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Recombinant Vesicular Stomatitis Virus
Transduction of Dendritic Cells Enhances
Their Ability to Prime Innate and Adaptive

Antitumor Immunity

Jeanette E Boudreau'?, Byram W Bridle', Kyle B Stephenson'?, Kristina M Jenkins'?, Jérome Brunelliére’,
Jonathan L Bramson', Brian D Lichty' and Yonghong Wan'

"Department of Pathology and Molecular Medicine, McMaster University, Hamilton, Ontario, Canada; ?Medical Sciences Program,

McMaster University, Hamilton, Ontario, Canada

Dendritic cell (DC)-based vaccines are a promising
strategy for tumor immunotherapy due to their ability to
activate both antigen-specific T-cell immunity and innate
immune effector components, including natural killer
(NK) cells. However, the optimal mode of antigen delivery
and DC activation remains to be determined. Using M
protein mutant vesicular stomatitis virus (AM51-VSV) as
a gene-delivery vector, we demonstrate that a high level
of transgene expression could be achieved in ~70% of
DCs without affecting cell viability. Furthermore, AM51-
VSV infection activated DCs to produce proinflammatory
cytokines (interleukin-12, tumor necrosis factor-o, and
interferon (IFN)o/B), and to display a mature phenotype
(CD40"9"CD86"" major histocompatibility complex
(MHC I)Mah). When delivered to mice bearing 10-day-old
lung metastatic tumors, DCs infected with AM51-VSV
encoding a tumor-associated antigen mediated sig-
nificant control of tumor growth by engaging both NK
and CD8% T cells. Importantly, depletion of NK cells
completely abrogated tumor destruction, indicating that
NK cells play a critical role for this DC vaccine-induced
therapeutic outcome. Our findings identify AM51-VSV as
both an efficient gene-delivery vector and a maturation
agent allowing DC vaccines to overcome immunosup-
pression in the tumor-bearing host.
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INTRODUCTION

Many cancer vaccines are primarily designed to target adaptive
T-cell immunity but increasing evidence has demonstrated that
concomitant activation of natural killer (NK) cells is crucial
for the generation of optimal antitumor activity. In this regard,
NK cells not only provide an additional effector mechanism to
directly control tumor growth' but also secrete cytokines, such
as interferon (IFN)y, which facilitate the development of effec-
tive CD8* cytotoxic T-lymphocyte (CTL) responses. In some

cases, NK cells are the sole effector population against tumors
after vaccination.’ Thus, it is important to select those vaccine
approaches that are capable of both activating and linking innate
and adaptive immunity.

Dendritic cells (DCs) are an ideal cancer vaccine platform as
the most potent antigen-presenting cells for priming both CD4™*
and CD8™ T cells. Moreover, cross talk between DCs and NK cells
results in DC maturation and NK activation, providing favorable
conditions for the induction of antitumor CTL and Th immune
responses.” Indeed, we, and others, have demonstrated that
ex vivo differentiated DCs can engage T-lymphocytes and NK cells
following adoptive transfer."** However, the outcome of immune
responses is dependent on DC maturational status and the avail-
ability of specific antigen components. For instance, immature
DCs are susceptible to NK killing and are likely to induce T-cell
tolerance.®” Similarly, DCs fail to prime optimal CTL responses
in the absence of cognate interactions with CD4" T cells.® Finally,
factors produced following DC activation, including type-I IFN
(IFNa/P), are known to play an important role in the activation
of NK and T cells.”!® Thus, developing optimal strategies for
DC maturation and antigen loading is critical to the success of
DC-based cancer immunotherapy.

Genetic modification with a recombinant virus has been
demonstrated as an effective approach to deliver tumor antigens
into DCs." Viral transduction offers the advantage of a continuous
supply of antigen and a broad spectrum of major histocompatibility
complex (MHC) epitopes presented by DCs."" Of these viral
vectors, adenovirus (Ad), lentivirus, and vaccinia virus are the
most intensively studied due to their ability to infect a wide variety
of cells including DCs."""** More importantly, these recombinant
viral vectors appear to be able to induce DC maturation, though
controversial results have also been reported.*!* Considerable effort
is currently being devoted to further manipulate these vectors for
the improvement of their specificity and effect on DC function.!>-”

Vesicular stomatitis virus (VSV) is a negative-strand RNA
virus in the family Rhabdoviridae that has been used success-
fully as an oncolytic agent or vaccine vector in animal models."
VSV can infect multiple cell types and its replication is naturally
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attenuated in normal tissues by the innate IFN (IFNo/[) response.
Most wild-type strains of VSV inhibit gene expression and sup-
press IFN production via the matrix (M) protein; however, dele-
tion of methionine 51 (M51) in M prevents this blockade."” Thus,
infection with VSV carrying this mutation (AM51-VSV) produces
a marked IFN response in normal cells, facilitating its neutraliza-
tion in healthy tissues.” These properties may make AM51-VSV
an ideal vector to transduce DCs for the development of DC-based
cancer vaccines.

In this article, we have examined the utility of AM51-VSV as a
vector for antigen loading and activation of DC. We demonstrate
that VSV infection is an effective and nontoxic method to create
a DC vaccine that potently engages both NK and T-cell immunity
in a tumor-bearing host.

RESULTS
AMS51-VSV can efficiently infect DCs in vitro
A recent report indicated that bone marrow—-derived myeloid DCs
could tolerate infection by an M protein mutant of VSV and these
cells remained viable for at least 24 hours (ref. 20). With the goal of
using AM51-VSV-infected DCs as a vaccine platform, we extended
the previous study to determine the multiplicity of infection (MOI)
that would give maximal transgene expression without causing
significant DC mortality. To this end, bone marrow-derived DCs
were infected at 10, 25, or 50 plaque-forming units (pfu)/cell with
AMS51-VSV carrying green fluorescent protein (GFP) (VSV/GFP)
and analyzed 24, 48, and 72 hours later for transgene (GFP) expres-
sion and viability. As shown in Figure 1a,b, 10 pfu/cell of VSV/GFP
resulted in substantial GFP expression (58.6  0.7%) in cultured
CD11ct DC at 24 hours postexposure, suggesting that DCs can be
readily loaded with an antigen via AM51-VSV infection. Although
an MOI of 25 increased GFP expression to 70.3 + 1.2%, no further
increase was obtained by doubling the viral dose to 50 pfu/cell
(58.9 £ 0.9%). GFP was not measured in DCs infected with AM51-
VSV containing no transgene (VSV/MT) excluding the possibility
that the signal was due to infection-induced autofluorescence (not
shown). Importantly, infection by all three MOIs did not compro-
mise DC viability, which was equivalent to or higher than mock-
infected cells (Figure 1c) for at least 3 days in culture, suggesting
that myeloid DCs can tolerate relatively high MOIs of this mutant
virus and remain viable to interact with host immune cells upon
in vivo inoculation. As 25 pfu AM51-VSV/cell gave maximal trans-
gene expression without toxicity, we decided to use this MOI for all
subsequent experiments. To confirm the clinical feasibility of this
strategy, we tested the ability of AM51-VSV to infect DCs derived
from human CD34% peripheral blood mononuclear cells. Similar
to murine bone marrow-derived DCs, the highest transduction
efficiency occurred when human DCs were infected with 25 pfu
AM51-VSV/cell. At 24 hours after infection, 64.6 £ 0.5 % of human
CD11c* cells were GFPT (Supplementary Figure Sla,b; P < 0.001).
In addition, these cells remained 96.6 +0.9% viable at this time point
(Supplementary Figure S1c). Taken together, these findings imply
that DCs can be readily transduced with antigen using AM51-VSV
and administered to patients for cancer immunotherapy.

To determine whether infected DCs produce viral progeny,
supernatants were collected every 24 hours for 3 days following
infection with 25pfu/cell VSV. Infected DCs released minimal
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amounts of virus (0.8 pfu/cell) in comparison to highly permissive
Vero cells, where the virus production was 300 times higher in the
first 24 hours (Figure 1d). After 24 hours, the production of VSV
by infected DCs declined further, demonstrating that only mini-
mal viral replication occurs in DCs. No comparisons could be
made to Vero at these time points because these cells were killed
by the VSV infection within the first 24 hours. Thus, DCs are sus-
ceptible to infection with AM51-VSV viruses but do not permit
productive replication.

VSV infection elicits maturation of DC
Another important aspect determining the overall efficiency of
DC vaccination is the maturation status of DCs following ex vivo
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Figure 1 DCs are efficiently transduced using VSV and remain viable
for at least 72 hours after infection. (a) Triplicate wells of DCs were
infected with 0 (i) (mock treatment), 10 (ii), 25 (iii), or 50 (iv) pfu/cell VSV/
GFP for 4 hours in minimal media, washed thrice in PBS, and returned
to culture in DC media. Representative dot pots depicting GFP expres-
sion versus CD11c are shown. (b) GFP expression by DCs (gated on
CD11c* cells) was quantified 24 hours postinfection by flow cytometry
(*P < 0.0001 compared to all other groups). (c) Cell viability was deter-
mined by 7-amino actinomycin-D staining 24, 48, or 72 hours postinfec-
tion or mock treatment. (d) Samples of infected cell supernatants were
collected 24, 48, and 72 hours after infection and washing and viral
progeny was quantified by plaque assay. Vero cells were infected using
identical conditions as a positive control for productive infection. Data
are representative of three independent trials. APC, allophycocyanin;
DC, dendritic cell; FITC, fluorescein isothiocyanate; GFP, green fluores-
cent protein; PBS, phosphate-buffered saline; pfu, plaque-forming units;
VSV, vesicular stomatitis virus.
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manipulation. To determine whether AM51-VSV infection at
an MOI of 25 affected DC maturation, we analyzed both co-
stimulatory molecule expression and cytokine production by DCs
using flow cytometry. Approximately 80% of the cells generated
in our mock-infected culture conditions were positive for CD11c
(Figure 1a) but only 20-30% of them expressed high levels of
CD40, CD86, and MHCI, suggesting a heterogeneous population
of mostly immature DCs (Figure 2a,b; Mock). Consistent with
surface marker expression, only minimal production of the proin-
flammatory cytokines tumor necrosis factor-a and interleukin-12
was measured in unmanipulated DCs (<5%, Figure 2c). However,
65-80% of CD11ct DCs expressed high levels of CD40, CD86,
and MHC II 24 hours after infection with VSV/MT, indicating a
strong induction of maturation (Figure 2a,b, P < 0.001 compared
to mock-treated cells). This level of maturation was similar to
(CD40) or greater than (CD86 and MHCII, P < 0.05) that induced
by lipopolysaccharide (LPS) treatment (Figure 2b). Similarly, sig-
nificantly more DCs were activated to produce interleukin-12 and
tumor necrosis factor-a following treatment with LPS or VSV/
MT compared to their mock-treated counterparts (P < 0.001,
Figure 2¢). As the AM51-VSV vector used in this study is an IFN-
inducing mutant, we also assayed for type-I IFN concentration

a Mock LPS VSV b i
*K gk

P n
23.4 .
[ _3 | /\7\\\1_ _._7§i 75 1 . il

~CD40

201 /\A V-vs'q/:

5
EAAVE BN 25
CDS86.

50 *

% Of DCs

CD40 CD86 MHC II
Phenotype marker

,
| S —

V8V *

IL-12
*

0 10 20 30 40 50 60 102 10°  10* 105 108

% Cytokine productin cells Acid-resistant type-I IFN (U/ml/108 cells)

[ Mock [JLPs HEEVSV|

Figure 2 VSV infection induces maturation and cytokine production
by DCs. DCs were infected with 25 pfu/cell VSV/MT, treated with LPS,
or mock-treated for 4 hours in minimal media, washed thrice in PBS,
and returned to culture. (a) Representative histograms depicting CD40,
CD86, and MHC Il expression from mock (shaded) and stimulated
(black line) samples are shown. (b) Summarized data for CD40, CD86,
and MHC Il expression by DCs (**P < 0.001 compared to mock-treated
cells; *P < 0.05, significantly different from mock- and VSV-treated
cells). (€) 12 hours following infection, intracellular staining for IL-12
and TNF-o was performed (**P < 0.001, significant increase compared
to mock-treated cells). (d) Supernatants were collected 12 hours after
infection and analyzed for acid-resistant type-I IFN based on VSV plaque
reduction assay as described in materials and methods (*P < 0.05
compared with mock- and LPS-treated cells). Bars represent means +
SEM and data from three independent infections. DC, dendritic cell;
IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; MHC, major
histocompatibility complex; pfu, plaque-forming units; TNF, tumor
necrosis factor; VSV, vesicular stomatitis virus.
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in supernatants before and after VSV/MT infection of DCs using
a bioassay based on inhibition of wild-type VSV growth in L929
cells. Indeed, levels of IFNa/p were much higher in the superna-
tants of infected DCs (Figure 2d, P < 0.05 compared to mock- and
LPS-treated cells), confirming the IFN-inducing capacity of the
mutant VSV vector. Taken together, the upregulation of matura-
tional markers and cytokine production by DCs following infec-
tion indicates a mature phenotype, suggesting that in addition to
antigen loading, transduction with AM51-VSV allows simultane-
ous activation of DCs.

AMS51-VSV-infected DCs confer therapeutic effect
against lung metastatic melanoma

Having demonstrated the ability of the VSV vector to introduce
antigen into and activate DCs, we next assessed the therapeutic
capacity of VSV expressing an ovalbumin (OVA)-derived CD8*
T-cell epitope, SIINFEKL (VSV/SIIN), as a model tumor antigen to
transduce DCs for immunization of mice with established tumors.
C57BL/6 mice were injected intravenously with 1 x 10° B16F10-
OVA cells, which consistently results in the formation of visible
tumor nodules on the lung surface in 10 days and becomes fatal
within 21-25 days in untreated mice (J. Boudreau and Y. Wan,
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Figure 3 VSV-infected DCs mediate therapeutic tumor destruction.
(a) Mice were challenged with 1 x 10° B16-OVA cells intravenously and
immunized 10 days later with PBS, DC-VSV/MT, or DC-VSV/SIIN. Mice
were killed 11 days after immunization (21 days after challenge), lungs
were collected and tumour nodules were counted using a dissecting
microscope (significantly greater tumor burden in PBS compared to
DC-VSV/MT (**P < 0.001) and DC-VSV/SIIN (**P < 0.001) *P < 0.05,
significant difference between DC-VSV/MT and DC-VSV/SIIN). (b) Mice
were immunized with DCs treated LPS with or without SIINFEKL peptide
pulsing, or infected with recombinant Ad carrying SIINFEKL (DC/
Ad-SIIN) or no transgene (DC/Ad-BHG). Significant reduction compared
to PBS, **P < 0.001. Bars represent means = SEM from two independent
experiments with 5 mice/group. DC, dendritic cell; LPS, lipopolysac-
charide; OVA, ovalbumin; PBS, phosphate-buffered saline; VSV, vesicular
stomatitis virus.
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Figure 4 Immunization with VSV-infected DCs elicits NK and CTL
activation in tumor-bearing hosts. Mice bearing 10-day-old B16-OVA
lung metastases were immunized with DC-VSV/SIIN or DC-VSV/MT,
or unimmunized (PBS). Eleven days following immunization, splenic
NK cells were analyzed for activation by flow cytometry based on
(a) CD69 expression and (b) IFNy production (***P < 0.0001, com-
pared with PBS-immunized). (c) To analyze CTL activation, IFNy pro-
duction following in vitro peptide restimulation was measured by flow
cytometry (*P < 0.05 significantly greater IFNy production following
restimulation with SIINFEKL peptide compared to PBS and DC-VSV/
MT-immunized mice; **P < 0.001, significantly greater production of
IFNy following restimulation with RGYVYQGL peptide compared to
PBS-immunized. (d) In vivo T-cell cytotoxic activity was measured as
described in materials and methods (***P < 0.0001, significantly greater
target cell killing compared to unpulsed targets. Bars illustrate means +
SEM. Data are representative of two independent experiments with 5
mice/group. CTL, cytotoxic T-lymphocyte; DC, dendritic cell; IFN, inter-
feron; NK, natural killer; OVA, ovalbumin; PBS, phosphate-buffered
saline; VSV, vesicular stomatitis virus.

unpublished results). Thus, we chose to treat animals with VSV/
SIIN-transduced DCs (DC-VSV/SIIN) at day 10 after tumor inoc-
ulation and kill them 11 days later for the enumeration of lung
metastases. We included DCs infected with VSV/MT (DC-VSV/
MT) and phosphate-buffered saline (PBS) as controls for virus
infection and mock treatment, respectively. Interestingly, although
the lowest tumor burden was measured in mice vaccinated with
DC-VSV/SIIN (157.2 % 34.3 lung nodules, P < 0.01 compared
to PBS; P < 0.05 compared to DC-VSV/MT), mice immunized
with DC-VSV/MT were also significantly protected (285.8 +41.9
lung nodules), compared to those treated with PBS (657.0 = 95.0
lung nodules, P < 0.05) (Figure 3a), suggesting that in addition to
SIINFEKL-specific CD8F T cells, nonantigen-specific effects are
involved in tumor destruction. To compare with other matura-
tion approaches, we included DCs activated by LPS and pulsed
with or without SIINFEKL peptide (DC/LPS-SIIN and DC/LPS,
respectively), or transduced with recombinant Ad encoding no
transgene (DC/Ad-BHG) or SIINFEKL (DC/Ad-SIIN). As shown
in Figure 3b, LPS-treated DCs failed to control tumor growth
even when pulsed with SIINFEKL peptide. Conversely, similar to
VSV infection, DC/Ad-BHG elicited a significant decrease in lung
tumor burden (325.0 % 67.6 lung nodules, P < 0.001), which was
enhanced when the Ad used to transduce DCs encoded SIINFEKL
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Figure 5 Tumor destruction mediated by VSV-infected DCs involves
both CD8" and NK cells. Mice were challenged and immunized as
described in Figure 3. CD8 and NK-depleting antibodies were adminis-
tered throughout the immunization period the number of lung tumor
metastases was enumerated 21 days after challenge (*P < 0.01 and
**P < 0.001 compared to DC-VSV/SIIN-immunized). Bars represent
means = SEM and two independent experiments with 5 mice/group.
DC, dendritic cell; NK, natural killer; VSV, vesicular stomatitis virus.

(DC/Ad-SIIN, 213.7 + 16.8, P < 0.05). These results suggest that
maturation per se is insufficient and that viral vectors may provide
additional signals that enable DCs to activate therapeutic antitu-
mor immunity in tumor-bearing mice.

Because a small amount of VSV could be produced by infected
DCs (Figure 1d), it is possible that tumor destruction by DC/VSV
might be partially attributable to VSV-mediated oncolysis.”” To
examine this possibility, mice bearing 10-day-old lung metastatic
tumors were treated with 1 x 10° DC-VSV/MT or 25 x 10°pfu
VSV/MT (equivalent to the dose used for in vitro infection of 1 x
10° DCs) by footpad injection. No VSV could be detected by plaque
assay from lung homogenates of mice 3 days after AM51-VSV
alone or DC/VSV inoculation (data not shown). Furthermore, a
single injection with 107 to 10° pfu AM51-VSV had no effect on the
growth of B16 lung metastasis (B. Bridle and J. Boudreau, unpub-
lished results), indicating that oncolysis does not play a significant
role in the tumor destruction mediated by DC/VSV.

Activation of both CD8* T cells and NK cells
by AM51-VSV-transduced DCs
We and others have previously shown that the prophylactic,
nonantigen-specific antitumor activity generated by DCs is medi-
ated by NK cells and activation of both NK cells and CD8* T
cells is often associated with maximum efficacy."** To determine
whether these populations could also be activated in tumor-
bearing hosts, mice bearing 10-day-old lung metastatic tumors
were immunized with PBS or DCs infected with either VSV/MT
or VSV/SIIN. Eleven days after immunization, mice were killed
and activation of splenic CD8* and NK cells was assessed.
Following a brief culture in vitro, basal levels of CD69 expres-
sion (24.87 * 1.52%, Figure 4a) and IFNYy secretion (0.53 *
0.14%, Figure 4b) were detected in NK cells from PBS-treated
animals. However, the frequency of NK cells, which stained
positive for CD69 and IFNy, was increased 2.5- and 5.8-fold,
respectively (P < 0.0001), in mice injected with DCs infected
with either recombinant virus, demonstrating that VSV-infected
DCs mediate sustained activation of NK cells in the presence of
established tumors.

www.moleculartherapy.org vol. 17 no. 8 aug. 2009
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Figure 6 DCs infected with VSV carrying a native tumour antigen
mediate tumor protection. Mice were challenged with 10° B16-OVA
cells i.v., and treated with PBS or immunized with DC-VSV/hDCT. Eleven
days after immunization, mice were killed and spleens and lungs were
collected. (a) Tumor nodules on lung surfaces were counted using a
dissecting microscope (significantly greater tumor burden in PBS-treated
compared to DC-VSV/MT (**P < 0.01) and DC-VSV/hDCT (**P < 0.001);
*P < 0.05, significantly different tumor burdens between DC-VSV/MT
and DC-VSV/hDCT). (b) IFNy production by splenic NK cells was
measured after in vitro culture without stimulation (*P < 0.05 compared
to PBS-treated). (c) CD8" T cells were restimulated with SVYVYQGL
peptide in vitro and IFNy production was measured (*P < 0.05 compared
to PBS-treated). DC, dendritic cell; IFN, interferon; OVA, ovalbumin;
PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.

To characterize the antigen-specific CD8% T-cell responses
elicited by the DC/VSV inoculum, we measured immunity against
epitopes derived from the transgene (SIINFEKL) or the nucleo-
protein of VSV (RGYVYQGL). As shown in Figure 4c, IFNy
production in response to SIINFEKL was measured in splenic
CD8* T cells that were harvested from mice immunized with
DC-VSV/SIIN, but not with DC-VSV/MT or PBS (P < 0.05).
Similar frequencies of CD8™ T cells specific for the viral peptide,
RGYVYQGL, were detected in mice treated with either DC-VSV/
SIIN or DC-VSV/MT, confirming antigen specificity and similar
loading between the two recombinant viruses.

To determine the cytolytic ability of activated CD8* T cells,
we performed in vivo cytotoxicity assays. Consistent with
the observations for cytokine production, mice immunized
with DC-VSV/SIIN could clear target cells pulsed with either
SIINFEKL or RGYVYQGL, whereas DC-VSV/MT-immunized
animals only eliminated lymphocytes pulsed with the viral peptide
(Figure 4d, P < 0.0001). Taken together, these results demonstrate
that AM51-VSV-infected DCs are an effective vaccine platform,
capable of activating antigen-specific CD8% T cells and NK cells
in tumor-bearing hosts.

NK cells play a predominant role

in tumor suppression

To determine the requirement of CD8* T cells and NK cells for
the tumor destruction induced by DC-VSV/SIIN, in vivo deple-
tion of these subsets was performed by repeated intraperitoneal
injections of depleting antibodies. As shown in Figure 5, depletion
of CD8" T cells reduced tumor destruction (P < 0.01), compared

Molecular Therapy vol. 17 no. 8 aug. 2009
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to immunized mice without depletion, but tumor burdens were
still significantly lower than in PBS-immunized mice (P < 0.01).
A more profound effect was observed when either NK cells or
both NK cells and CD8™ cells were concurrently depleted: tumor
clearance was completely abrogated and tumor burdens were even
greater than in PBS-treated animals (P < 0.001). These findings
demonstrate that both CD8"1 T cells and NK cells are involved
in tumor growth control following immunization with DC-VSV/
SIIN and that NK cells appear to play a predominant and critical
role for tumor destruction.

AMS51-VSV-infected DCs can elicit tumor destruction
using a native tumor-associated antigen

Clinical cancer immunotherapy will require immune targeting
of native tumor-associated antigens. With this in mind, we con-
structed a recombinant AM51-VSV vector that expresses the
human melanoma-associated antigen, dopachrome tautomerase
(hDCT), and used this vector to transduce DCs for immunization
of tumor-bearing mice. Human DCT is highly homologous (84%)
to its murine counterpart,?! which is endogenously expressed by
B16-OVA cells. CD8* T-cell immunity against a dominant epitope
SVYDFFVWL, which is 100% conserved between mouse and
human, has been associated with B16 tumor rejection.® Similar
to DC-VSV/SIIN, immunization with DC-VSV/hDCT in mice
carrying 10-day-old lung metastases could significantly reduce
tumor burdens compared to PBS and DC-VSV/MT treated mice
(Figure 6a, P < 0.01 and P < 0.001, respectively). Moreover, acti-
vation of NK cells and SVYDFFVWL-specific CD8" T cells was
evident by intracellular staining of IFNy (Figure 6b,c).

DISCUSSION
DCs are the most potent antigen-presenting cells and have
proven highly effective as cellular vehicles for eliciting antigen-
specific immune responses. However, although DC vaccines are
often successful for immunization of animals to resist subsequent
tumor challenges, only rarely can they eradicate pre-existing
well-established tumors.”»* Thus, further refinement of this
strategy is required to elicit therapeutic immunity. In this report,
we demonstrate that recombinant AM51-VSV infection of DCs
simultaneously mediates high-level transgene expression and DC
maturation. Administration of AM51-VSV-infected DCs to tumor-
bearing mice caused a significant reduction in tumor burden, an
effect mediated by CD8* T cells and NK cells. Furthermore, we
demonstrate that AM51-VSV can be used to efficiently transduce
human DCs, suggesting that AM51-VSV infection of DCs may
represent a promising protocol for the development of clinical
DC-based therapeutic cancer vaccines.

As demonstrated in this study and in previous reports, using
a virus to deliver a tumor-associated antigen-encoding gene to
DCs offers several benefits, including: (i) high-efficiency of gene
transfer ensuring sufficient and continuous supply of antigen,
(ii) endogenous protein production facilitating the loading of
MHC class-I, and (iii) exposure to the full-length protein per-
mitting epitope selection that covers the entire molecule.®'
Furthermore, viral infection may provide inflammatory signals
that mediate DC maturation and cytokine production.'® In this
study, we report that up to 70% of cultured DCs can be transduced
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with AM51-VSV vectors without compromising cell viability.
Additionally, infection with AM51-VSV induces DC maturation
and proinflammatory cytokine production conducive to subse-
quent immune priming. In particular, recombinant AM51-VSV
induces high levels of type-I IFN secretion by DCs that may not
only attenuate viral replication and spread but also further improve
DC function. Studies from others have indeed demonstrated that
IFNa can exert important effects on the differentiation and func-
tion of DCs and that when pretreated with IFNa, DCs are potent
activators of CTL response and proliferation.?** Moreover, IFNs
can directly provide important T-cell survival signals in the tumor
microenvironment,® suggesting that AM51-VSV-infected DC
vaccines may offer an additional advantage to overcome tumor-
associated immune suppression and enhance T-cell function.

We noticed that the CD8* T-cell response against the viral
nucleoprotein was always higher than that against the transgene.
Coincidently, all three epitopes, SINFEKL (OVA), SVYDFFVWL
(DCT), and RGYVYQGL (VSV) share MHC I H-2k" and thus it
is likely that competition for antigen presentation accounts for
the magnitude of the T-cell response. As the gene for the VSV
nucleoprotein is upstream of that for the transgene, a greater
amount of VSV nucleoprotein will favor presentation of the VSV
epitope over transgene products.”” This possibility requires further
investigation for the improvement of VSV-based vaccines.

Although the focus of DC-based immunization strategies has
typically been activation of CD41 and CD8™ T cells,* DC:NK cross
talk is increasingly appreciated as an important component of the
immune response following DC-based vaccination. DCs have been
shown to activate NK cells for both cytokine production and cyto-
toxicity through contact-dependent mechanisms and/or soluble
factors.”** As a result, activated NK cells can provide cytokines
such as IFNYy to facilitate Th1/CTL responses™ or function as effec-
tors to mediate rapid tumor destruction.* However, the optimal
method for manipulation of DCs to engage NK activation, espe-
cially in tumor-bearing hosts, remains to be determined. In fact,
previous reports have demonstrated that a growing tumor could
impair NK function by tumor-derived factors or tumor-associated
suppressor cells’*? and that NK-cell development in the bone
marrow was interrupted in cancer-bearing hosts. Interestingly,
however, despite the multiple mechanisms accountable for the
tumor-mediated inhibitory effect on NK-cell function, our results
indicate that AM51-VSV-infected DCs are able to overcome the
immunosuppressive environment and trigger NK-mediated anti-
tumor activity. More importantly, activation of NK cells appears to
be critical to achieve maximum tumor destruction, as depletion of
NK cells completely abrogated the benefit of DC-AM51-VSV ther-
apy. Furthermore, the rapid control of tumor growth and cytokine
secretion by activated NK may allow for the optimal development
or effector function of antigen-specific CTL.

The mechanisms by which AM51-VSV-infected DC could
induce NK activation remain to be determined. Our previous
studies showed that CpG/LPS-matured DCs were equally potent to
DC/AM51-VSV to elicit NK-mediated protection in a prophylactic
setting, but they had no impact on mice with established tumors.!
A possible explanation for this discrepancy is that compared to
transient treatment with CpG/LPS, viral infection may provide
persistent TLR/maturation signals to DCs required for bypassing
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regulatory inhibitory mechanisms such as regulatory T cells and
myeloid suppressor cells.* This notion is supported by the similar
results obtained from Ad-infected DCs. Although a small amount
of VSV could be produced by infected DCs, a single inoculation
of VSV via footpad injection had no impact on tumor growth
in our study. However, using a skin B16-OVA model, Diaz et al.
have recently reported that repeated intratumoral injection with
higher doses of VSV could induce both NK cell and CD8* T-cell
responses leading to tumor regression.” Other studies have also
confirmed that VSV functions as both an oncolytic virus and an
immune modulator but the appropriate delivery (e.g., route, dose,
and frequency) is essential.'*!* Nevertheless, these results point
to the possibility that combining DC vaccination and oncolytic
therapy may represent a novel and effective anticancer approach.

Our studies identify recombinant AM51-VSV as a novel gene-
delivery vector that can effectively transduce and activate DCs.
The potency of DC-AM51-VSV vectors for activation of both NK
and CD8" T cells in tumor-bearing hosts offers a new platform
for the development of therapeutic vaccines that can overcome
tumor-associated immunosuppression.

MATERIALS AND METHODS

Mice and cell cultures. Female 6- to 8-week-old C57BL/6 mice were
purchased from Charles River Laboratories (Wilmington, MA) and
housed in our specific pathogen-free facility. All animal experimenta-
tion was approved by the McMaster Animal Research Ethics Board and
concurred with the guidelines established by the Canadian Council
on Animal Care. B16-OVA cells, a murine melanoma line stably
transfected with chicken egg OVA, were cultured in MEM-F11 media
supplemented with 10% fetal bovine serum, 2mmol/l L-glutamine,
1x B-mercaptoethanol, 1x vitamin solution, and antibiotics. G418
(800 Lg/ml) was used to maintain OVA expression in the B16-OVA line.
Vero and 1929 cells were propagated in a-MEM supplemented with 10%
fetal bovine serum, 2mmol/l L-glutamine, and antibiotics (all cell culture
reagents from Invitrogen, Grand Island, NY).

Recombinant VSV. All VSV vectors used were constructed using an M
protein mutant of the Indiana serotype (AM51-VSV) and were created by
subcloning PCR fragments between the Xhol and Nhel sites of the plasmid
pAMS51 (ref. 19). VSV/SIINFEKL-Luc (VSV/SIIN) contains a modified
version of luciferase bearing the immunodominant class-I epitope from
OVA (SIINFEKL) tagged to the N-terminus.** VSV/hDCT carries a human
melanoma-associated antigen, DCT. VSV/GFP harbors the GFP and the
control virus, VSV/MT, contains no transgene. AM51-VSV vectors were
propagated in 293T cell cultures and purified by centrifugation on a
sucrose gradient.””

Recombinant Ad. Generation and purification of recombinant E1- and
E3-deleted Ads encoding no transgene (Ad-BHG) or expressing SIINFEKL-
luciferase (Ad-SIIN) have been previously described.’”*

DC culture. Murine bone marrow-derived DCs were generated in the
presence of 40ng/ml recombinant murine GM-CSF (PeproTech, Rocky
Hill, NJ), as described."*

Human DCs were derived from CD34" progenitors isolated from
leukapheresis products obtained from patients undergoing peripheral
blood stem cell transplants under approval of the McMaster Research
Ethics Board. Briefly, mononuclear cells were isolated by centrifugation
on Ficoll-Paque (GE Healthcare, Uppsala, Sweden) and CD34%"
cells were purified by positive magnetic selection (Miltenyi Biotech,
Bergisch Gladbach, Germany) according to manufacturer’s instructions.
CD34% cells were seeded into polystyrene culture plates in RPMI
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(Gibco Invitrogen, Carlsbad, CA) supplemented with 10% human
AB serum, antibiotics (Sigma-Aldrich, Oakville, Ontario, Canada),
recombinant human granulocyte-macrophage colony-stimulating factor
(100ng/ml), stem cell factor (25ng/ml), FMS-like tyrosine kinase-3 ligand
(Flt-3L, 25 ng/ml), and tumor necrosis factor-a (2.5 ng/ml from days 0 to 5
and 5ng/ml from days 6 to 7) (all cytokines were obtained from CellGenix,
Freiburg, Germany) for 7 days before infection with AM51-VSV viruses.

Infection of DCs. After a 7-day culture period, DCs were infected with
recombinant AM51-VSV or Ad at variouspfu/cell or treated with 2pg/ml
LPS with or without 1ug/ml SIINFEKL peptide for 4 hours in minimal
media and washed thrice with PBS before in vivo immunization or continued
culture for in vitro analysis. Assessment of DC maturation following infec-
tion was carried out by analyzing surface marker expression and intracellular
cytokine production by flow cytometry (FACSCanto; BD Biosciences,
Mississauga, Ontario, Canada). Flow cytometric data were analyzed using
FlowJo software (Tree Star, Ashland, OR), and gates were set based on
isotype control antibodies. To exclude the possibility of changes in DC auto-
fluorescence based on VSV infection, unstained control cells infected with
VSV-MT were used to confirm similar background fluorescence.

Viral titering in culture supernatants. Supernatants were collected from
VSV/MT-infected DCs 24, 48, and 72 hours after infection. As a control
for productive infection, Vero cells were infected in parallel for 24 hours.
Viral titers were quantified by plaque assay on Vero monolayers and are
expressed as viral progeny per infected cell.

Peptides and flow cytometry reagents. Kb-restricted peptides from
OVA (SIINFEKL), DCT (SVYDFFVWL), or the VSV nucleoprotein
(RGYVYQGL) were purchased from PepScan Systems (Lelystad, The
Netherlands), Dalton Chemicals (Toronto, Ontario, Canada), and Biomer
Technology (San Francisco, CA), respectively. All flow cytometry antibod-
ies and fluorescent reagents were purchased from BD Biosciences.

IFNoy/B bioassay. DCs were washed thrice with PBS 4 hours post-VSV/MT
infection and replated in DC media to culture for an additional 12 hours.
Supernatants were collected and acid neutralized to eliminate residual
AMS51-VSV and neutralize nontype-I IFN cytokines before bioassay.***!
Neutralized supernatants were serially diluted and used to treat L929
cells for 24 hours. As control, dilutions of an IFNp stock of known con-
centration (Sigma-Aldrich) were assayed in parallel. L929 cells were then
infected with wild-type VSV expressing GFP overnight. GFP expression
was scanned using the Typhoon Trio Variable Mode Imager (Amersham
Biosciences, Piscataway, NJ) and fluorescence was compared between
standard and experimental wells to give a quantitative measure of type-I
IFN in the supernatants of infected cells.

Tumor treatment. C57BL/6 mice were given 1 x 10° B16-OVA cells by
intravenous tail-vein injection to establish lung metastatic tumors. Ten days
later, DC-based vaccines (1 x 10° cells/mouse) were administered via sub-
cutaneous footpad injection. In some experiments, mice were depleted of
NK cells or CD8" T cells by injection of corresponding antibodies. Purified
antibody (250 ug, clone 53-6.72 for CD8 depletion) and/or 100l ascites
(clone PK136 for NK depletion) were injected intraperitoneally on days
9, 11, and 18 with respect to tumor challenge. Twenty-one days following
tumor inoculation, mice were killed and lungs were collected. The number
of surface tumor nodules was counted using a dissecting microscope. In
the event that there were too many tumor nodules to differentiate to obtain
a reliable count, a value of 800 was assigned based on an attempted count
of these lungs.

In vivo CTL assay. We modified an existing protocol** to simultaneously
measure antigen-specific killing against RGYVYQGL and SIINFEKL
targets in vivo. Splenocytes from naive Ptprc mice (Taconic Farms, Hudson,
NY), which express the CD45.1 alloantigen, were collected and pulsed
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with RGYVYQGL, SIINFEKL, or no peptide and labeled with discreet
concentrations of carboxyfluorescein succinimidyl ester dye. Target cells
were mixed at a 1:1:1 ratio and injected intravenously into tumor-bearing
C57BL/6 mice (which express CD45.2) 11 days after treatment with DC
vaccines. Splenic CD45.1% cells were analyzed after overnight in vivo
exposure based on their level of carboxyfluorescein succinimidyl ester
fluorescence. Ratios of the total number of remaining RGYVYQGL or
SIINFEKL-pulsed targets were compared to unpulsed targets to quantify
the extent of antigen-specific killing as described.*

Intracellular cytokine staining. To quantify the frequency of IFNy-
producing CD8" T cells, splenocytes from treated animals were restim-
ulated with specific peptides (1ug/ml) for 5 hours in the presence of
Brefeldin A and anti-CD28 antibody (BD Biosciences). For NK-cell analy-
sis, splenocytes were incubated overnight without additional restimula-
tion. Brefeldin A was added in the last 6 hours. Cells were first treated with
FcBlock, stained to detect surface markers and subsequently permeabilized
using the Cytofix/Cytoperm solution from BD Biosciences and stained
with antibody against IFNy according to the manufacturer’s instructions.
Lymphocytes were examined by flow cytometry (BD FACSCanto) and
analyzed using FlowJo software.

Statistical analysis. Data were analyzed using Student’s t-tests or one- and
two-way analysis of variance with Tukey’s or Bonferonni’s post hoc test, as
appropriate, using GraphPad Prism 4.0b software (Graph Pad Software, La
Jolla, CA). In all cases, P < 0.05 was taken as significantly different from
chance and data are presented as means + SE.

SUPPLEMENTARY MATERIAL
Figure S1. DCs derived from human CD34% PBMCs are efficiently
transduced with VSV.
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