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The rhabdovirus Maraba has recently been characterized
as a potent oncolytic virus. In the present study, we engi-
neered an attenuated Maraba strain, defined as MG1, to
express a melanoma-associated tumor antigen. Its abil-
ity to mount an antitumor immunity was evaluated in
tumor-free and melanoma tumor-bearing mice. Alone,
the MG1 vaccine appeared insufficient to prime detect-
able adaptive immunity against the tumor antigen.
However, when used as a boosting vector in a heterolo-
gous prime-boost regimen, MG1 vaccine rapidly gen-
erated strong antigen-specific T-cell immune responses.
Once applied for treating syngeneic murine melanoma
tumors, our oncolytic prime-boost vaccination protocol
involving Maraba MG1 dramatically extended median
survival and allowed complete remission in more than
20% of the animals treated. This work describes Maraba
virus MG1 as a potent vaccine vector for cancer immuno-
therapy displaying both oncolytic activity and a remark-
able ability to boost adaptive antitumor immunity.
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INTRODUCTION

Oncolytic viruses (OVs) specifically infect, replicate in and kill
malignant cells, leaving normal tissues unaffected. Several OVs
have reached advanced stages of clinical evaluation for the treat-
ment of various neoplasms.’ Data from clinical trials and preclini-
cal models have demonstrated that these viral agents alone or in
combination with standard cancer therapies hold great promise
for improved therapeutic efficacy.**

We have previously reported that a naturally attenuated vesic-
ular stomatitis virus (VSVAM51), a prototypical rhabdovirus, is
a compelling oncolytic agent due to its safety profile and the lack
of pre-existing neutralizing antibodies in human populations, a
practical problem associated with several other OV platforms.>®
To expand our current array of safe and potent OVs from the
Rhabdoviridae, we have recently identified several new vesiculo-
viruses that display strong oncolytic activities.”'® Specifically, the
Maraba virus showed the broadest oncotropism in vitro and spe-
cific genetic modifications were shown to dramatically improved
its tumor selectivity and reduced its virulence in normal cells.

In vivo, this attenuated strain, called MG1, demonstrated potent
antitumor activity in xenograft and syngeneic tumor models in
mice, with superior therapeutic efficacy than VSVAM51.°

Data accumulated over the past several years has revealed
that antitumor efficacy of OVs not only depends on their direct
oncolysis but may also depend on their ability to stimulate anti-
tumor immunity.!’ This immune-mediated tumor control seems
to play a critical role in the overall efficacy of OV therapy. Indeed,
tumor-specific adaptive immune cells can patrol the tissues and
destroy tumor cells that have been missed by the OV. Moreover,
their memory compartment can prevent tumor recurrence.

Various strategies have been developed to improve OV-induced
antitumor immunity.'? Some groups have genetically engineered
OV expressing immunostimulatory cytokines. An herpes simplex
and a vaccinia virus expressing granulocyte-macrophage colony-
stimulating factor have respectively reached phase III and IIB of
the clinical evaluation for cancer therapy while a VSV express-
ing interferon (IFN)-{ has just entered phase I.' Another strategy,
defined as oncolytic vaccine, consists of expressing a tumor anti-
gen from the OV. Previously, we and others have demonstrated
that VSV could also be used as a cancer vaccine vector.'*'* When
applied in an heterologous prime-boost setting to treat a murine
melanoma model, our VSV oncolytic vaccine not only induced an
increased tumor-specific immunity but also a concomitant reduc-
tion in antiviral adaptive immunity. As a result, the therapeu-
tic efficacy was dramatically improved with an increase of both
median and long-term survivals."

Given that both VSV and Maraba are classified as vesiculo-
viruses, we hypothesized that Maraba MG1 could share the vac-
cine properties of VSV. In the present study, we demonstrated
that oncolytic Maraba MGI1 can be used as an oncolytic vaccine
platform. While unable to prime detectable responses against a
melanoma-associated antigen, Maraba MGI vaccine displayed a
potent ability to boost pre-existing tumor-specific CD4* and CD8*
T-cell immunity. When applied to the treatment of syngeneic
murine melanoma tumor models, Maraba MG1-mediated recall
immunization resulted in a dramatic extension of the median sur-
vival with complete remission in more than 20% of the animals
treated. Together with our previous study involving VSV, this
work confirmed that vesiculoviruses can be potent vaccine vectors
for cancer immunotherapy displaying both oncolytic activity and
a remarkable ability to boost adaptive cell immunity.
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RESULTS

Characterizing the oncolytic activity of Maraba MG1
in vitro and its oncotropism in vivo in the murine
B16-F10 melanoma model

The oncolytic property of Maraba virus has recently been char-
acterized in five melanoma-derived cell lines from the NCI-60
panel.’ However, the B16-F10 metastatic melanoma cell line, used
as the tumor model in the present study, was not included. Before
evaluating the therapeutic efficacy of Maraba MGI in tumor-
bearing mice, we evaluated its ability to lyse B16-F10 cells in vitro.
For this purpose, a monolayer culture of B16-F10 melanoma cells
was infected with MG1-GFP at a multiplicity of infection of 0.01
and cell viability and viral replication were measured. By visual-
izing green fluorescent protein (GFP) expression, Maraba infec-
tion was noticeable at 12 hours and spread through the whole
culture within 24 hours (Figure 1a). A burst of virus production
was achieved within 20 hours (Figure 1b), along with clearance of
the B16-F10 cell population (Figure 1c and visible field on Figure
1a). These data demonstrated that Maraba MG1 was able to infect,
replicate in and kill B16-F10 melanoma cells.

We subsequently evaluated the ability of Maraba virus to selec-
tively infect B16-F10 melanoma cells in vivo. Inmunocompetent
mice bearing B16-F10 lung metastases, as well as tumor-free
controls, were inoculated intravenously (i.v.) with MGI1-GFP.
Infectious particles were quantified in the lungs and in the sec-
ondary lymphoid organs (spleen and inguinal lymph nodes) at 24
hours and 48 hours after virus injection (Figure 2a). Maraba MG1
was detected at high titers in the spleen 24 hours after inoculation
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(5 log plaque-forming units (pfu)/g tissue) but cleared from
the organ by 48 hours (<2 log pfu/g, Figure 2b). The kinetic of
splenic virus clearance was similar in both tumor-free and tumor-
bearing animals (Figure 2b). MG1 was rarely detectable in the
lymph nodes (<2 log pfu/g, Figure 2¢), independently of the pres-
ence of tumor, suggesting a poor distribution or rapid clearance
of Maraba in the lymph nodes. While MG1 was cleared from
the lungs of tumor-free mice at 48 hours, a substantial level of
virus was still persisting at that time in the mice with B16-F10
lung metastases (Figure 2d, mean + SD = 3.01 log pfu/g + 1.84
at 48 hours). Analysis of the MG1 titer at early timepoint after
infection revealed a large virus uptake in the lungs which was
significantly higher in presence of metastases: 4.26 log pfu/g *
0.40 in tumor-free controls versus 5.84 log pfu/g + 0.19 in tumor-
bearing mice at 2 hours (Figure 2d). In the lungs with metastases,
MGT titer increased by 8 times between 2 and 12 hours, reaching
6.75 log pfu/g + 0.18 at 12 hours, before progressively decreasing
(Figure 2d). In contrast, in tumor-free lungs, the MG1 load did
not increase and displayed a quick clearance (Figure 2d). These
observations illustrate the ability of MG1 to selectively target and
replicate at the tumor site.

Maraba MG1-hDCT alone is insufficient to improve
the therapeutic outcome and to induce antitumor
immunity

Although Maraba MG1 could lyse B16-F10 cells in vitro and rep-
licates at the tumor site in vivo, i.v. administration of MG1-GFP
at its highest tolerable dose (10° pfu—Brun et al.)° did not result
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Figure 1 Maraba MG1 infects, replicates in and kill B16-F10 melanoma cells in vitro. A monolayer culture of murine B16-F10 melanoma cells
was incubating with Maraba MG1-GFP at a multiplicity of infection of 0.01. (a) Maraba virus infects B16-F10 cells and spread across the culture (GFP
signal) leading to complete cell population clearance within 36 hours (visible field). (b) Replication of Maraba MG1-GFP illustrated by viral titers (pfu/
ml) in B16-F10 culture supernatant. (c) Population of viable B16-F10 cells, monitored by MTT assay, in absence or presence of Maraba MG1-GFP.
(b,c) Curves from a representative experiment realized in triplicate where each timepoint is illustrated as mean + SD. GFP, green fluorescent protein;

pfu, plaque-forming units.
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in an improvement of survival in a 5-day-old B16-F10 lung meta-
static model, compared to untreated control animals (Figure 3a).
This result was not entirely surprising as previous studies have
shown that B16 cells are responsive to type I IFNs. Considering
the sensitivity of attenuated VSV to such response,” it was likely
that type I IFNs may also protect tumor cells from Maraba MG1
oncolysis. We validated the hypothesis in vitro by demonstrat-
ing that Maraba MG1 was unable to kill B16-F10 cells that have
been pre-exposed to IFN-B (Supplementary Figure S1). As a
consequence, the induction of the interferon response following
Maraba MG1 replication at the tumor site may limit the extent
of its oncolytic action. One way to broaden antitumor spectrum
and activity of oncolytic therapy is to increase the antitumor
immunity induced during oncolysis. To this end, we engineered

a
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Maraba MGL to express the human form of the melanoma-asso-
ciated antigen dopachrome tautomerase (termed MG1-hDCT, see
Supplementary Figure S2a,b for the cloning strategy and charac-
terization of transgene expression) that is highly homologous to
its murine counterpart expressed by B16-F10 cells. We postulated
that overexpression of dopachrome tautomerase (DCT) by the
Maraba vector during oncolysis might enhance antigen-specific
CD8* T-cell responses leading to improved overall therapeutic
outcomes. Disappointingly, survival was not extended when mice
were treated with MG1-hDCT 5 days after tumor engraftment as
compared to MG1-GFP or mock treatments (Figure 3a).

Our immunological analyses indicated that DCT-specific
CD8* or CD4" T-cell responses induced by MG1-hDCT were
barely detectable either in tumor-bearing or in tumor-free mice
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Figure 2 Maraba MG1 selectively replicates at the B16-F10 melanoma metastases site in vivo. (@) C57BI/6 mice received 2.5x10° syngeneic
B16-F10 cells by intravenous injection in order to establish syngeneic lung melanoma metastases. Fourteen days after tumor challenge, MG1-GFP was
administered by intravenous injection at a dose of 10° pfu. To address Maraba tumor selectivity, virus replication in tumor-free mice was compared to
replication in lung metastases-bearing animals. Viral titers were quantified at various timepoints after infection in the lungs (d), where metastases are
located in tumor-bearing animals, as well as in secondary lymphoid organs: (b) spleen and (c) inguinal lymph nodes. Titers were quantified in three
samples per tissue and illustrated as mean + SD. **P < 0.01, ***P < 0.001. GFP, green fluorescent protein; NS, nonsignificant; pfu, plaque-forming units.
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Figure 3 Maraba MG1-hDCT alone is insufficient to improve the therapeutic outcome and to induce antitumor immunity. (a) C57BI/6 mice
received 2.5x10° syngeneic B16-F10 cells by intravenous injection (i.v.) in order to establish syngeneic lung melanoma metastases. Five days after
tumor challenge, Maraba MG1 expressing either GFP or the melanoma antigen hDCT was administered i.v. at a dose of 10° pfu; untreated mice
received phosphate-buffered saline (PBS). Despite viral replication at the tumor site, MG1-hDCT failed to increase mouse survival as illustrated by
Kaplan—Meier curves (n = 5 per group). (b,c) C57BI/6 mice received or not 2.5 x10° syngeneic B16-F10 cells by i.v. injection in order to establish
syngeneic lung melanoma metastases. Five days later, tumor-free (TF) and tumor-bearing (TB) mice were administered i.v. with 10° pfu MG1-hDCT
or PBS. Nine days after Maraba injection, immune responses against the tumor antigen DCT were measured in the blood. (b) Percentage of CD8* T
cells secreting IFN-y after ex vivo exposure to the MHC-| restricted DCT immunodominant epitope SVYDFFVWL (SVY). (c) Percentage of CD4* T cells
secreting IFN-y after ex vivo exposure to the MHC-II restricted DCT immunodominant epitope KFFHRTCKCTGNFA (KFF). Box plots representing 25-75
percentile including median and whiskers illustrating the range between minimal and maximal values (n = 5 mice per group). P value considered non-
significant (NS) when >0.05. DCT, dopachrome tautomerase; GFP, green fluorescent protein; IFN-y, interferon-gamma; pfu, plaque-forming units.
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(Figure 3b,c) suggesting that Maraba MG1 is a weak vaccine vec-
tor for priming significant T-cell responses against the transgene
antigen.

Maraba MG1 is a potent vector for boosting
DCT-specific responses

We have previously reported that another oncolytic rhabdovirus,
vesicular stomatitis virus (VSV), is highly effective as a booster of
pre-existing immunity."> We speculated that Maraba virus might
share the same biological property. To test this possibility, we chose
a recombinant adenoviral vector expressing hDCT (Ad-hDCT)
as a priming vector due to its ability to induce strong primary
CD8" T-cell responses. In this case, Ad-hDCT was administered
by intramuscular injection (i.m.) at a dose of 2 x 10® pfu, as opti-
mized previously.”*!¢ DCT-specific T-cell responses were mea-
sured at day 10 after Ad injection in the blood, which corresponds
to the peak time of the primary response elicited by Ad vectors.
As expected, no DCT-specific T-cell response was detected in
control mice injected with the empty Ad vector (Figure 4a) while
Ad-hDCT administration generated a strong DCT-specific CD8*
T-cell response (% IFN-y-secreting CD8* T cells: mean + SEM =
6.05% + 0.6, Figure 4a,b).

As demonstrated previously,' i.v. administration of 10° pfu of
VSV-hDCT 12 days after Ad-hDCT priming generated a strong
systemic secondary CD8* T-cell response (Ad-hDCT + VSV-
hDCT: 19.32% + 2.72; Figure 4a). Interestingly, the same dose
of MG1-hDCT elicited an even stronger recall response confirm-
ing that rhabdoviruses share a common characteristic as boost-
ing vaccine vectors (Ad-hDCT + MG1-hDCT: 30.59% + 3.49;
Figure 4a,b). We subsequently tested other routes of Maraba
administration including i.v,, im., and intranasal (i.n.). Results
indicated that the i.v. route was far superior to other routes in
boosting CD8* T-cell response demonstrating systemic increases
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in DCT-specific immune responses in both blood and spleen
(Figure 5a,c): 30.59% + 3.49 by i.v. versus 4.73% + 1.52 i.n. versus
13.84% + 1.88 i.m. in the blood. In addition to CD8* T cells, the
MGI-hDCT was also able to boost systemic CD4" T-cell responses
following i.v. administration (Figure 5b,d): % IFN-y-secreting
CD4"* T-cells in the blood = 0.31% =+ 0.12; Figure 5b.

Maraba MG1 vaccine accelerates secondary CD8*
T-cell responses

The ability of Maraba MG1 vector to rapidly amplify CD8* T-cell
responses prompted us to evaluate the outcome of shortening
the prime-boost interval on the DCT boost response. MG1-
hDCT was injected i.v. at a dose of 10° pfu, 12, 9 or 4 days after
Ad-hDCT prime. Interestingly, an interval as short as 9 days was
not only sufficient to boost the secondary responses but actually
elicited a much higher magnitude of DCT-specific CD8" T cells
than the 12-day interval (9-day interval: 37.53% =+ 3.66 versus
12-day interval: 30.59% + 3.49; Figure 6a). More surprisingly, a
significant boost could be achieved within 4 days after Ad prim-
ing (Figure 6a, 11.99% + 2.26) suggesting that Maraba MG1 may
represent a unique boost vector for certain diseases where rapid
amplification of CD8* T cells is required.

Additionally, while barely detectable by shortening the prime-
boost interval to 4 days, the DCT-specific CD4* T-cell boost
response was maintained by reducing the interval from 12 to 9
days (12-day interval: 0.31% + 0.12 versus 9-day interval: 0.32% +
0.08 versus 4-day interval: 0.09% + 0.03; Figure 6b).

Boosting with Maraba MG1-hDCT in a lung
metastatic model generates potent antitumor
immunity and extended survival

We subsequently evaluated the therapeutic efficacy of MGI1-
hDCT administered as a boosting vector in a lung metastatic
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Figure 4 Maraba MG1 is a potent vector for boosting DCT-specific response. (a) C57BI/6 mice received 2 x 102 pfu of Ad-hDCT by intramuscular injec-
tion (DCT prime) before receiving, or not, 10° pfu of VSV-hDCT or Maraba MG1-hDCT by intravenous injection (DCT boost). Negative controls received
2x 108 pfu of Ad-empty. DCT-specific T-cell responses were measured 10 days after Ad (peak of the prime response) and 5 days after VSV/MGT1 (peak of
the boost response). Immune responses represented as the percentage of CD8* T cells secreting IFN-y after ex vivo exposure to SVY peptide corresponding
to the MHC- restricted immunodominant epitope of DCT (n = 5 mice for Ad-empty and Ad-hDCT + VSV-hDCT groups, n = 10 mice for Ad-hDCT and
Ad-hDCT + MG1-hDCT groups). (b) Representative dot plots of DCT-specific CD8* T-cell responses measured in Ad-hDCT and Ad-hDCT + MG1-hDCT
immunized mice. Box plots representing 25-75 percentile including median and whiskers illustrating the range between minimal and maximal values.
*P < 0.05 and ***P < 0.001. Ad, adenoviral vector; DCT, dopachrome tautomerase; IFN-y, interferon-gamma; pfu, plaque-forming units.
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Figure 5 Systemic administration of Maraba MG1 vaccine is required for generating optimal tumor-specific boost responses. C57BI/6 mice
received 2x 108 pfu Ad-hDCT by intramuscular injection (DCT prime). Twelve days later, 10° pfu of Maraba MG1-hDCT were administered through
various routes (DCT boost): intravenous (i.v.), intranasal (i.n.), or intramuscular (i.m.). DCT-specific T-cell responses were measured 5 days after
Maraba injection in the blood (a,b) and in the spleen (c,d). Inmune response measured at the same timepoint in Ad-hDCT prime only animals is
indicated (“No boost”). (a,c) Percentage of CD8* T cells secreting IFN-y after ex vivo exposure to the MHC-I restricted DCT immunodominant epi-
tope SVY. (b,d) Percentage of CD4* T cells secreting IFN-y after ex vivo exposure to the MHC-II restricted DCT immunodominant epitope KFF. Box
plots representing 25-75 percentile including median and whiskers illustrating the range between minimal and maximal values (n = 10 mice for the
“i.v."” group, n =5 for the “i.n.” and “i.m.” groups). P value considered nonsignificant (NS) when >0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. Ad,
adenoviral vector; DCT, dopachrome tautomerase; IFN-y, interferon-gamma; pfu, plaque-forming units.
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Figure 6 Maraba MG1 vaccine accelerates secondary CD8* T-cell responses. C57BI/6 mice received 2 x 108 pfu Ad-hDCT by intramuscular injec-
tion (DCT prime). At 12, 9 or 4 days after Ad-hDCT prime, MG1-hDCT was administered by intravenous injection at a dose of 10° pfu. DCT-specific
T-cell responses were measured 5 days after Maraba injection in the blood. Immune response measured at the same timepoint in Ad-hDCT prime
only animals is indicated (“No boost”). (a) Percentage of CD8* T cells secreting IFN-y after ex vivo exposure to the MHC-| restricted DCT immuno-
dominant epitope SVY. (b) Percentage of CD4* T cells secreting IFN-y after ex vivo exposure to the MHC-II restricted DCT immunodominant epitope
KFF. Box plots representing 25-75 percentile including median and whiskers illustrating the range between minimal and maximal values (n = 10 mice
per group). P value considered nonsignificant (NS) when >0.05, *P < 0.05 and ***P < 0.001. Ad, adenoviral vector; DCT, dopachrome tautomerase;
IFN-y, interferon-gamma; pfu, plaque-forming units.
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model. Five days following i.v. injection of B16-F10 cells, ani-  Ad-hDCT prime-MG1-hDCT boost vaccination generated a very
mals received a sequential administration of Ad-hDCT and  strong DCT-specific CD8* T-cell response (mean % IFN-y* CD8*
MG1-hDCT at a 9-day interval (Figure 7a). We confirmed that T cells = 27.54+2.17, Figure 7b) that was 14 times higher than in
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Figure 7 Maraba MG1-hDCT administered in a heterologous prime-boost setting allowed to generate potent antitumor immunity and to
extend survival of melanoma lung tumor-bearing animals. (@) C57BI/6 mice were challenged intravenously with 2.5x10° B16-F10 cells in order to
establish syngeneic lung melanoma metastases. Five days later, mice received 2x 10 pfu Ad-hDCT by intramuscular injection. Control mice received
empty Ad vector. Nine days after Ad injection, animals were administered intravenously with 10? pfu MG1-hDCT or its GFP control. Immune responses
against the tumor antigen DCT were measured 5 days after Maraba injection in the blood and mouse survival was monitored daily. Percentage of CD8*
or CD4* T cells reacting to SVY (b) or KFF (c) peptide exposure, respectively. Box plots representing 25-75 percentile including median and whiskers
illustrating the range between minimal and maximal values. Pooled data from several experiments: n = 9 for Ad-empty group, n = 23 for Ad-hDCT
group, n =29 for Ad-hDCT + MG1-hDCT group, n =11 for Ad-hDCT + MG1-GFP group. (d) Kaplan-Meier curves illustrating survival of treated mela-
noma lung-tumor bearing mice. Pooled data from several experiments: n = 16 for Ad-empty group, n = 23 for Ad-hDCT group, n = 30 for Ad-hDCT +
MG1-hDCT group, n = 11 for Ad-hDCT + MG1-GFP group. (e) T-cell populations were selectively depleted to evaluate their respective therapeutic
contribution. Kaplan—Meier curves illustrating survival of treated melanoma lung-tumor bearing mice (n = 5 per group). (-CD8) indicates CD8* T-cells
depletion while (-CD4) indicates CD4* T-cells depletion. (f) Lungs extracted at day 19 from untreated and Ad-hDCT + MG1-hDCT treated mice. (g)
Autoimmunity (vitiligo) induced in long-term survivors following Ad-hDCT + MG1-hDCT treatment. Pictures taken 280 days (mice on the left) or 220
days (mice on the right) after tumor challenge. P value considered nonsignificant (NS) when >0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. Ad, adeno-
viral vector; GFP, green fluorescent protein; DCT, dopachrome tautomerase; IFN-y, interferon-gamma; pfu, plaque-forming units.
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nonboosted mice (1.95% * 0.29 in Ad-hDCT group and 1.91%
+ 0.59 in Ad-hDCT + MG1-GFP group, Figure 7b). Similarly,
DCT-specific CD4" T-cell responses were measured in MG1-
hDCT boosted animals while rarely detected in primed only mice
(mean % IFN-y* CD4" T cells = 0.25% * 0.06 in Ad-hDCT +
MGI1-hDCT group versus <0.05% in Ad-hDCT and Ad-hDCT +
MG1-GEFP groups, Figure 7c).

Compared to Ad-empty control, Ad-hDCT or Ad-hDCT +
MGI-GFP treatment slightly prolonged survival time (Figure 7d).
However, boosting with the MGI1-DCT vaccine dramatically
improved the median survival, and more than 20% of mice were
cured of their tumors (Figure 7d). Figure 7f is an example where
decrease of the size and number of melanoma lung metastases was
evident at 5 days after MG1-hDCT injection, coincident with the
peak of secondary CD8* T-cell responses.

To characterize the respective contribution of CD4* and CD8*
T-cell responses to the therapeutic efficacy, each T-cell compart-
ment was selectively depleted using corresponding antibodies. As
shown on Figure 7e, depletion of the CD8* T-cell population at
the time of the boost abrogated the therapeutic benefit of MG1-
hDCT administration. On the contrary, CD4* T-cells depletion
appeared not to affect significantly the therapeutic efficacy indi-
cating that CD8* T cells play a critical role in controlling tumor
growth following the combination therapy with Ad-hDCT and
MG1-hDCT.

We noted that all long-term survivors developed vitiligo
of variable severity (Figure 7g), a manifestation of melano-
cyte destruction, reinforcing the potency of anti-DCT immune
responses boosted by MG1-hDCT. Some long-term survivors
were rechallenged with B16-F10 melanoma cells. As shown in
the Supplementary Figure S3, none of them developed tumors
illustrating the existence of anti-DCT immune memory that can
protect from tumor recurrence.

Q
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Additionally, we evaluated the efficacy of (i) the two homol-
ogous prime-boost involving either Ad-hDCT or MG1-hDCT
vaccines and (ii) the Ad-hDCT + VSV-hDCT heterologous prime-
boost in the melanoma lung-metastasis model. The latter has pre-
viously shown efficacy against melanoma brain tumors® but has
never been applied yet to treat melanoma lung tumors. As shown
in the Supplementary Figure $4, both Ad-hDCT and MG1-hDCT
failed to boost their homologous prime and did not improve the
therapeutic efficacy: median survival = 20 days upon MG1-hDCT
treatment versus 23 days with MG1-hDCT + MGI1-hDCT and 27
days with Ad-hDCT versus 28 days with Ad-hDCT + Ad-hDCT.
When comparing the two oncolytic rhabdoviral vaccines, MG1-
hDCT appeared more potent than VSV-hDCT to boost pre-exist-
ing DCT-specific CD8* T-cell responses. This stronger antitumor
immunity translated into an improved tumor outcome: 73.5 days
upon Ad-DCT + MGI-hDCT treatment versus 44.5 days with
Ad-hDCT + VSV-hDCT. As a consequence, these results favor
Maraba MG1 over VSV as a candidate for further clinical evalua-
tion of our oncolytic prime-boost approach.

Boosting with Maraba MG1-hDCT significantly
improves therapeutic outcomes in an intracranial
tumor model
Finally, we also evaluated the efficacy of our prime-boost strategy
involving Maraba vaccine in a very challenging 5-day-old mela-
noma brain metastatic model. Immune responses resulting from
the Ad-hDCT prime-MG1-hDCT booster treatment were again
remarkably strong (29.11% * 2.17 IFN-y* CD8* T cells, Figure
8a) and of similar amplitude to that seen in lung-metastasis bear-
ing mice (P = 0.61 versus Ad-hDCT + MG1-hDCT group in
Figure 7b).

Ad-hDCT-mediated immunotherapy significantly improved
survival of mice bearing melanoma brain metastasis, with a
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Figure 8 Maraba MG1-hDCT efficiently boosted DCT-specific response in melanoma brain tumor-bearing mice and significantly extended
their survival. C57BI/6 mice were challenged with 103 B16-F10 cells by intracranial injection in order to establish syngeneic brain melanoma tumor.
Five days later, mice received 2 x 108 pfu Ad-hDCT by intramuscular injection while control mice received an empty Ad vector. Nine days after Ad
injection, animals were administered intravenously with 10? pfu MG1-hDCT. Mouse survival was monitored daily. (a) Percentage of CD8* T cells
secreting IFN-y in response to DCT-specific SVY peptide exposure measured 5 days after Maraba injection in the blood. Box plots representing 25-75
percentile including median and whiskers illustrating the range between minimal and maximal values. Pooled data from surviving mice at day 19
after tumor challenge from several experiments: n = 2 for Ad-empty group (only 2 control mice out of 17 still alive at the time of immune analysis),
n = 8 for Ad-hDCT group, n = 15 for Ad-hDCT + MG1-hDCT group. (b) Kaplan-Meier curves illustrating survival of treated melanoma brain-tumor
bearing mice. Pooled data from several experiments: n=17 for Ad-empty group, n=10 for Ad-hDCT group, n= 15 for Ad-hDCT + MG1-hDCT group.
**P <0.01, and ***P < 0.001. Ad, adenoviral vector; DCT, dopachrome tautomerase; IFN-y, interferon-gamma; pfu, plaque-forming units.
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median extended from 15 days for Ad-empty controls to 25.5 days
for the Ad-hDCT group (Figure 8b). The additional administra-
tion of a Maraba MG1-hDCT oncolytic booster further improved
tumor outcome with a median survival reaching 42 days together
with cures observed in 21.4% of treated animals (Ad-hDCT +
MG1-hDCT group, Figure 8b).

DISCUSSION

Cancer vaccines offer great promise for systemic cancer therapy
and long-term tumor protection. While passive immunotherapy
relies on repeated administration of short-lived molecules (anti-
body, cytokine) or immune cells, cancer vaccines aim at develop-
ing active antitumor immunity by stimulating patient’s immune
system to react against self antigens associated with the malig-
nant phenotype. Due to immune tolerance, generating an adap-
tive antitumor immunity that results in a therapeutic benefit is
challenging. To reach this goal, efforts are being made to identify
immunogenic tumor antigens and characterize potent vaccine
platforms. Several viral vaccine vectors are currently under clini-
cal evaluation for cancer therapy. Candidates express immuno-
genic tumor-associated antigens (e.g., CEA, NY-ESO-1, 5T4, or
PSA). These recombinant viruses are mostly replication-defective
(e.g., TRICOM and TroVax poxviral vectors).” In this context,
therapeutic activity strictly relies on their ability to mount an effi-
cient adaptive antitumor immunity.

While the efficacy of OV therapy relies on oncolytic viral rep-
lication in tumors, it very likely benefits from the induction of an
antitumor immunity. Various strategies have been proposed to
improve the therapeutic impact of these viruses by influencing
these two aspects.'”> We have recently identified Maraba virus as
a new oncolytic vesiculovirus with more potent oncolytic activity
than its prototypical cousin VSV.>'° In order to stimulate tumor-
specific adaptive immunity, we have developed the approach of
inserting a transgene encoding a tumor antigen into the genome
of an OV. However, similar to VSV-based oncolytic vaccines,"
Maraba MG1 expressing DCT (MG1-DCT) failed to induce
meaningful DCT-specific CD8* T-cell responses in tumor-free
or tumor-bearing animals. We speculate that replicating OV's will
prove to be weak priming vaccine vectors as the immune response
against the viral vector is dominated by responses against highly
immunogenic viral antigens that must be expressed for replica-
tion.*"* To overcome this issue, we introduced our Maraba vaccine
as a boosting vector in a heterologous prime-boost regimen. In
this setting, the response against the tumor antigen transgene is a
secondary response and is therefore more robust and can compete
against the primary response against the vector itself.*?

Our team and others have demonstrated that adenoviral vac-
cines are potent priming vectors capable of breaking immune
tolerance.”'®2° Coupled to Ad-hDCT, Maraba MGI-hDCT
remarkably boosted Ad primed DCT-specific responses. When
the combination vaccine was applied for treatment of melanoma
tumor-bearing mice, tumor-specific T-cell responses generated
continued to be potent despite tumor-induced immune suppres-
sion. In fact, we have previously demonstrated that using oncolytic
VSV as a tumor vaccine booster leads to larger antitumor immune
responses in tumor-bearing animals,” and now show that this
is even further enhanced when using Maraba MG1 virus as an
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oncolytic vaccine (Supplementary Figure S4). Systemic deliv-
ery of the OV appeared critical for its vaccine potential implying
that this route allowed for engagement of antigen-presenting cells
with a strong ability to boost immune responses. Regarding the
strong uptake of MG1-hDCT in the spleen, this lymphoid tissue
could be involved in the phenomenon. Investigations are ongoing
in the laboratory. As well, Maraba virus replication in the tumor
bed may change the local tumor microenvironment and affect its
related immunosuppression. Tumor vasculature shutdown and/
or local induction of an immunostimulatory cytokine storm have
repeatedly been associated with OV tumor infection and may con-
tribute to the phenomena.”~?¢ In the B16-F10 murine melanoma
model, Maraba oncolysis had no impact on overall survival. This
observation may not be surprising given the relatively weak and
ephemeral replication of Maraba at the tumor site. While B16-
F10 cells were permissive for Maraba infection in vitro, it would
appear that B16-F10 cells were poorly permissive to Maraba in
vivo. However, Maraba MG1 oncolysis previously showed potent
efficacy for treating other mouse models of cancer’ indicating that
this relatively poor oncolytic effect is model specific. Importantly,
the oncolytic vaccine approach introduced in a heterologous
prime-boost setting compensated for the transient viral oncoly-
sis. The strong tumor-specific cytotoxic T-cell immunity induced
a dramatically extended survival. Despite the aggressiveness of
the melanoma tumor models used, Ad prime-Maraba MG1 boost
vaccine combination allowed long-term complete remission in
more than 20% of the animals treated.

Taking into account our previous work involving VSV,"”* we
confirmed here with Maraba MGI that vesiculoviruses can be
potent vaccine vectors for cancer immunotherapy, displaying
both oncolytic activity and an impressive ability to boost adap-
tive cell immunity. Their association with Ad vaccine in a het-
erologous prime-boost regimen appeared impressively efficient
regarding the therapeutic benefit. However, this setting can still
be optimized. Numerous variations need to be evaluated. Among
them, it might be possible to extend the prime-boost interval. Due
to constraints linked to the aggressiveness of the tumor, such an
option remained inaccessible with the B16-F10 melanoma model.
As cells infected by the oncolytic vaccine overexpressed the tar-
geted antigen, they represent a particularly immunogenic target
for the antigen-specific cytotoxic T cells. Extending the interval
should allow one to have reduced populations of these effector T
cells at the time of the boost. This should allow for an extended
window of viral spread with potentially increased boost efficacy.
Another strategy for improvement could consist of replacing the
replication-deficient Ad vector with another heterologous onco-
lytic vaccine vector. Also, we could modulate the immune system
with drugs prior to, or along with, the oncolytic prime-boost vac-
cination. As a proof-of-concept, we recently succeeded in dra-
matically enhancing the therapeutic efficacy of the Ad prime-VSV
boost protocol by administering an HDAC inhibitor along with
the booster vaccination.?’

Thus, our oncolytic Maraba vaccine appeared to have unprec-
edented boosting ability. Its combination with replication-defi-
cient adenoviral vaccine vectors showed impressive therapeutic
efficacy illustrating its therapeutic potential. We have now shown
that MG1 Maraba virus displays greater oncolytic potency® as
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well as an enhanced ability to boost antitumoral immunity lead-
ing to enhanced therapeutic impact relative to oncolytic VSV
(Supplementary Figure S4). Our group is currently conducting a
preclinical safety study of the Ad + Maraba MG1 oncolytic prime-
boost approach in nonhuman primates. Clinical evaluations in
patients with advanced tumor expressing a characterized tumor-
associated antigen will follow.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice (8-10 weeks old at study initiation) were pur-
chased from Charles River Laboratory (Wilmington, MA) and housed in a
specific pathogen-free facility. All animal studies complied with Canadian
Council on Animal Care guidelines and were approved by McMaster
University’s Animal Research Ethics Board.

Recombinant viruses. Recombinant viruses involved in the study have
been described previously. Ad-empty and Ad-hDCT are replication-defi-
cient adenoviruses (E1/E3-deletion) based on the human serotype 5.%%
hDCT transgene encodes the full-length human melanoma antigen DCT.
Ad-empty has no transgene. Recombinant Maraba and VSV were gener-
ated by transgene insertion between the G and L viral genes. VSV-hDCT
derives from the wild-type Indiana strain of the VSV.'*** MG1-GFP and
MGI1-hDCT derive from the attenuated strain MG1 of Maraba virus.’
Maraba MG1-hDCT has been developed for the purpose of the study.

Cell culture. Murine melanoma B16-F10 cells (expressing the murine DCT
antigen) were grown in F11-MEM containing 10% fetal bovine serum, 2
mmol/l L-glutamine, 1 mmol/l sodium pyruvate and vitamin solution, 0.01
mmol/l nonessential amino-acids, 50 mmol/l B-Mercaptoethanol, 100 U/
ml penicillin, and 100 mg/ml streptomycin (all from Invitrogen, Grand
Island, NY). Vero cells were cultured in alpha-MEM containing 10% fetal
bovine serum, 2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin (all from Invitrogen, Grand Island, NY).

Cell transduction. 8 x10° B16-F10 cells per well were seeded in six-well
plates. The monolayer cell culture was transduced with Maraba MG1-GFP
at a multiplicity of infection (MOI) of 0.01. Incubation was performed in
100 pl for 1 hour before adding 2.9 ml of culture medium. A 200 pl of cul-
ture supernatant were collected for virus titration at 8, 12, 24, and 36 hours
and followed by cell imaging under fluorescent microscope. Virus titer in
culture supernatant were determined by plaque assay on Vero cells using
standard techniques. Viability of infected cells was evaluated at each time-
point by MTT assay.

MTT assay. A cell suspension of 2 x 10° B16-F10 cells per ml was incubated
with MG1-GFP at MOI 0.01 for an hour under shaking. 24 x 10° cells were
then seeded per well of a 96-well plate in 200 pl culture medium. At 1.5 hour
prior to timepoint, 10 pl soluble MTT at 5mg/ml (Sigma-Aldrich, Oakville,
ON) was added and incubated for 3 hours. Formazan salts, resulting from
the conversion of MTT by alive cells, were resuspended in dimethylsulfox-
ide and their concentration determined by optical density at 570 nm.

Mice infection/immunization. Rhabdoviruses Maraba MG1-GFP, MGl1-
hDCT and VSV-hDCT were injected intravenously (i.v.) in 200 ul phos-
phate-buffered saline at a dose of 10° pfu. For adenovirus injection, mice
were anesthetized in a sealed chamber containing 5% inhalation isoflu-
rane. Adenoviral vectors Ad-empty and Ad-hDCT were administered
intramuscularly (im.) at a total dose of 2x10% pfu (1x10® pfu in 50 pul
phosphate-buffered saline per quadriceps).

Tumor challenge. For lung metastases engraftment, 2.5x 10° B16-F10 cells
were injected i.v. in 200 pl saline water. For brain tumors, mice were anesthe-
tized by inhalation of 5% isoflurane through a nose cone and engrafted by
intracranial (i.c.) injection of 10° B16-F10 cells in 2 pl phosphate-buffered
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saline using a stereotactic frame as previously described.”* Mice were mon-
itored daily and euthanized for tissue harvest or upon signs of morbidity.

Tissue homogenates. To measure virus replication in vivo, tissues (lungs,
spleen, and inguinal lymph nodes) were harvested 1-3 days after i.v. inocu-
lation of Maraba MG1-GFP, weighted and immediately frozen at —80 °C.
After thawing, each tissue was homogenized in 1 ml phosphate-buffered
saline using an Ultra Turrax T25 homogenizer (14,000rpm for 10 sec-
onds). Viral titers in homogenates were quantified by plaque assay on Vero
cells and expressed as log pfu/g of tissue.

Peptides. Peptides corresponding to the immunodominant epitopes of
DCT: (i) DCT,, ,, SVYDFFVWL/“SVY” that binds to H-2K® 100%
conserved between human and murine DCT and (ii) DCT,
KFFHRTCKCTGNFA/“KFF” from human DCT that binds to I-A®; differ-
ing from the murine epitope in position 92: His (human) - Asn (murine).
Peptides were synthesized by Biomer Technologies (San Francisco, CA).

Antibodies. Monoclonal antibodies used in flow cytometry assays:
anti-CD16/CD32 (clone 2.4G2) to block Fc receptors, anti-CD3 (clone
145-2C11), anti-CD8a (clone 53-6.7), and anti-CD4 (clone RM4-5) for
detecting cell surface markers, anti-IFN-y (clone XMG1.2) for intracel-
lular cytokine staining. All reagents were purchased from BD Pharmingen
(Mississauga, ON). For T-cell depletion, 200 pg of anti-CD8a (clone 2.43)
and anti-CD4 (clone GK1.5) antibodies were injected in the peritoneal
cavity three times at 2 days interval starting 2 days before MG1-hDCT
administration. Selective T-cell depletion was confirmed by flow cytom-
etry on blood samples (data not shown).

Detection of antigen-specific T-cell responses. DCT-specific T-cell
responses were measured 10 days post-prime and 5 days post-boost as
followed. Peripheral blood mononucleated cells or splenocytes were incu-
bated in complete RPMI (RPMI medium supplemented with fetal calf
serum 10%, Penicillin-Streptomycin 1% and L-glutamine 1%) with SVY
peptide (2 ug/ml) or KFF peptide (15 pg/ml) for DCT-specific CD8* or
CD4" T-cell (re-)stimulation, respectively. Incubation was performed in
incubator (37 °C, 5% CO,, 95% humidity) for 5 hours, with brefeldin A
(1 pg/ml, GolgiPlug BD Pharmingen) during the last 4 hours. Cells were
treated with antibodies targeting CD16/CD32 before staining with flu-
orescent-labeled antibodies targeting T-cell surface markers. Then, cells
were permeabilized and fixed with Cytofix/Cytoperm (BD Pharmingen)
and stained for intracellular cytokines. Data were acquired using a
FACSCanto flow cytometer with FACSDiva software (BD Pharmingen)
and analyzed with FlowJo Mac software (Treestar, Ashland, OR).

Statistic analysis. GraphPad Prism version 6 for Windows (GraphPad
Software, San Diego, CA) was used for graphing and statistical analy-
ses. Immune responses data were graphed as box plots (25-75 percentile
with median) with whiskers illustrating the range between minimal and
maximal values. Student’s two-tailed ¢-test were used to analyze immune
data and compare virus titers. Survival curves were represented accord-
ing to the Kaplan-Meier method, and compared using the log-rank test.
Differences between groups were considered significant when P < 0.05
(*P < 0.05, **P < 0.01 and ***P < 0.001).

SUPPLEMENTARY MATERIAL

Figure S1. Induction of the interferon response in B16-F10 cells
protects from Maraba MGT1 infection

Figure $2. Maraba vector construction and expression of DCT in
MG1-hDCT transduced Vero cells.

Figure $3. Tumor-specificimmune memory resulting from the Ad-hDCT
+MG1-hDCT treatment protects cured mice from tumor recurrence.
Figure $S4. Ad-hDCT+MG1-hDCT heterologous prime-boost induc-
es stronger antitumor immunity and shows better therapeutic efficacy
than homologous prime-boost strategies or than the heterologous
prime-boost involving VSV-hDCT.
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