vec-
tors, representing the vector system used in the
majority of clinical gene therapy trials to date.

In contrast to oncoretroviruses, known for
resulting in insertional mutagenesis, lentiviruses
have so far not been reported to cause malignan-
cies. HIV is the most well-characterized member
of the lentiviridae family (‘lenti’ meaning ‘slow’),
which develops disease by profoundly affecting
the function of the immune system. Entry of
HIV-1 into cells is dependent on the presence of
CD4 plus a chemokine coreceptor (notoriously
CCRS5 or CXCR4), restricting the infection to
dendritic cells (DCs), T cells and macrophages.
In addition to the gag, po/and env structural pro-
teins expressed by oncoretroviruses, lentiviruses
contain additional regulatory (zzr and rev) and
pathogenicity-enhancing ‘accessory’ genes (vif,
vpr, vpu and nef).

Lentiviruses can infect nonproliferating cells
due to the lentiviral pre-integration complex,
which allows recognition by the cell nuclear

import machinery. Pioneer work describing the
capability of engineered replication-deficient
lentiviral vectors (LVs) in permanently infecting
nondividing cells, such as macrophages and neu-
rons, dates from over a decade ago [1]. Since then,
the development of a wide variety of LVs has
boomed, including simian immunodeficiency
virus (SIV), feline immunodeficiency virus
and equine infectious anemia virus. HIV-based
lentiviruses comprise the fastest progressing LV
platform and have already progressed to gene
therapy clinical trials.

The most currently employed HIV-derived
lentiviral packaging system used for research
and for clinical development has been named
‘third-generation self-inactivating LV’. The fea-
tures attributed to this designation are: first, 7a¢
and the four accessory genes of HIV were deleted
from the viral packaging system, consisting of
four plasmids used to transfect the 293T pack-
aging cell line (Ficure 1) [2]; second, inclusion of
a 400-nucleotide deletion in the 3" long termi-
nal repeat (LTR), which is copied to the 5 LTR
upon reverse transcription, thereby abolishing
the 5" LTR promoter activity and reducing the
risk of vector mobilization with the wild-type
virus [3]. Since the original lentivirus envelope
protein (glycoprotein [gp]120) restricts the host
range, is unstable and makes production of LVs
more complex, vectors are usually pseudotyped
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Figure 1. Laboratory production of commonly employed third-generation lentiviral vectors.

VSV-G: Vesicular stomatitis virus G.

(i.e., encoated with a heterologous envelope protein) with vesicular
stomatitis virus glycoprotein (VSV-G). VSV-G is a highly stable
protein that is reported to bind to cell surface phospholipids rather
than a specific cellular protein receptor, thereby achieving a wide
host range.

The production protocols of LVs can vary widely in terms of the
plasmids used for expression of the lentiviral genomic RNA and
viral structural proteins, the transfection methods (using calcium
phosphate or liposomes), the cell culture system (adherent or
in suspension) and the concentration methods (ultracentrifuga-
tion or chromatography). Nevertheless, the ‘life cycle’ of LVs
is quite uniform: it starts from a DNA plasmid containing the
lentiviral backbone (and within a promoter and gene of interest)
(Fieure 2). The plasmid is transfected into packaging cells, which
in turn is transcribed into a genomic lentiviral RNA, which is
encapsidated in the virus particle (the other structural proteins
are provided by three other plasmids used in the transfection).
The virus containing the viral genomic RNA infects the target
cell, and the genomic RNA becomes reverse-transcribed and inte-
grates in the genome. In this process, the upstream 5" LTR loses
its transcriptional function and therefore the gene of interest is
transcribed solely through an internal (mostly from other viruses
or cell-specific) promoter.

The use of lentiviral vectors for basic and applied research has
increased considerably since the year 2000, as a result of their
proven efficiency and commercial availability of the packaging vec-
tors or ready-to-use virus. Along with their intensified usage, con-
cerns about the biological risk of these novel vectors in generation

of replication-competent lentivirus became an issue in several insti-
tutions. Thus, in 2006, the Office of Biotechnology Activities at
the US NIH published the guideline ‘Biosafety Considerations for
Research with Lentiviral Vectors’ [101]. According to these guide-
lines, biosafety level 2 (BL2) containment is generally considered
appropriate in research laboratories employing ‘advanced’ LVs (such
as the third-generation pseudotyped self-inactivating LV described
above). In addition, the presence of oncogenes in the transfer vec-
tor or production of large quantities of concentrated LVs should be
ranked at higher biosafety levels such as ‘enhanced” BL2 or BL3.

The use of LVs for vaccination purposes is so far an experi-
mental, yet relatively expanding field, progressively finding a
direction towards clinical implementation. The pioneer publica-
tions describing the feasibility of LVs for gene delivery into DCs
for vaccination were comprehensively reviewed by Dullaers and
Thielemans in 2006 [4]. Methodological aspects of LV production
and DC transduction at the laboratory scale were described previ-
ously by Stripecke in 2009 5. This current review is focused on
the szatus guo of LVs for immunotherapy and vaccine development,
particularly at the preclinical stage.

Ex vivo transduction of DCs & their precursors with LVs
Efficiency & optimization of ex vivo gene delivery

Viral gene transfer into ex vivo differentiated DCs was initially
reported for adenoviral vectors (AdV), which are also capable of
transducing nonreplicating cells such as DCs [6]. A drawback for
efficient adenoviral transduction is the need for high multiplicity
of infection ([MOI] = 100-1000), which can yield cytopathic and
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cytotoxic effects to DCs, along with off-target immune responses
(i.e., against adenoviral proteins). Thus, the commonly used AdV
are themselves highly immunogenic in humans, which may hamper
immune responses to weaker ‘self” tumor antigens (7). By contrast,
lentiviral vectors offer persistent, nontoxic and nonimmunogenic
gene delivery into DCs. The effectiveness of different viral vec-
tors (AdV, LV, mouse mammary leukemia virus and equine ane-
mia virus) on DC phenotype and function was characterized by
Tan et al. 8. AdV and LV provided the highest transduction and
expression of a reporter gene (green fluorescent protein [GFP]).
Work by several groups has demonstrated that the transduction
of human or mouse DCs or their precursors with LVs expressing
markers such as GFP or truncated nerve growth factor receptor
(tNGFR) consistently resulted in high gene delivery (10 to >90%
of transduced cells expressing marker gene) (Taste 1) [9-13]. Although
viral titer determination and transduction methods varied among
the groups, at a MOI of 10, more than 50% of the DC population
became stably transduced. Transgene expression was persistent for
several weeks [12] and did not alter the DC viability [11], immuno-
phenotype [10], the ability to differentiate into mature DCs [10]
or the capability of stimulating autologous T-cell responses [9.11].

DCs transduced with LVs for cancer immunotherapy
Data accumulated from the past few years have demonstrated that
LV-transduced DCs for expression of tumor-associated antigens
(TAAs) effectively activate cytotoxic T cells (CTLs), and in some
instances, Th1 responses were also documented (Tapie2). Melanoma-
associated antigens, which are well characterized in terms of effec-
tiveness and safety profile, are highly represented in most of the
lentiviral gene transfer studies to date, such as tyrosinase-related
protein 2 (TRP-2) (14-16), MAGE-3 [11.17], melanoma antigen recog-
nized by T cells (MART-1) [16,18] and tyrosinase [19]. DCs transduced
with LV and expressing those antigens effectively induce T-cell mel-
anoma-specific responses. Lentiviral dose used in DC transductions
for effective T-cell activation was in the MOI range of 5-100, thus
considerably lower than adenoviral vectors. Nevertheless, under
these transduction conditions, protection against tumor challenge in
tumor models was in general 100% and, in some cases, therapeutic
efficacy against pre-implanted tumors was also observed [14.20].
Therefore, development of lentivirally transduced DCs for
melanoma immunotherapy has in recent years been highly
pursued in different laboratories worldwide and, despite bio-
safety issues described in more detail later, is proving to be a
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Table 1. Overview of lentiviral dose and transduction efficiency of

dendritic cells.

Expression of immunomodulatory
factors to enhance DCs

for immunization

In addition to the conventional DC trans-
duction for gene delivery of antigenic pro-

GFP Human DCs MOI of 5 20-50 9] teins into DCs by LVs, some reports have
INGFR Human DCs MO of 15 80 n77 demonstrated deliv.ery of imrr.lunom(?dt%la—
tory genes enhancing DC differentiation
GFP Human DCs MOI of 30-100 100 (19] . . ..
or maturation. A one-hit lentiviral trans-
GFP and tNFGR  Human and MOl of 130 31 01 duction approach for codelivery of the fac-
mouse DCs tors required for DC differentiation plus
GFP Human 5 ug p24 equivalent/ml 55-83 (12]  tumor antigen was developed for human
monocytes and mouse systems [12,16]. Coexpression of
GFP Human DCs 1x10°to2 x 108 1U/ml 30-60 (3771 GM-CSFand IL-4 in monocytes and mouse
GFP Mouse BM cells 5 pg p24 equivalent/ml >90 (34] bon.e marr(.)w CCHS. was S}lfﬁaent to .mdl.lce
their self-differentiation into self-maintain-
GFP Human PBMC MOl of 5-50 10-27 (13]

BM: Bone marrow; DC: Dendritic cell; GFP: Green fluorescent protein; MOI: Multiplicity of infection;

PBMC: Peripheral blood mononuclear cell.

reliable system (Tasie 2). In this context, Dullaers ez a/. have
compared a fairly established method of mRNA electropora-
tion, which theoretically bypasses the safety issues related with
viral gene delivery, with LV transduction [11]. This study showed
that lentivirus-transduced DCs were superior in both obtain-
ing high levels of transgene expression (fourfold higher) and
capacity of the transduced cells at stimulating T-cell responses
such as secretion of the Thl cytokine IL-12 (tenfold higher).
In vivo, LV-transduced DCs induced a higher CTL response in
comparison with mRNA transfection.

Preclinical evaluation of LV-transduced DC vaccines against
other tumor types, such as hepatoma (employing antigens such as
Sca-2, GP38 and RABP1), have been successfully described [20].
Mossoba ez al. have explored the use of DCs transduced for express-
ing the antigen erbB2tr, a HER-2/neu homolog, for immuno-
therapy of breast and prostate cancer [21]. In this study, even low
doses of DC (2 x 10? cells) demonstrated a considerable degree of
anti-tumor protection, whereas higher doses (2 x 10° cells) provided
complete long-term protection with a prime—boost strategy.

DCs transduced with LVs for immunization against
infectious diseases

In recent years, several groups have explored lentivirally trans-
duced DCs for prophylactic or therapeutic vaccination against
chronic or incurable infectious diseases such as HIV (9], influ-
enza (flu) [22], lymphocytic choriomeningitis virus (LCMV) [23,24],
SIV [25] and hepatitis C virus (Tasie 3) [26]. For these studies, the
range of LV dose used for transduction varied between an MOI of
1 and an MOI of 50. Although effective CTL responses have been
observed for all these model systems, data regarding protection
against the actual pathogen challenge remains scarce, reflecting
the fact that surrogate mouse models are mostly used, and point-
ing to the need for other types of animal models (humanized
mice, or lower or higher primates) that enable challenge with the
cognate viral pathogen.

ing and long-lived (>3 weeks) DCs [12,16].
Lentivirus-induced DCs displayed efficient
antigen-specific, MHC class I-restricted
stimulation of CD8" T cells, and resulted
in 100% therapeutic efficacy in a melanoma mouse model [16].

Lentiviral expression of CD40L in ex vivo-grown DCs resulted
in potent DC maturation phenotype and function [10], whereas
expression of gp34/OX40L promoted increased allogeneic CD4*
T-cell responses (Tasie 4) [27].

Chemokines and cytokines that enhance T-cell function/sur-
vival (such as IL-15 and IL-7) and that potentiate DC maturation
(such as IFN-a and IFN-y) are some of the immunomodulatory
molecules warranted for future rational programming of DCs.

In vivo direct administration of LVs

Biodistribution of LV injected into mice via

different routes

Lentiviral vectors have recently emerged as powerful tools for effi-
cient and long-term gene delivery 77 vivo, either through local or
systemic administration. This is largely due to the fact that even
quiescent cells (which comprise the majority of the cells in the tis-
sues of the adult body) are susceptible to LV infection and per-
manent integration. Thus, direct administration of LVs driving
expression of marking genes from different types of promoters has
been repeatedly documented (Taeee 5). Biodistribution studies of
LVs administered intravenously into immunodeficient mice have
shown that VSV-G-pseudotyped LV resulted in remarkable and
persistent GFP gene transfer into the liver and spleen [28-30] and also
in some cases the bone marrow [30]. An important achievement for
the effective 7z vivo gene delivery was the inclusion of the central
polypurine—polypurimidine tract sequence (cPPT-CTS), which
significantly increased virus infectivity. The use of cPPT-CTS-
containing vectors has consistently demonstrated that injections of
103-10° infective particles in the tail vein produce high levels of cells
transduced in the spleen (12%) and liver (8%) [29]. For the liver,
hepatocytes and Kupffer cells were the most frequently transduced
cell types, whereas for the spleen, DCs and B cells were frequently
transduced [29]. GFP expression could be observed for several weeks
in the organs of immunodeficient mice with no signs of toxicity.
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Subsequent studies have explored the use
of immune-competent animals for analyses
of the LV biodistribution, albeit with the
obvious caveat that the most ofen used mark-
ing gene, GFP, is very immunogenic in mice,
and thus GFP" cells are efficiently immune

Table 2. Lentiviral vector-mediated gene delivery of tumor-associated

antigens to dendritic cells and immune effects.

rejected [31]. Despite this limitation, intra-  Melanoma/ Human and MOI of 130 CTL NA (11]
venous LV administration regularly yielded =~ MAGE-3 (Ii80) mouse DCs
between 0.3 and 13% of GFP-expressing  Melanoma/ Human DCs MOl of 30-100 CTL NA (19]
antigen-presenting cells (APCs) of the spleen  human
(defined by coexpression of CD11c and/or  tyrosinase
MHCII) within the first week (Tasies) 32-35].  Melanoma/  Human DCs  MOI of 15 cTL NA (17]
Notably, studies employing firefly luciferase ~ MAGE-3
as gene reporter and noninvasive optical  (lI-MAGE-3)
imaging analyses demonstrated persistency  Melanoma/  Human DCs MOl of 30 CTL NA (18]
of expression for several months [34]. MART-1

A remarkable observation was that LVs  \jelanoma/  Mouse DCs MO of 10 NA Therapeutic effect ~ [14]
pseudotyped with VSV-G demonstrated  Mouse TRP-2 against B16
a natural tropism to infect MHCII* cells, melanoma (57%)
although this viral envelope is of broad \jelanoma/  Mouse DCs MOl of 10 T-cell Protection against ~ [15]
tropism [34]. Since the tropism is not abso-  Mouse TRP-2 proliferation B16 melanoma
lute, targeting the transgene expression (100%)
specifically to DCs was further explored  y\rojanomas  Mouse 5 ug p24 CTL Protection and (34]
by the use of DC-specific promoters, such  mouse TRP-2,  BM cells equivalent/ml therapeutic effect
as MHCII (HLA-DR) 34] or Dectin-2 [35].  human against B16
Kimura ez al. explored LV containing the =~ MART-1 melanoma (100%)
MHCII promoter and followed the biodis-  Hepatoma/ Mouse DCs MOl of 20-40  CTL Therapeutic effect 20]
tribution 7z vive using both GFP (for flow  Sca2, GP38 against 1IMEA7R
cytometry) and luciferase (for optical imag-  and RABPI hepatoma cells
ing analyses) (34]. The study compared the (pro!onged
MHCII promoter with the cytomegalovirus survival)
(CMV) potent ubiquitous promoter. The  Prostrate/ Mouse DCs 5 x 10° to Humoral,  Protection against (21]
CMYV promoter led to short-term expres- ~ kinase- 3.6 x10°1U CTL RM-1-erbB2 cell
sion of luciferase in the MHCII* spleen deficient form line (100%)

. . of mouse

cells of immunocompetent mice (1 month) arbB2

in comparison with the MHCII promoter
(>3 months). Notably, when the melanoma
antigen TRP2 was expressed downstream of
the CMV promoter, CTL and antimelanoma protective responses
were evident and potent. Unexpectedly, the vector expressing
TRP2 downstream of the MHCII promoter failed to immunize
mice [34].

Intriguingly, systemic delivery of LVs was capable of persistent

NA: Not available.

gene expression for long periods (>2 months) in APCs 7n vivo,
despite the short lifespan of DCs (1-2 weeks). Thus, the cell turn-
over allowing long-term expression of the LV transgene in DCs
was investigated by Arce ez al. (36]. Upon systemic LV delivery, an
increase in marking gene was observed in myeloid DC (mDC) and
plasmacytoid DC (pDC) populations after 30 days in the spleen.
Bromodeoxyuridine incorporation assays demonstrated that splenic
mDC and pDC precursors with proliferation capabilities provided
the long-term antigen expression in LV-immunized mice.
Although systemic LV immunization could lead to more potent
vaccination effects, this approach is less practical than the clini-
cal biosafety perspective due to the lack of clinical track records

CTL: Cytotoxic T lymphocyte; BM: Bone marrow; DC: Dendritic cell; MOI: Multiplicity of infection;

using integrating viruses as vaccines. Therefore, some groups have
also explored subcutaneous LV administration, resulting in the
observation that approximately 1% of the CD11c* cells homing
in the adjacent lymph nodes were transduced [35.57.38].

Proof-of-concept studies regarding the
immunostimulatory activity of LVs expressing the
ovalbumin model antigen

During the initial period of testing administration of LVs as vac-
cines, several groups have employed ovalbumin (OVA) as a model
antigen (Taste 6). From the perspective of setting up basic immu-
nology studies, there are several practical reasons for using OVA:
first, a MHC class I-binding immunodominant epitope within
OVA capable of eliciting HLA-A2.1 restricted CTLs has been
largely used as a read-out of antigen-specific responses in HLA-
A2.1 transgenic mice [39]; second, the functional ability of the
CTL response can be assessed by rejection of syngeneic tumor cells
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Table 3. Lentiviral vector-mediated gene delivery of viral antigens to

dendritic cells and immune effects.

Envelope Human DCs MOI of 5-50 CTL NA
depleted HIV
Influenza matrix Human DCs MOI of 2-20 CTL NA
protein-derived
peptide (fused
with CD8a
leader
sequence)
LCMV gp Mouse DCs MOl of 1-10 CTL NA
(33-41)
Fusion protein:  Mouse DCs MOl of 5 CTL
ubiquitin + GFP
+ LCMV epitope
SIV Gag Human and 2 x 10° normalized CTL NA
simian DCs  RT units per
1 x 10°DCs
HCV structural  Human 5 ug p24 CTL NA
and DCs and equivalent/ml
nonstructural monocytes
clusters

CTL: Cytotoxic T lymphocyte; DC: Dendritic cell; GFP: Green fluorescent protein; gp: Glycoprotein;
HCV: Hepatitis C virus; LCMV: Lymphocytic choriomeningitis virus; MOI: Multiplicity of infection;

NA: Not available; RT: Reverse transcriptase; SIV: Simian immunodeficiency virus;

expressing OVA (such as EL-4 cells grown in C57BL/6 mice) [40];
third, transgenic mice expressing T-cell receptors reactive against
MHC class I and class I OVA epitopes (OT-I and OT-II) are con-
veniently available. With these tools, several parameters of immu-
nization, such as vaccine strength and requirement of CD8* and
CD4* T-cell responses, can be readily compared among different
laboratories. In a study by Dullaers ¢z al., OVA was fused with a
domain of the invariant chain in order to target OVA towards the
MHC class II presentation pathway [41]. The approach of using
DCs transduced ex vivo with LVs was compared side-by-side

Table 4. Lentiviral vector-mediated gene delivery of

immunomodulatory factors to dendritic cells and immune effects.

Protection against  [24]
peripheral LCMV
infection (100%)

with direct subcutaneous LV administra-
tion 7z vivo. The latter approach proved
to be superior both in terms of eliciting a
stronger CTL response for a longer period
of time (30 days) and in inducing memory
CTL responses. Both ex vivo and in vivo
9] approaches required CD4* T-cell help. In a
therapeutic setting, direct administration of
22  LVswas more effective than LV-transduced
DCs at prolonging survival of the mice.
Similarly, Rowe ez al. have studied the
importance of CD4" T-cell responses in
eliciting an effective immune response by
using different fusion forms of OVA capable
of targeting the MHC class II presentation
pathway (33]. These studies confirmed that
a domain of the invariant chain fused to
OVA provided the highest CD4* T-cell
response and resulted in a higher effector
(48] T-cell response. In an elegant study, cutane-
ous delivery of LVs expressing OVA showed
that skin DCs comprising of Langerhans
261 cells and dermal DCs of CD8"*"Dec2*
phenotype were the predominant 7 vivo-
transduced APCs, which could migrate to
the lymph nodes for induction of potent and
durable CTL responses [42].
Ovalbumin is nevertheless a xeno-
antigen that stimulates very potent immune
responses in immunocompetent mice, unlike weaker (self) tumor
antigens. Therefore, notwithstanding the validity of these enthu-
siastic proof-of-concept studies targeting the class II antigen pre-
sentation, their relevance in preclinical anti-tumor or antiviral
immunizations remains to be confirmed.

LV vaccines for cancer inmunotherapy

Owing to the vast availability of wellcharacterized melanoma-
associated antigens, preclinical models testing LV vaccines against
melanoma are vastly overrepresented. /z vivo tumor studies using
the B16 cell line for implanting local or
metastatic melanoma into immunocompe-
tent C57BL/6 mice models is a reproducible
preclinical animal model explored by vari-
ous laboratories. Chapatte ez 2/. have com-

GM-CSF, IL-4, Human 5-10 pgp24  CTL NA (12]  pared peptide vaccination versus LV vacci-
FLT3L monocytes  equivalent/ml nation for the generation of anti-MART-1
GM-CSF, Il-4 Mouse 5-10 pgp24  CTL Protection and [16]  responses, in which they concluded that LV
BM cells equivalent/ml therapeutic effect vaccination was far more efficient in gen-

against B16 erating a CTL response and also a robust

melanoma (100%) memory response, leading to long-term

CD40L Human DCs  MOI of 50 CTL NA (10]  protection [43]. Intravenous or subcutaneous
gp34/OX40L Human DCs MOI of 10-50 Helper T NA [27] LV administration has COI‘lSiStCntly resulted
cells in potent CTL responses specific against

BM: Bone marrow; CTL: Cytotoxic T lymphocyte; DC: Dendritic cell; LV: Lentiviral vector; MOI: Multiplicity

of infection; NA: Not available.

several antigens such as MART-1 [43,44], the
testis antigen NY-ESO-1 [18,32] and TRP-2

Expert Rev. Vaccines 9(3), (2010)
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(34.37). Immunization of mice with LV expressing TRP-2, an anti-
apoptotic self-antigen expressed in different tumors, resulted in
protection and therapeutic efficacy against melanoma, glioma and
breast cancer development (Taste7) [34,37). Recently, in a study by
Liu et al., lentiviral expression of a mutated form of TRP-1 elicited
a CTL response against wild-type TRP-1, resulting in effective
protective and therapeutic antimelanoma
immunity [45].

delivery efficacy.

LV vaccines against infectious
diseases: HIV

It is noticeable that several efforts for the
use of LV vaccines against infectious dis-

nef protein [s152]. The trial was suspended before completion
when an interim analysis indicated that vaccination increased
the risk of infection in subjects with prior immunity against Ad5
vector. The reason for the increased susceptibility still remains
unknown and no apparent benefits in terms of preventing and
reducing HIV infection were observed. Unfortunately, the STEP

Table 5. Administration of lentiviral vectors in vivo and gene

eases are converging towards treatment  GFP/ 1x10°IU  Portal vein Liver, mostly non-hepatocytes and (28]
or protection against HIV (Tame 8). The ~ CMV Nude Kupffer cells (day 21: 26%),
5 )
explanation from the biosafety perspec- Hepatocytes (day 21: 5.3%)
tive is logical: if an individual already — GFP/ 1x10°U . SCID: Liver hepatocytes and (29]
has HIV or is highly exposed to HIV, an MV SCID, BALB/c nonparenchymal cells
HIV-derived vector (vaccine) is regarded (day 7: 8% + 6%); Spleen 20%:
; s o . mostly DCs, MHCII*/CD11c*
as an ‘attenuated’ nonreplicating virus. :
.. . . (day 7: 20%)
Ther.efore, not surprl.smgly, the ﬁrs.t clini- BALB/c: Spleen CD11c* (day 4: 12%)
cal trial performed with LV worldwide was _
apolied to HIV eene thera explorin GFP/ 0.7-1 x 10° iv. SCID: Spleen (day 7: 30%) (30]
PP & by, €XpIOTINg oy, U SCID, C57BL/6  C57BL/6: Spleen (day 7: 0.3%)
antisense technology to knock out HIV _
: . (7-10 ug
in CD4* T cells [46]. A recent interest- p24
ing review covering LVs as therapeutics equivalents)
against HIV was recently published by 5pp 5x 10710 iv. Spleen: CD11c* (day 9: 0.3-0.4%) [52]
Lemiale and Korokhov [47]. The expand— SFFV C57BL/6HLA-A2
ing interaction between the academic and transgenic
private sectors is prompting the develop- cpp, 1x1071U  sc. Lymph node: CD11c* (day 3: <1%) [37]
ment of LV vaccines against HIV as one Ubg C C57BL/6
f the fi for large-scale clinical trials.
E the mmi or ai.ge.sclaj ¢ ”l“za 1A Grpy 1-3 x 1081U iv. Spleen: mDCs 1.2%, pDCs 1.3%, [33]
oncurrently, preclinica’ data led to opti-  gppy/ C57BL/6 B cells 4.1% (day 5)
mism: several routes of LV administra- " 101U - -
t h b 1 d i B , 1 d X V. pleen:
ton have been EXP orec 1 ml'cinif/sl;\i MV, (2 ugp24  C57BL/6 CMV: MHCII* (day 7: 0.8%)
to consistent and pgegStent anty MHCII equivalents) MHCII: MHCII* (day 7: 0.4%)
immune responses [48,49].
LUC/CMV, 1 x 108IU iv. Spleen, liver: up to 3 months
Other recombinant viruses explored  MHCI (2pgp24  C57BL/6
clinically in comparison equivalents)
Adenovirus GFP/ 3x 108U  sc,iv. sc.: Lymph node: (35]
Accumulated published or communicated  Dectin-2, C57BL/6 SFFV: CD11c* (1%)
preclinical and clinical experiences have  SFFV Dectin-2: CD11c* (0.27%)
reported expression of tumor antigens into (day 5) .
DCs mediated by adenoviral vectors for W Spleen. SFFV: CD11c (13.3%)
. . . Dectin-2: CD11c* cells (4.7%)
cancer immunotherapy. Adenoviral modi- (day 10)
fication of DC can safely induce T-cell ,
responses, but few clinical responses have GFP/Ubg C 5% 107TU SCCF;7BL/6 bé/mp;_ qogd;.)CDﬂc cells B
been achieved so far [s0]. ay - 1.7
In the infectious diseases field, several ~GFP/Ubg C 1x10%IU  sc, iv. sc.: Lymph nodes: (36]
hi hi . 0,
vaccination trials using recombinant viral C57BL/6 MHC” CD11c (dahy 5 2'3h )
vaccines have been initiated for protec- 55: Sjelisains MIHUINERTIE (190,
: , TP CD4* (3.5%), CD8* (1.8%) (day 30)
tion against HIV. One large trial called _ — — —
. CMV: Cytomegalovirus; DC: Dendritic cell; GFP: Green fluorescent protein; iv.: Intravenous; LV: Lentiviral
STEP CXPlored three adenoviral vectors vector; MOI: Multiplicity of infection; NA: Not available; sc.: Subcutaneous; SCID: Severe combined
that individually expressed gag, pol or immunodeficient; SFFV: Spleen focus-forming virus.
7
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Table 6. In vivo immunization with lentiviral vectors expressing ovalbumin as

a model antigen.

in colorectal and gastric carcinomas).
Vaccinia and Fowlpox viruses expressing
CEA and MUC-I1 in a prime—boost vac-
cination study showed antigen-specific
T-cell responses (five out of eight patients)
(59]. Poxviral delivery of CEA, MUC-1
and TRICOM (a set of costimulatory

lOVAlfused with 1 x 107 sc. footpad CTL Therapgutic B olecules: B7.1, ICAM-1 and lympho-
invariant chain 293T TU C57BL/6 Memory CTL  immunity f . iated antigen-3) led to
(CMV) OT-II p < 0.001 cyte function-associated antigen

transgenic enhan.ced levels of antigen-specific IFN-y
OVA-cyt/li/Tfr: 1x1071U iv. CTL Protective [33] secretion [6-01' L .
cytoplasmic or C57BL/6 (OVA- immunity Recombmapt. VaCCI.ma viTas expressing
fused to invariant OT-I li > OVA, (OVA-li prostate-spegific antigen (PSA) showed
chain or transferring transgenic OVA-TIr, p =0.00 > OVA stabilized levels of PSA in 42% of the
protein respectively OVAcyt) p = 0.0023) patients studied [61]. Prime vaccination with
(SFFV) CD4+*T-cell Vaccinia virus expressing PSA and B7.1 fol-

response lowed by boost vaccination with Fowlpox

OVA 1x 105TU sc. footpad CTL NA [42)  virus expressing PSA has shown elevated
(CMV) C57BL/6 levels of PSA-specific T cells [62].

OT-I transgenic A melanoma immunotherapy study
OVA 900 ng sc. footpad CTL (I > NI) Protective (711 using Vaccinia and Fowlpox virus express-
I vs NI vector p24 C57BL/6 antigen- immunity ing tyrosinase demonstrated that 13% of
(Ubg C) OT-land OT-II  specific patients achieved T-cell response to indi-

transgenic serum Ig vidual tyrosinase peptides, whereas 25%
OVA-li/MKK6/ 150 ng sc. footpad CTL(I>NI)  Therapeutic (70)  showed T-cell responses to full-length
v-FLIP of RT C57BL/6 immunity tyrosinase protein. Nevertheless, the vac-
I 'vs NI vector OT-I transgenic cine failed to produce any long-term clinical
(SFFV) benefit [63].
OVA-li fused to 1% 108I1U iv. or sc. CTL NA (36] Overall, these studies demonstrate that
invariant chain C57BL/6

(SSFV) OT-I transgenic

CMV: Cytomegalovirus; CTL: Cytotoxic T lymphocyte; I: Intergrating; iv.: Intravenous; NA: Not available;
NI: Nonintegrating; OT: Ovalbumin T-cell receptor; OVA: Ovalbumin; LV: Lentiviral vector;

RT: Reverse transcriptase; sc.: Subcutaneous; SFFV: Spleen focus-forming virus; TU: Transduction units;
Ubg C: Ubiquitin C; v-FLIP: Viral FADD-like IL-1B-converting enzyme inhibitory protein.

vaccination study was a setback and led to severe criticism of
current approaches in the design of effective vaccines against

HIV [53;54].

Poxvirus

Poxviruses were the first recombinant viral vectors used for vac-
cination by Edward Jenner as early as the 1790s (reviewed by
Pastoret [55]) and remain one of the hallmark success stories of
immunology for the eradication of smallpox disease. Since then,
they have been extensively characterized and used in several
clinical trials.

Poxviruses have also been used for generating an immune
response in a cancer immunotherapy setting. Pre-existing immu-
nity against poxviruses in humans is an issue that needs to be
addresed to improve the performance of these vectors in the
clinic (56,57). In order to overcome this setback, avipoxviruses,
which are known for their replication incompetence in humans,
are being considered. They have been used for encoding sev-
eral types of cancer antigens, such as carcinoembryonic antigen

(CEA) and mucin (MUC)-1 [58-60] (which are overexpressed

although poxviruses are considered to be
relatively safe for clinical use, pre-existing
viral immunity and possible deleterious
effects of poxviruses on DCs, such as inhi-
bition of migration and interference with
the chemokine receptor switch [64], could
present a hindrance to developing vaccines.

Since the majority of the human population is not infected
by HIV, it is anticipated that pre-existing immunity against
HIV-derived vectors would not act as a limiting factor on vac-
cine development. In addition, as several groups have demon-
strated, DCs transduced with LV vectors did not display abnor-
mal migration to lymphatic organs. Thus, these considerations
may be of relevance for LV as a potential superior platform for
novel vaccines.

Expert commentary

Considering the risk-versus-benefit ratio, one could speculate that
DCs transduced with LV ex vivo are likely to reach the clinical
stage of development sooner than direct LV administration, since
there is better control for the APCs and not other cells to become
genetically modified. Unlike hematopoietic stem cells presenting
with extensive self-renewal capacity, monocytes and DCs are dif-
ferentiated cells, and therefore their risk of developing malignan-
cies is low. Of note, gene therapy with LV-modified hematopoietic
stem cells has already had some prime-time in the clinic in a

Expert Rev. Vaccines 9(3), (2010)
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Phase I trial for adrenoleukodystrophy (65,
with no biosafety concerns so far. Thus,
the development of clinical LV-modified
DC vaccines will soon follow.

Unlike the ex vivo approach, the impli-
cations of human 77 vivo vaccination with

against melanoma.

Table 7. Administration of lentiviral vectors in vivo for immunization

LVs are not known, as these vectors have ~ Human 25x%x 107  sc. Cw3: CTL NA [44]
not yet been sufficiently explored in clinical ~ HLA-Cw3,  EFU C57BL/6 Melan A: CTL
trials. Concurrent novel developments in MART-1 B6D2F1 (for
LV design are ongoing in order to address a () tCW3)HLA—A2
critical milestone for the clinical translation (1{2?35&%1)
of LV vaccines: safety. Some of the recent } )

ST . 1 NY ESO 1 5x 10°, iv. CTL with boost (all  NA [32]
technological innovations that will impact

. . . (CMV) 5 x 10¢, C57BL/6 doses)

the LV vaccine field are described in the Vaccinia 5% 107 1U  HLA-A2 Without boost:
following sections. virus boost transgenic no response
Development of TRP-2 hsp70 1.6 x 107  sc. CTL Therapgutic (37]
; . . (Ubqg o) PFU C57BL/6, rat immunity:
integration-deficient LV Yer2inay prolonged
A high priority for recombinant vectors transgenic survival (B16,
in the vaccination field is to exclude inser- BALB/c-neu GL-26, BALB/c
tional mutagenesis in order to minimize transgenic neu transgenic)
malignancies, an issue previously observed  1gp.; 1x1081U iv. CMV: CTL Protection: 4]
in ex vivo gene therapy clinical trials using  (CMV vs (2 ugp24 C57BL/6 MHCII: None CMV: 35%
retroviral vectors [66]. A straightforward ~ MHCII) equivalent) MHCII: None
approach to avoid genotoxicity is to mini- ) or 4 4% 10° o« QUL memem €L A [43]
mize integration of genetic vectors into the (CMV) EFU C57BL/6 '
genome. Mutations that disable the integrase HLA-A2
protein in the lentivirus particle are able to transgenic
prevent integration of the provirus reverse-  \y gsQ 1 1%105, v, CTL, epitope- NA [35]
transcribed DNA [67] (for an excellent review  (Dectin-2) 1 x 107, C57BL/6 specific CD4* T cell
on this topic, see [68]). Nonintegrated lenti-  Vaccinia 1 x 108U
viral DNA can support transcription, but  virus boost
the episomal viral DNA eventually getslost  w{TRP1 and 2.5 x 107 sc. cTL Protective and [45]
during cell replication, leading to continuous  mutated TU C57BL/6 (MUTRP1 > wWtTRP1) therapeutic
transgene expression decline in dividing cells. ~ TRP-1 immunity
By contrast, for growth-arrested cells, unin- (CMV) (p <0.01)

tegrated HIV-1 vectors can produce steady
high-level transgene expression [67]. Thus,
this system substantially reduces the risk of
insertional mutagenesis and would be highly relevant for therapeu-
tic applications of genetically modified DCs, which are terminally
differentiated, nondividing cells. Recent studies have shown that
integration-deficient (ID)-LV can also mediate stable transduction
and sustained transgene expression 772 vivo in rodent ocular and brain
tissues [69]. Two recent reports have used ID-LV as a vaccine, with
OVA as the model antigen. Karwacz ez al. have reported that both
LV and ID-LV were capable of transgene expression for up to 30 days
and were also capable of generating a strong CTL response [70].
Higher doses of ID-LV were used in comparison to the LV counter-
parts (250 ng RT ID-LV, versus 10 ng RT ILV, thus almost 25-fold
higher). LVs generated a partial therapeutic response, whereas only
ID-LV were capable of prolonging survival. This limitation could
be overcome by the use of DC activators like mitogen-activated
protein kinase kinase 6/ viral FADD-like IL-1B-converting enzyme
inhibitory protein. A humoral response in the context of a hepatitis

CMV: Cytomegalovirus; CTL: Cytotoxic T lymphocyte; EFU: Expression-forming unit; iv.: Intravenous;
LV: Lentiviral vector; MART: Melanoma antigen recognized by T cells; NA: Not available; PFU: Plaque-
forming unit; sc.: Subcutaneous; TRP: Tyrosinase-related protein; TU: Transduction unit; Ubqg C: Ubiquitin C.

B virus viral antigen was also reported. Hu ez a/. have demonstrated
the use of ID-LVs in generating antigen-specific CTL response and
protective immunity [71].

Restricting LV entry by modified envelopes

Despite the natural tropism of VSV-G-pseudotyped LV to infect
proliferating DC precursors iz vivo resulting in a potent and per-
sistent immunization [34,36], attempts to engineer the VSV-G gly-
coprotein in order to target the virus to a specific receptor on the
cell surface have not so far been successful. In a recent report,
Yang and collaborators took advantage of the natural tropism of
Sindbis virus towards DCs [38]. They inserted a modification in the
envelope that abrogated binding to heparin sulphate, restricting
binding to DC-specific intercellular adhesion molecule-3-grabbing
non-integrin (SIGN). /n vivo testing of LV pseudotyped with the
mutated Sindbis envelope showed more specific gene delivery to the

WWW.CXpCl't—l'CViCWS .com
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Table 8. Administration of lentiviral vectors in vivo for immunization

against viral pathogens.

of DCs after immunization. Development of
tri- and tetra-cistronic LV designs is possible
if the open reading frames are interspaced
by 2A’ elements [PINCHA ET AL., MANUSCRIPT IN
PREPARATION]. 2A elements from different
viruses corresponding to 18 amino acid pep-
tide sequences are encoded between different

HIV env 1 x 10" RT iv. CTL, humoral IgG 48] open reading frames, which serve as cotrans-
(CMV) BALB/c lational cleavage sites between two protein
SIV gag 1% 107RT im. CTL, humoral IgG (48]  products. Viruses use these 2A peptides
(CMV) BALB/c (consensus motif 2A, Asp-Val/lle-Glu-X-
HIV polyepitopes: HLA-A2:  ip. CTL 49]  Asn-Pro-Gly; 2B, Pro) to mediate multicis-
HLA-A2 restricted (13); 1x10”IU C57BL/6 tronic expression and they can be ‘adapted’
HLA-A7 restricted (12) (CMV)  HLA-A7: Transgenic to genetic engineering approaches [74].
2x1071U  HLA-A2
et Five-year view: steps for the clinical

Hepatitis B virus 75ngof  im. CTL (I > NI) [70]  development of LV vaccines

surface antigen . RT BALB/c I9G response During the next 5 years, the deeper under-
I(r;tFeF%/r;itmg b8 e Eg i) standing of the risk factors predisposing

CMV: Cytomegalovirus virus; CTL: Cytotoxic T lymphocyte; EFU: Expression-forming unit;
env: Envelope protein; I: Integrating; im.: Intramuscular; ip.: Intraperitoneal; iv.: Intravenous; LV: Lentiviral
vector; NI: Nonintegrating; PFU: Plaque-forming units; RT: Reverse transcriptase; SFFV: Spleen focus-

forming virus; SIV: Simian immunodeficiency virus; TU: Transduction unit.

DC-SIGN* CD1l1c* DC population using GFP as a reporter both
in vitro and in vivo (3.2% of total CD11c* with modified envelope
to 1.9% with VSV-G). These engineered viruses were also capable
of producing an effective CTL response (using OVA as a model
antigen) and resulted in protective and therapeutic responses.

Inclusion of a suicide gene in the ‘gene cargo’

‘Suicide genes’ are genes that lead to the expression of catalytic
proteins capable of converting a specific prodrug into a toxic
product capable of inducing cell death. The herpes simplex virus
thymidine kinase (HSV-TK) enzyme has high activity to catalyze
the phosphorylation of the prodrug ganciclovir (GCV) into GCV
triphosphate. GCV triphosphate is a nucleotide analog, which
is incorporated in the genome during DNA synthesis, causing
DNA chain termination and apoptosis. A clinical example of
HSV-TK gene transfer to schedule the elimination of therapeu-
tic cells is the retroviral genetic modification of T cells used in
donor lymphocyte infusion to control graft-versus-host disease in
allograft T-cell transplants. In addition, the intercellular transfer
of GCV metabolites, from HSV-TK" cells through gap junction
channels to HSV-TK neighboring cells, results in the ‘bystander
effect’. HSV-TK-negative cells can therefore be efficiently killed
by proximity. Clinical applications of this ‘bystander effect’
include the use of oncolytic virus-expressing TK for elimination
of glioma [72) or prostate cancer [73].

Expression of multicistrons for coordinated expression of
genes for DC differentiation/maturation/antigen
presentation & forced self-elimination

Rational programming of DCs 7% vivo will require antigen presenta-
tion in fully differentiated and mature DCs (to avoid tolerogenic
effects), along with the possibility of forced scheduled elimination

lentivirally modified DCs or LV vaccines
to unwanted side effects will become an
important topic. The main concern with the
use of HIV-derived lentiviral vector system
clinically is the occurrence of replication-competent lentivirus in
treated patients, which could potentially cause AIDS. As discussed
previously, a Phase I gene therapy clinical trial with HIV-derived
lentiviral vectors in HIV patients has been reported [46] with no
side effects so far. Therefore, this and other pioneering Phase 1
gene therapy clinical trials with LV will be pivotal to establish the
confidence that most currently available generations of lentiviral
vectors are safe and do not (re)generate HIV.

The second concern is the genotoxicity of LV, a topic currently
considered as highly relevant. Analyses of LV integration sites in
ex vivo-transduced human macrophages [75] and CD4* T cells (76)
have recently demonstrated that lentivirus tends to integrate within
active genes but, unlike retroviruses, LVs have not demonstrated a
particular ‘preference’ of integration upstream proto-oncogenes.
Genotoxicity of LV-modified DCs or LV vaccines administered
directly into mice has not been reported so far, but cannot be
excluded. Therefore, the development of ID-LV and inclusion of
suicide genes in the transfer vector offer two independent direct
safeguards, as discussed above.

Another possible threat is that long-term immune stimulation
would lead to chronic inflammation. Although the mainstream
immunologist would argue that this is a positive effect for immu-
nization, in recent years it has become a paradigm that chronic
infections ultimately cause an exhaustion of the immune system,
a scenario enabling escape of mutant forms of the pathogens to
thrive. Thus, some parameters still warrant better elucidation in
mouse models, such as the long-term effects of LV antigen delivery
in memory responses, host immune competence, autoimmunity
and therapeutic efficacy.

Finally, affordable and pharmacologically tested good manufac-
turing practice grade LVs for large-scale vaccination in the next 5
years’ trials is still an intangible wish. Although some companies
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are starting to produce LV for experimental gene therapy trials,
the costs of production are still too high for prophylactic vaccina-
tion trials. Therapeutic trials against advanced cancer or lethal
infections will be first in line. Ultimately, following the example
of AdV used for Phase III prophylactic vaccination against HIV,
close cooperation between the public and private sectors will be
required for the development of LV in large batches. Once this
hallmark in translational biomedicine is achieved, there will be
reason to be optimistic that Phase I trials with LV vaccines will
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not be too delayed.

Key issues

e Effective gene delivery into dendritic cells is achieved with lentiviral vectors in vitro and in vivo.
e Prophylactic and therapeutic effects are obtained with dendritic cells/lentiviral vectors (LVs) or direct LV administration in mouse

tumor models.

manuscript.

LVs have recently been used in gene therapy clinical trials.
Risk factors such as the occurrence of replication-deficient LV or genotoxicity in transduced dendritic cells are unlikely but cannot

be excluded.

New vector modalities for vaccination will focus on integration-deficient LV carrying an additional suicide gene. Vector targeting
through engineered envelopes or cell-specific promoters are also strategies to avoid off-target gene delivery.

Production methods for the large-scale production of LV will have to be developed for vaccination trials.
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