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Abstract
Athough the clinical efﬁcacy of oncolytic viruses has been
demonstrated for local treatment, the ability to induce
immune-mediated regression of distant metastases is still poorly
documented. We report here that the engineered oncolytic vaccinia virus VVWR-TKRR-Fcu1 can induce immunogenic cell
death and generate a systemic immune response. Effects on tumor
growth and survival was largely driven by CD8þ T cells, and
immune cell inﬁltrate in the tumor could be reprogrammed
toward a higher ratio of effector T cells to regulatory CD4þ T
cells. The key role of type 1 IFN pathway in oncolytic virotherapy

was also highlighted, as we observed a strong abscopal response in
Ifnar/ tumors. In this model, single administration of virus
directly into the tumors on one ﬂank led to regression in the
contralateral ﬂank. Moreover, these effects were further enhanced
when oncolytic treatment was combined with immunogenic
chemotherapy or with immune checkpoint blockade. Taken
together, our results suggest how to safely improve the efﬁcacy
of local oncolytic virotherapy in patients whose tumors are
characterized by dysregulated IFNa signaling. Cancer Res; 77(15);

Introduction

malignant cells upon replication, while sparing normal cells. This
selective effect essentially results from the fact that tumor cells
have a limited ability to respond to infection due to defects in their
antiviral signaling pathways, such as the type I IFN signaling
pathway (2, 3).
The original purpose during the early development of oncolytic
virotherapy (in the 1990s) was to create OVs that could bypass
tumor defense mechanisms with the aim of inducing massive cell
death. It is now believed that this level of oncolytic activity can
only occur in situations where both natural innate and adaptive
antiviral responses are outpaced (2).
Many mechanisms indeed account for the tumoricidal activity
of oncolytic viruses (4). Ras transformation promotes reovirus
oncolysis by enhancing virion disassembly during entry, viral
progeny production, virus release through apoptosis, and ﬁnally
precludes IFN production following reovirus infection, permitting enhanced cell-to-cell virus spread (5–7). In addition, Roulstone and colleagues (8) reported that the combination of ERK1/2
inhibition and reovirus infection enhanced efﬁcacy of reoviruses
through ER stress–induced apoptosis. In vivo, combined treatments of RT3D and PLX4720 showed signiﬁcantly increased
activity in BRAF-mutant tumors in both immunodeﬁcient and
immunocompetent models, supporting clinical translation of
strategies in which RT3D is combined with BRAF inhibitors (in
BRAF-mutant melanoma) and/or MEK inhibitors (in BRAF- and
RAS-mutant melanoma).
In the majority of cases, the most effective OV treatments
combine potent viral oncolysis with induction of a speciﬁc
immune response against tumor antigens, as shown in several
clinical and preclinical studies (9–12). The mechanisms how OV
therapies elicit antitumor immune responses are not clearly

Oncolytic virotherapy is an attractive and emerging modality
for treating cancer, boosted by the recent approval of IMLYGIC (TVEC/talimogene laherparepvec), a modiﬁed herpes simplex virus
1 encoding human GM-CSF, for use in stage III melanoma
patients with injectable but nonresectable lesions in the skin and
lymph nodes (1). The oncolytic viruses (OV) used in antitumoral
therapies are nonpathogenic viral strains that selectively kill
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understood yet, but likely involve the capture of released tumor
antigens by bystander antigen-presenting cells (APC) following
tumor cell lysis (13). The precise modality of elicited tumor cell
death is then another important factor contributing to the efﬁcacy
of oncolytic virotherapy. The possibility that OVs induce immunogenic cell death (ICD), a cell death modality deﬁned by the
release of damage-associated molecular patterns (DAMP) from
dying cells (14), has been previously suggested (2, 15). This form
of cell death was originally observed to occur in tumor cells
following administration of certain chemotherapeutic compounds, with striking similarities to the intracellular death circuitries activated during viral infections (14, 16). Hence, we
wanted to substantiate this observation and conﬁrm that ICD
underlies the innate and adaptive antitumor responses in
OV therapy. We also assessed the relation with IFN signaling
pathway, another major determinant of the antiviral immune
response (17).
Oncolytic viruses are usually administered intratumorally or
peritumorally. Abscopal response is a rather rare phenomenon
occurring in certain circumstances, such as in some metastatic
melanoma patients treated with a combination of local irradiation and systemic anti-CTLA-4 immunomodulation (18–20). The
ability to elicit abscopal effects, that is, regressions of tumors
distant from the site of administration, implies the release of
tumor-associated antigens at the site of oncolysis, in an environment therapeutically modulated to be immunogenic (2, 21, 22).
Instances of systemic effects have been reported for OVs in the
clinic (23–26), including T-VEC/talimogene laherparepvec, but
the underlying immune mechanisms responsible for these effects
remain a conundrum.
Another strategy to boost antitumor immune responses initiated by oncolytic virotherapy is to circumvent tolerance mechanisms (27). Thus, combination with immune checkpoint blockers
(ICB) is a recent example that is currently under clinical investigation, with the intention to (re)activate otherwise dysfunctional
TILs within tumor beds during oncolysis-derived inﬂammation
and tumor antigen presentation by APCs (28).
TG6002 is an advanced OV currently being brought by
Transgene S.A. into clinic. It would be important to demonstrate abscopal response in this perspective. TG6002 was
designed on the vaccinia virus platform, in the Copenhagen
strain, which is known to be more replicative in human, with
two gene deletions conferring speciﬁc replication in tumor, that
is, thymidine kinase and ribonucleotide reductase. As a complementary functional modality, it encodes FCUI, a chimeric
enzyme converting the prodrug 5-FC into 5-FU (29). As the
purpose was to assess the ability of OV to induce abscopal
response in a syngenic preclinical model, we used a surrogate
product competent for replication in mice, referred to as VVWR/
TKRR/FCU1 or WR, based on the Western Reserve strain
(29). We here report on the ability of WR to induce several
hallmarks of ICD in established tumors growing in mice.
Moreover, we show that the antitumor immune response
established by WR can be enhanced upon combination with
either the ICD-inducing chemotherapy oxaliplatin, or the
immune checkpoints blockers anti-CTLA-4 or anti-PD-1. Noteworthy, the combination with immune checkpoint blockade
was associated with a signiﬁcant improvement in regressions in
distant untreated tumors. Finally, we show that these WRmediated abscopal effects are greatly ampliﬁed when tumors
are defective for the IFNAR signaling pathway.

www.aacrjournals.org

Materials and Methods
Cell culture
Media and supplements for cell culture were obtained from
Gibco-Life Technologies. All chemicals were obtained from Sigma-Aldrich and plastic ware was obtained from Corning BV Life
Sciences. MCA205 ﬁbrosarcoma cells (H2b) were induced by 3methylcholanthrene in C57BL/6 mice (30) and were regularly
checked for histocompatibility. Ifnar/ and Tlr3/ MCA205 was
generated with ZFN technology as described previously (31).
Authenticated CT26 colorectal carcinoma (H2d) and B16F10
(H2b) melanoma cell lines were obtained from the ATCC in
1996. All cell lines were immediately ampliﬁed to constitute
liquid nitrogen stocks and (upon thawing) never passaged for
more than 1 month before use in experimental determinations,
they were negative for known mouse pathogens, including mycoplasma. Tumor cells lines were cultured in RPMI1640 medium
supplemented with 10% FCS, 2 mmol/L L-glutamine, 100 IU/mL
penicillin G sodium salt, 100 mg/mL streptomycin sulfate, 1
mmol/L sodium pyruvate, and 1 mmol/L nonessential amino
acids. Cells were grown at 37 C in a humidiﬁed incubator under a
5% CO2 atmosphere.
Oncolytic vaccinia virus
WR (VVWR/TKRR/FCU1) is an engineered vaccinia virus,
Western Reserve strain, doubly deleted virus for thymidine kinase
and ribonucleotide reductase, with Fcu1 inserted at the Tk locus
as described previously (15).
Mice
Mice were maintained in speciﬁc pathogen-free (SPF) conditions in a temperature-controlled environment with 12-hour
light, 12-hour dark cycles, and received food and water ad libitum.
Animal experiments followed the guidelines from Federation of
European Laboratory Animal Science Association (FELASA), were
compliant with EU Directive 63/2010, and were approved by the
Ethical Committee of the Gustave Roussy Cancer Campus (Villejuif, France). Mice were used between 7 and 14 weeks of age. SPF
C57BL/6 J and BALB/c mice were obtained from Envigo and
Janvier, respectively, and were kept in SPF conditions at Gustave
Roussy (Villejuif, France). Tlr4/ BALB/c and Ifnar/ C57BL/6
mice were bred and maintained in the animal facility of Gustave
Roussy (Villejuif, France). Ifnar/ C57BL/6 mice were kindly
provided by the University of Montpellier (Montpellier, France).
Vaccination protocol
MCA205 cells were infected in suspension by WR at a multiplicity of infection (MOI) of 102. After 20 hours, 106 cells (40%
of dying cells) were injected into the right ﬂank of C57BL/6 mice.
After 10 days, mice were challenged with 5  105 untreated
MCA205 cells into the left ﬂank.
Tumor models
Mice were injected subcutaneously (s.c.) into the right ﬂank
with 8  105 WT, Ifnar/, or Tlr3/ MCA205 cells. Tumor cell
lines were inoculated into WT-treated, or Ifnar/ C57BL/6 mice.
In a similar model, 8  105 CT26 cells were inoculated subcutaneously (right ﬂank) into WT-treated or Tlr4/ BALB/c mice.
Tumor areas (longest dimension  perpendicular dimension)
were routinely monitored by caliper. When tumors reached a size
of 40 mm2 (day 0), mice were administered intratumorally (i.t.)
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2 times at 3-day intervals (day 0 and day 3) with 107 plaqueforming units (pfu) WR or with buffer, unless stated otherwise in
the ﬁgure legends. In T-cell depletion experiments, anti-CD4 and
anti-CD8 mAbs (GK1.5 and 53–6.72, respectively; 200 mg/
mouse) or their isotype controls (LTF-2 and 2A3, respectively)
were injected intraperitoneally (i.p.) 4 days before the ﬁrst WR
injection and continued at the same dose every 7 days. In IFNAR1blocking experiments, mice were injected intraperitoneally with
2.5 mg/mouse of anti-IFNAR1 mAb (MAR1-5A3) at day 5 and 0.5
mg/mouse at day 10, or with isotype control mAb (mouse IgG1).
To evaluate the therapeutic activity of WR in combination with
chemotherapy, a single dose of oxaliplatin was injected intraperitoneally at day 0 (10 mg/kg/mouse) followed by 2 intratumoral
treatments with 107 pfu/mouse of WR on day 5 and 8. To evaluate
the therapeutic activity of WR in combination with immune
checkpoint inhibitors, several experimental settings were evaluated. In the ﬁrst setting, mice were injected intraperitoneally 3
times at 3-day intervals (day 0, 3, and 6) with 100 mg anti-CTLA4
mAb (9D9) or with 250 mg anti-PD-1 mAb (RMP1-14), or with
relevant isotype control mAbs (MPC11 or 2A3) ahead of WR
treatment at day 7 and 10. In the second setting, mice were ﬁrst
treated with WR (at day 0 and 3) and subsequently with the mAbs
(at day 6, 9, and 12) at the aforementioned doses. In experiments
examining abscopal effects of treatment, mice were subcutaneously injected into the right ﬂank with 8  105Ifnar/ MCA205
cells, and injected into the left (contralateral) ﬂank with 8  105
WT MCA205 cells to form a second tumor 3 days following
inoculation of the ﬁrst tumor. All mAbs for use in vivo
were obtained from BioXcell, using the recommended isotype
control mAbs.
Flow cytometry
Seven days after the ﬁrst WR injection, tumors were harvested,
cut into small pieces, and digested in RPMI1640 medium containing Liberase at 25 mg/mL (Roche) and DNase1 at 150 UI/mL
(Roche) for 30 minutes at 37 C. The mixture was subsequently
passaged through a 100-mm cell strainer. A total of 2  106 tumor
cells were preincubated with puriﬁed anti-mouse CD16/CD32
(93; eBioscience) for 15 minutes at 4 C, before membrane staining. For intracellular staining, the FoxP3 staining kit (eBioscience)
was used. Dead cells were excluded using the Live/Dead
Fixable Yellow Dead Cell Stain Kit (Life Technologies). AntiFoxP3 (FJK-16 s), anti-CTLA4 (UC10-4B9), anti-PD-1 (J43), and
isotype controls IgG2b (eBRG2b) or Armenian Hamster IgG
(eBio299Arm) were purchased from eBioscience. Anti-CD45
(30-F11), anti-CD3 (145-2C11), anti-CD8 (53-6.7), anti-CD25
(PC61.5.3), anti-NK1.1 (PK136), anti-Ly-6C (AL-21), and antiF4/80 (BM8) were obtained from BD Biosciences. Anti-CD4
(GK1.5), anti-CD11b (M1/70), anti-PD-L1 (10F.9G2), and isotype control IgG2b (RTK4530) were purchased from Biolegend. A
FACSCanto II ﬂow cytometer (BD Biosciences) was used for eightcolor ﬂow cytometry acquisition. Analyses were performed using
FACS Diva software.
HMGB1 quantiﬁcation
CT26 and MCA205 cells were infected by WR in suspension
at an MOI ranging from 101 to 104, or were treated with 5
mmol/L doxorubicin (or PBS volume control). Cell supernatants were collected 48 hours after infection and HMGB1 was
quantiﬁed by ELISA following the manufacturer's instructions
(IBL International).
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IFN type 1 quantiﬁcation
Mice were injected subcutaneously into the right ﬂank with 8 
105 MCA205 cells. Tumor areas (longest dimension  perpendicular dimension) were routinely monitored by caliper. When
tumors reached a size of 40 mm2 (day 0), mice were administered
intratumorally 2 times at 3-day intervals (day 0 and day 3) with
107 pfu WR or with buffer. Sera were harvested on day 1, 3, 5, 7,
and 11 and IFNa and IFNb serum levels were quantiﬁed by
ProcartaPlex Multiplex Immunoassay following manufacturer's
instructions (Thermo Fisher Scientiﬁc). Each bar represents the
mean of 5 mice per group.
Statistical analysis
Where indicated, statistical analyses were performed using
Prism 5 software (GraphPad). Data are represented as means 
SEM. Unpaired events were compared by Mann–Whitney test.
Multiple comparisons were tested by Kruskal–Wallis test, followed by Dunn test to compare the different pairs. Comparisons
of Kaplan–Meier survival curves were performed using the logrank Mantel–Cox test. All reported tests are two-tailed and were
considered signiﬁcant at P values <0.05.

Results
As a control, we ﬁrst assessed response in a prophylactic setting.
C57BL/6 mice were vaccinated with WR-treated MCA205 cells in
the left (ipsilateral) ﬂank and challenged in the opposite (contralateral) ﬂank 10 days later with untreated MCA205 cells (Fig.
1A). Inoculation with WR-treated MCA205 cells provided complete control of tumor growth on the ipsilateral ﬂank, and displayed a signiﬁcant control of contralateral tumors, as compared
with the PBS-treated MCA205 cell control vaccine (Fig. 1A). In a
therapeutic setting, WR was intratumorally injected into two
models; (i) an established MCA205 sarcoma in C57BL/6 mice
(Fig. 1B), or (ii) into an established CT26 carcinoma in BALB/c
mice (Fig. 1C). In both cases, there was a beneﬁt of WR, with
signiﬁcantly delayed tumor growth and enhanced survival, compared with controls.
This demonstration of abscopal response in contralateral
tumors suggested the induction of an antitumor immune
response. We therefore examined the involvement of CD4þ and
CD8þ T cells in the therapeutic MCA205 model, through speciﬁc
depletion using targeted mAbs (Fig. 2B). Depletion of CD8þ T
cells completely abolished the effect of WR, both in terms of
tumor control and of survival. On the other hand, depletion of
CD4þ T cells had no effect. Taken together, these results hint that
CD8þ T-cell response is the major determinant to the systemic
efﬁcacy of WR.
Considering our previous ﬁndings in renal carcinoma cells,
which linked the release of HMGB1, a prominent DAMP
released during ICD (32), to increasing MOI of OV (15), we
hypothesized that ICD induced by WR might be responsible for
the generation of CD8þ T cells. We here conﬁrmed that HMGB1
was released from MCA205 upon treatment with WR, in a MOIdependent fashion (Fig. 2C). TLR4 is the HMGB1-cognate
receptor responsible for APC activation (14, 32). We also show
that the therapeutic response elicited by WR was lost in BALB/c
mice deﬁcient for TLR4 (Fig. 2D). We could identify other
hallmarks of DAMP after OV infection, that is, trends for
increased calreticulin exposure (not shown), release of ATP
and CXCL10 (33, 34) in the supernatants of WR-treated CT26
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Figure 1.
WR-induced abscopal response in syngenic tumor models. A, C57BL/6 mice were vaccinated with 106 MCA205 tumor cells pretreated with either WR (solid
symbol) or PBS as control (open symbol; left), then challenged 10 days later with untreated MCA205 (right). Tumor growth curves of the MCA205 vaccinations
(ipsilateral) and the MCA205 challenge (contralateral) are depicted. B, C57BL/6 mice were implanted with 8  105 MCA205 tumor cells. When tumors
reached approximately 40 mm2, mice were intratumorally injected with 107 pfu WR, or with control buffer, on day 0 and day 3. B, Tumor size (left) and percentages
of surviving mice (right) are depicted. C, BALB/c mice were implanted with 8  105 CT26 tumor cells and treated as in B with WR, or control buffer, on
day 0 and day 3. Tumor size (left) and percentages of surviving mice (right) are shown. Data are representative of three independent experiments in A and B,
and four representative experiments in C. Tumor size data depict the mean  SEM. Each experiment contained 5–6 mice/group.    , P < 0.001 by unpaired
Mann–Whitney test, or by Kaplan–Meier analysis and log-rank Mantel–Cox test in B and C (right).

cells, and MCA205 cells, increased autophagy preceeding apoptosis (Supplementary Fig. S1).
Autocrine and paracrine type I IFN signaling among tumor cells
has been established as another key factor contributing to the ICD
induced by anthracyclines and oxaliplatin, in a pattern mimicking
the one induced by viral pathogens (31). This prompted us to
investigate the contribution of this signaling pathway in WRmediated antitumor responses. The therapeutic efﬁcacy of WR was
assessed in two MCA205 clones generated to be deﬁcient for type I

www.aacrjournals.org

IFN receptor (IFNAR) signaling (Ifnar/). Both IFNAR2-deﬁcient
cell lines could be effectively treated in vivo, and in most cases
completely regressed after intratumoral injection of WR (Fig. 3A).
Of note, IFNAR-deﬁcient tumors were much more sensitive to WR
(Fig. 3A) than WT tumors (Fig. 1A).
Using qPCR as well as plaque assay on chicken embryo ﬁbroblasts, we titrated viral replication in vitro postinfection of MCA205
WT versus Ifnar/ cells with increasing colony-forming units of
WRTG1737, but did not ﬁnd that IFNAR deﬁciency facilitated
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Figure 2.
The antitumor activity of WR is T-cell–dependent and is associated with immunogenic cell death. A, C57BL/6 mice were implanted with MCA205 cells and
treated with anti-CD4 or anti-CD8 mAbs 4 days prior to start of treatment with WR. Mice were therapeutically treated with two intratumoral injections of 107 pfu
WR or with control buffer on day 0 and day 3. Tumor size as mean  SEM and percentages of surviving mice are depicted in B. C, Quantiﬁcation by ELISA of
HMGB1 in the supernatants of MCA205 cells and CT26 infected with WR or treated with PBS (control) or doxorubicin (0.5 mmol/L for MCA205 cells and
5 mmol/L for CT26 cells). D, WT or Tlr4/ BALB/c mice were implanted with 8  105 CT26 tumor cells. When tumors reached approximately 40 mm2, mice were
intratumorally treated with 107 pfu WR or control buffer on day 0 and day 3. Tumor size and percentages of surviving mice are shown. Results represent at
least two independent experiments of 5–6 mice/group in B–D. Tumor size and HMGB1 data depict the mean  SEM.   , P < 0.01;    , P < 0.001 by Kruskal–Wallis
test followed by Dunn post test, or by Kaplan–Meier analysis and log-rank Mantel–Cox test in B and D (right). Dx, doxorubicin.
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Figure 3.
The antitumor activity of WR is determined by IFNAR signaling. A, C57BL/6 mice were implanted with 8  105 of either Ifnar/ MCA205 clone 19–14 (left)
or Ifnar/ MCA205 clone 19–37 (middle). When tumors reached approximately 40 mm2, mice were intratumorally treated with 107 pfu WR or with
control buffer on day 0 and day 3, and tumor growth was subsequently monitored. Percentages of surviving mice are depicted in the right panel of A. B, C57BL/6 mice
bearing MCA205 tumors were treated with WR or buffer on day 0 and day 3, as described previously, and received anti-IFNAR1 mAb on days 5 and 10.
Tumor size (left) and percentages of surviving mice (right) are shown. C, Serum concentrations of type 1 IFN during local WR infection. MCA205 WT sarcoma were
implanted in C57BL/6 mice and WR was inoculated at 107 pfu/50 mL (i.t.) at day 1 and day 3 (D1, D3). Serums were harvested on day 1, 3, 5, 7, and 11
(as indicated by "D") and IFNa and IFNb serum levels were quantiﬁed by ProcartaPlex Multiplex Immunoassay following manufacturer's instructions (Thermo Fisher
Scientiﬁc). Each bar represents the mean of 5 mice/group. D, Ifnar/ mice (C57BL/6 background) were implanted with 8  105 Ifnar/ MCA205 cells
(clone 7) and intratumorally treated as before with WR or buffer on day 0 and day 3. Tumor size (left) and percentages of surviving mice (right) are depicted. Tumor
sizes are shown as means  SEM. Results shown are representative of two independent experiments.  , P < 0.05;   , P < 0.01;    , P < 0.001 by Kruskal–Wallis
test, followed by Dunn post test in B (left), by Mann–Whitney test in C, or by Kaplan–Meier analysis and log-rank Mantel–Cox test in B and C (right).

viral replication (Supplementary Fig. S2). In contrast, tumoral TLR3
receptors, which recognize single-strand RNA, did not appear to be
needed for the activity of WR (Supplementary Fig. S3).
We studied the role of type I IFN signaling at later stages, that is,
once viral replication is supposed to be entailed, through administration of an IFNAR-blocking mAb at days 5 and 10 after WR
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treatment. Such blockade of the receptor was seen to reduce efﬁcacy
of WR and thus to suppress its beneﬁt in term of survival (Fig. 3B).
We monitored serum levels of type 1 IFNs and found detectable
levels of these viral cytokines, 3–4 days after 2 local inoculations of
WR (Fig. 3C), suggesting systemic effects of viral and/or immunemediated remodeling of the tumor microenvironment post-WR
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Characterization of tumor-inﬁltrating cells following intratumoral WR treatment. C57BL/6 mice were implanted with 8  105 MCA205 tumor cells. When
tumors reached approximatively 40 mm2, mice were intratumorally treated with 107 pfu WR on day 0 and day 3. Four days after the last injection of WR,
tumors were processed for ﬂow cytometry determination of the percentages of NK cells, CD3þ T lymphocytes, and CD4þ and CD8þ (A) T cells. The percentage
of FoxP3þ regulatory T cells (Tregs), intratumoral myeloid-derived suppressor cells, the percentage of F4/80þ macrophages (B), and the ratio of CD8þ
T cells to Treg cells (C) is also shown. The expression of PD-L1 on leukocytes and on tumor cells (D) was determined as well as the expression of the immune
checkpoints PD-1 and CTLA-4 (E). Results are representative of two independent experiments comprising 5–6 mice/group.  , P < 0.05;   , P < 0.01;   , P < 0.001
by Mann–Whitney test.

intratumoral inoculation. These results were corroborated
using Ifnar/ hosts. The tumor control seen on WR treatment
of Ifnar/ MCA205 sarcomas was, however, still present when
these tumors were established in Ifnar/ mice, but less prominent than in wild-type animals (Fig. 3D).
Intratumoral injection of WR into established MCA205 tumors
in WT mice was seen to signiﬁcantly alter immune cell populations within the tumor microenvironment (TME), particularly
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inﬁltrated lymphocytes and myeloid cells. Hence, 7 days after WR
treatment, the percentage of lymphocytes (CD3þ, CD45þ) was
almost twice that of control, mostly due to increased intratumoral
CD8þ T cells at the expense of CD4þ T cells and NK cells (Fig. 4A).
In contrast, the regulatory components of TME, that is, CD4þ
Foxp3þ T cells, CD11bþLy6cþ, and F4/80þ macrophages, drastically decreased upon WR treatment (Fig. 4B). This translated into
a signiﬁcant increase in the ratio of effectors to regulatory T cells,
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Figure 5.
The antitumor activity of WR is enhanced on combination with oxaliplatin chemotherapy. BALB/c mice were implanted with 8  105 CT26 tumor cells. When
tumors reached approximatively 40 mm2, mice were intratumorally treated with 107 pfu WR on day 0 and day 3. At day 6, mice were injected with 10 mg/kg/mouse
oxaliplatin. Tumor sizes (A; shown as means  SEM) and percentages of surviving mice (B) are shown. Results are representative of two independent
experiments comprising 5–6 mice/group.  , P < 0.05;   , P < 0.01;    , P < 0.001 by Kruskal–Wallis test, followed by Dunn post test in A, or by Kaplan–Meier
analysis and log-rank Mantel–Cox test in B.

that is, CD8þ/Foxp3þ (Fig. 4C). WR drastically changed the PD-L1
status in CD45þ inﬁltrated cells, but not in the CD45– fraction
(Fig. 4D). Of note, WR infection boosted the transcription of type
1 IFN gene products in tumor cells (proﬁcient or deﬁcient for
IFNAR), but failed to upregulate PD-L1 expression on tumor
cells in vitro (not shown). However, WR did not compromise
the upregulation of PD-L1–caused type 2 IFN (produced by
effector T cells in the TME, not shown). The reduction of PDL1 expression in the leukocytic fraction might be due to the loss of
dendritic cells, expressing the highest levels of PD-L1 (not shown)
while the lack of type 1 IFN-induced PD-L1 expression could be
explained by a direct quenching of IFN by B18R harbored by WR.
Regarding other checkpoint makers, PD1 was increased while
CTLA-4 largely decreased in CD3þ lymphoid cells following WR
treatment (Fig. 4E).
The therapeutic activity of WR could be further improved by
combination with other immunostimulatory agents. Oxaliplatin
is known to induce a strong ICD and we could see that combining
WR with oxaliplatin resulted in a synergistic improvement of
tumor control and survival over monotherapy (Fig. 5). Combination of WR with a PD-1 blocker similarly showed an improved
efﬁcacy in terms of increased survival in established MCA205
sarcoma model (Fig. 6A). In line with the previous observation of
an increased PD-1 expression in CD3þ TILs (Fig. 4E), we identiﬁed
that later administration of anti-PD-1 mAbs, after treatment with
WR improved its effect (Fig. 6B; Supplementary Fig. S4A). Furthermore, the combination with anti-PD-1 appeared to allow a
dose-sparing (Supplementary Fig. S4A). The combination with
anti-CTLA-4 also showed an enhanced survival over monotherapy
in the same MCA205 sarcoma model. The schedule was important
in the combinatorial regimen, requiring blockade of CTLA-4 mAb
after WR treatment (Fig. 6C and D). Importantly, the greatest
synergistic therapeutic effect in terms of tumor control was
achieved when anti-CTLA-4 was administered shortly (1 day)
after WR treatment, maybe in relation with the concomittant
provision of IL2 [released during CTLA4 blockade (35) and type 1
IFN by the virally infected cells (36)]. The beneﬁt was lost when
anti-CTLA-4 was delivered late, 7 days after WR treatment (Supplementary Fig. S4B).
A key aspect to the success of oncolytic virotherapy, either as
standalone or as combination therapy, is the ability to induce a
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systemic anticancer immunity that allows for an abscopal effect
on distant tumors/metastases. In this respect, we assessed the
abscopal effect of several combination regimens. Considering that
the most effective abscopal responses presumably follow a complete response at the initial tumor site, we used MCA205 Ifnar/,
that completely regress on WR treatment, as initial tumor in the
ipsilateral ﬂank, and challenged the regression of wild-type tumor
in the contralateral ﬂank (Fig. 7A). Regimens combining WR with
anti-PD-1, anti-CTLA-4, or oxaliplatin each conferred a better
control of contralateral tumor growth, compared with WR monotherapy with control antibody (Fig. 7B). Most importantly, each
combination regimen displayed higher survival than WR treatment alone (Fig. 7C).

Discussion
We here report that WR, a surrogate model for the preclinical
study of TG6002, a ﬁrst-in class oncolytic poxvirus, is able to
induce immunogenic cell death and to beneﬁcially reprogram cell
populations within the tumor microenvironment. Moreover, we
demonstrate that WR, alone or in combination with oxaliplatin or
immune checkpoint blockers, produces abscopal effects on distant untreated tumors, particularly when the treated tumor displays attenuated type I IFN signaling.
The ability for a locally administered therapy to induce an
immune-mediated regression of distant neoplasms will strongly
determine its clinical success. Accordingly, a complete response at
the initial site of local treatment is a prerequisite to secondary
abscopal effects. We here conﬁrm that DAMPs, as key immunostimulatory signals representative of ICD, are released upon treatment with WR. The level of ICD was related to WR load
and replication, which might explain why injection of WR into
Ifnar/ tumors (allowing for increased OV susceptibility and
replication; ref. 37) led to complete regression of the injected
tumor and conveyed effective abscopal effects on distant IFNARcompetent tumors. However, in apparent contrast with this,
blockade of IFNAR after WR treatment resulted in lower tumor
control. This suggests the requirement of a later, intact type I IFN
response for the propagation of antitumor immune responses
after ICD, as already reported with other oncolytic viruses (38,
39). Presumably, this drove chemokine secretion and subsequent
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Figure 6.
Combination of WR with immune checkpoint blockers increases therapeutic activity. A, C57BL/6 mice with established MCA205 tumors were treated (i.p.) with
250 mg/mouse anti-PD-1 mAb on day 0, 3, and 6. At day 7 and 10, mice were intratumorally administered 107 pfu WR, and their survival was monitored as
shown (right). B, Similar to A, but with mice treated with WR before anti-PD-1 mAb treatment. C, Similar experimental design to A, but mice treated with
100 mg/mouse (i.p.) of anti-CTLA4 mAb on day 0, 3, and 6 before WR treatment on day 7 and 10. D, Similar to B, but mice treated with WR before anti-CTLA4 mAb
treatment. Results are representative of two independent experiments comprising 5–6 mice/group.  , P < 0.05;   , P < 0.01;   , P < 0.001 by Kaplan–Meier
analysis and log-rank Mantel–Cox test in B.
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Abscopal response in an IFNAR-defective environment after local therapy with WR and immune checkpoint blockers. A, C57BL/6 mice were implanted with
8  105 MCA205 Ifnar/ cells on one ﬂank and 3 days after with 8  105 MCA205 WT cells on the opposite ﬂank. When MCA205 Ifnar/ tumors reached
approximately 20 mm2, mice were intratumorally treated with 107 pfu WR on day 0 and day 3. Mice were administrated with 250 mg/mouse anti-PD-1 mAb
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T-cell recruiting, as well as activation of APCs and presentation of
tumor antigen to T cells (31, 40, 41).
Combination of OVs with either checkpoint blockers or immunogenic chemotherapy is an appealing approach to boost the
immune response initiated at the level of the treated tumor. A
similar combinatory approach supports this view; administration
of ICD-inducing chemotherapies ahead of ICB therapy has been
observed to transform tumors into enhanced immunologic areas
with signiﬁcant T-cell inﬁltration (i.e., restoring a high T effector
cell/Treg cell ratio), resulting in an improved ICB-mediated inhibition of tumor progression (42).
Our study provides a rationale for combination of oncolytic
therapy and ICBs for several reasons: (i) WR upregulates the
expression of PD-1 on T cells; (ii) combination of anti-PD-1 and
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WR displayed therapeutic synergy and abscopal effects; (iii) this
synergy allowed for a 10-fold reduction of WR, an advantageous
dose-sparing effect; (iv) both the therapeutic action and abscopal
effects of WR could similarly be increased through blockade of
CTLA-4.
Moreover, we show that the schedule is important; CTLA-4
blockade worked best shortly after WR treatment, whereas PD-1
blockade worked better when delivered later, that is, 7 days after
WR treatment. These ﬁndings may reﬂect the time-dependent
regulation of these markers as we identiﬁed that expression of
CTLA-4 is signiﬁcantly downregulated in T cells after 7 days, while
PD-1 showed increased expression for longer period. The requirement for early blockade of CTLA-4 may be explained by the fact
that anti-CTLA-4 mAbs deplete Treg cells from the TME (43), and
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increase the recruitment of antitumor and antiviral CTLs within
the next days.
The depletion of Treg cells may indeed be key to the success of
OV therapy, removing a regulatory hurdle on the WR-initiated
CD8þ T-cell response (this also potentially explaining why CD4þ
T-cell depletion in our model was not deleterious to the therapeutic action of WR). Local delivery of anti-CTLA-4 may be
desirable considering the systemic toxicity of ipilimumab (44).
Our results also support our vectorization strategy that locally
delivers anti-PD-1 encoded by an OV directly within the TME
(Fend and colleagues, in press). Two ongoing clinical trials in
unresectable melanoma patients, a phase I/II study of T-VEC in
combination with systemic ipilimumab (NCT01740297; ref. 45)
and a phase III study exploring the combination of T-VEC with
systemic pembrolizumab (NCT02263508; refs. 45, 46), will
substantiate our ﬁndings.
Finally, our results suggest that oncolytic virotherapy can be
targeted to tumors, which are defective in the IFNAR pathway. IHC
offers a rather easy way to assess type I IFN signaling component;
for example, phospho-STAT-1 and MxA (31, 40). Screening of
type I IFN signaling activity in tumors may therefore become a
useful approach to help decision of OV treatment, direct the
protocol, and predict therapeutic response.
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