© The American Society of Gene & Cell Therapy

original article

Viral Infection of Tumors Overcomes Resistance
to PD-1-immunotherapy by Broadening
Neoantigenome-directed T-cell Responses
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There is evidence that viral oncolysis is synergistic with
immune checkpoint inhibition in cancer therapy but the
underlying mechanisms are unclear. Here, we investi-
gated whether local viral infection of malignant tumors
is capable of overcoming systemic resistance to PD-1-im-
munotherapy by modulating the spectrum of tumor-
directed CD8 T-cells. To focus on neoantigen-specific
CD8 T-cell responses, we performed transcriptomic
sequencing of PD-1-resistant CMT64 lung adenocar-
cinoma cells followed by algorithm-based neoepitope
prediction. Investigations on neoepitope-specific T-cell
responses in tumor-bearing mice demonstrated that
PD-1 immunotherapy was insufficient whereas viral
oncolysis elicited cytotoxic T-cell responses to a con-
served panel of neoepitopes. After combined treatment,
we observed that PD-1-blockade did not affect the
magnitude of oncolysis-mediated antitumoral immune
responses but a broader spectrum of T-cell responses
including additional neoepitopes was observed. Oncoly-
sis of the primary tumor significantly abrogated systemic
resistance to PD-1-immunotherapy leading to improved
elimination of disseminated lung tumors. Our observa-
tions were confirmed in a transgenic murine model of
liver cancer where viral oncolysis strongly induced PD-L1
expression in primary liver tumors and lung metastasis.
Furthermore, we demonstrated that combined treat-
ment completely inhibited dissemination in a CD8
T-cell-dependent manner. Therefore, our results strongly
recommend further evaluation of virotherapy and con-
comitant PD-1 immunotherapy in clinical studies.
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INTRODUCTION

Immunotherapy by blocking CTLA4 or PD-1/PD-L1 immune
checkpoints has led to impressive tumor responses associated
with significantly improved long-term survival in a subset of

patients with advanced melanoma.'”* Although encouraging
results have also been reported in other tumor entities,"** the
majority of cancer patients are refractory to immune checkpoint
inhibitors. Factors that determine tumor susceptibility to check-
point inhibition are not fully understood. In case of ipilimumab
and its target CTLA-4 it has been suggested that pre-existing
immune responses are an important precondition for successful
checkpoint inhibition.®” For PD-1/PD-L1 blockade, it is known
that lymphocytic tumor infiltration as well as PD-L1 expres-
sion is associated with improved outcome in patients." More
recently, several groups demonstrated that tumor response
was correlated with expression of PD-L1, particularly when
expressed on tumor-infiltrating immune cells.*’ Furthermore,
Tumeh et al."® showed that tumor responses to PD-1 blockade
required pre-existing CD8 cells that were negatively regulated
by PD-1/PD-Ll-mediated adaptive immune resistance. It is
assumed that neoantigens originating from gene mutations can
serve as attractive targets of immunotherapy since they are not
subject to central tolerance.'"'? Consistently, it has been shown
recently that those neoantigens are targeted by checkpoint
blockade therapy.”> Moreover, it has been reported that tumor
regression in one patient with advanced melanoma involved
a T-cell response against a particular neoantigen upon check-
point blockade.* The sum of neoantigens of individual tumors
can contain high numbers of potentially immunogenic epitopes.
Due to the high frequency of mutations, melanoma has been a
preferred target for immunotherapeutic approaches.” Analysis
of peptides containing missense mutations from breast and
colorectal cancer revealed that individual cancers accumulate
an estimated number of up to 40-60 novel major histocompat-
ibility complex class I (MHC I) restricted epitopes and on aver-
age 7-10 unique HLA-A*0201 epitopes, respectively, including
those corresponding to mutated proteins involved in oncogenic
processes.’®'” On the other hand, tumors escape from immu-
nosurveillance by establishing an immunosuppressive microen-
vironment'® and also by immunoediting which shapes nascent
tumors toward low immunogenicity.'>" Consequently, most
cancers are usually devoid of highly immunogenic neoepitopes,
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which makes them a challenging target for immunotherapies
such as immune checkpoint modifiers.

Oncolytic viruses are tumor-destructive and immuno-
stimulatory tools for therapy of solid tumors. They induce severe
inflammations in tumor tissue®** facilitating cross-presentation
of tumor antigens and induction of antitumoral T-cells.?"?**
Therefore, oncolytic viruses are attractive means to support PD-1
immune checkpoint blockade.

In our study, we investigated whether localized tumor infec-
tion with an oncolytic adenovirus is capable of overcoming sys-
temic tumor resistance to PD-1-immunotherapy. To investigate
a broad spectrum of tumor-directed CD8 T-cell responses, we
screened PD-1-resistant CMT64 cells for putative MHC class I
neoepitopes. Using these neoepitope candidates, we showed that
anti-PD-1 therapy alone was not able to elicit therapeutically rel-
evant immune responses, whereas viral oncolysis induced signifi-
cant CD8 T-cell cytotoxicity, directed against a conserved set of
neoepitopes. Interestingly, PD-1-blockade during oncolytic virus
infection led to significant spreading of the neoepitope-directed
T-cell spectrum and facilitated successful tumor therapy. The
synergy of localized virotherapy and systemic PD-1 blockade was
confirmed in a transgenic model of cholangiocarcinoma. In this
model, local oncolysis prevented tumor resistance to systemic
anti-PD-1 treatment, leading to CD8-dependent eradication of
lung metastases, which showed significant upregulation of PD-L1
in the primary tumor and metastases in response to viral tumor
infection. Our results strongly suggest the clinical evaluation of
virotherapy and PD-1 immunotherapy to improve therapeutic
efficacy in tumors that are refractory to checkpoint blockade.

RESULTS

Virus-mediated tumor inflammation elicits CD8 T-cell
responses directed against a set of neoepitopes
derived from mutated genes

We aimed to investigate neoantigenome-wide antitumoral CD8
T-cell responses upon PD-1 checkpoint inhibition and/or viro-
therapy in an immunocompetent tumor model. For this purpose,
we analyzed the mutanome of CMT64 lung adenocarcinoma cells.
CMT64 tumors in syngeneic C57/BL6 mice do not respond to PD-1
immunotherapy by tumor-infiltration of immune cells opposed
to therapy-sensitive Hepal-6 cells as control (Supplementary
Figure S1). CMT64 cells do not express PD-L1, which is consis-
tent with the notion that PD-1 inhibition is known to work more
effectively in tumors expressing PD-L1.!

As illustrated by the work-flow in Figure 1a, we analyzed the
mutanome of CMT64 cells starting with transcriptomic sequenc-
ing. 274 nonsynonymous single-nucleotide variants (SNV) were
detected, consistent with the frequency of mutations typically found
in human lung tumors."” The complete list of all nonsynonymous
SNVs, the corresponding mutated genes, and key features of derived
neoepitopes are provided in Supplementary Table S1. We analyzed
various peptide sequences harboring nonsynonymous SNVs for
their capability to bind to H2-Kb and H2-Db using the SYFPEITHI-
prediction algorithm.” We identified 44 putative neoepitopes in 35
genes with a binding score =20, which has been defined arbitrarily as
a cutoff. All 44 predicted neoepitopes of CMT64 cells were synthe-
sized as minimal binding-motif peptides (Supplementary Table S2)

Molecular Therapy vol. 23 no. 10 oct. 2015

Viroimmunotherapy Broadens the CD8 T-cell Spectrum

and neoepitope-specific CD8 T-cell responses were investigated by
IFNYy-ELISpot analyses in CMT64-tumor bearing mice (Figure 1b).
Consistent with the hypothesis that the neoepitope-spectrum of
a mature tumor reflects the result of immunoediting processes, we
did not detect spontaneous immune responses in tumor-bearing,
but untreated mice. PD-1 inhibition elicited a weak but significant
immune response specific for the neoepitope Ndufs1-V491A in all
individuals (Figure 1b, marked by an asterisk). Since oncolytic viruses
are known to provoke antitumoral immune responses, we investigated
whether intratumoral injection of an oncolytic adenovirus (hTertAd)
is capable of triggering neoepitope-specific CD8 T-cell responses. In
our experiment, oncolytic virotherapy raised CD8 T-cell responses
to at least 5 of 44 tested neoepitopes. Responses to H2-Q2-D244E,
Ndufs1-V491A, Rab13-K196N, Ppat-1208M, and Gsta2-Y9H, were
reliably elicited in all investigated individuals whereas responses to
Chd2-T647A and Arhgef10-M2071 were only detected in a subset
of animals. Remarkably, the Ndufs1-V491A-specific response was
triggered by PD-1 therapy and oncolysis. Neither tumor-free ani-
mals treated with PD-1 antibody nor untreated tumor-bearing mice
showed a response to this epitope confirming the specific triggering of
this tumor-directed response by the applied treatments (Figure 1c).

To exclude that detectable tumor-directed CD8 T-cell responses
are due to cross-reactivity of antiviral immune responses, viro-
therapy was also administered by intraperitoneal injection. This
route of application circumvents virus-mediated oncolysis and
triggers robust viral T-cell immunity. In this setting, we observed
no significant immune response to oncolysis-responsive neoepi-
topes (Supplementary Figure S2a). To investigate the potential
of triggering autoimmune responses, cross-reactivity to corre-
sponding wild-type peptides was evaluated in splenocytes from
tumor-bearing mice following intratumoral oncolysis (Figure 1d).
Although some of the calculated binding scores of mutated neo-
epitopes and their wild-type counterparts were almost similar
(Supplemetary Figure S2b), the immune responses were signifi-
cantly higher against neoepitopes confirming the specificity of
tumor-directed immune responses for their mutated targets. We
finally investigated the effect of PD-L1 expression on neoepi-
tope-specific CD8 T-cell responses in isogenic experiments using
stably transduced CMT64-PDLI cells. These experiments demon-
strated that the observed neoepitope-specific CD8 T-cell responses
occurred independently of PD-L1 expression (Supplementary
Figure S2¢,d). A tabular overview containing a list of the detected
virotherapy-responsive neoepitopes and essential information on
the neoepitope and binding scores is provided in Figure le.

Neoepitope-specific CD8 T-cell responses raised by
virus-mediated oncolysis have cytotoxic activity and
exhibit improved therapeutic efficacy

First, we wanted to investigate whether neoepitope-specific CD8
T-cell responses can be triggered by alternative inflammatory agents.
Therefore, we replaced oncolytic virus infection by the toll-like recep-
tor (TLR)-ligands poly(I:C) and CpG that were injected it. into
CMT64 tumors. In contrast to virotherapy, neither poly(I:C) nor
CpG elicited a significant neoantigenome-directed immune response
(Figure 2) suggesting that viral oncolysis plays an important role for
triggering neoepitope-specific responses. A major functional parame-
ter of tumor-directed CD8 T-cells is their ability to effectively kill their
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NM_010392 histocompatibility 2, Q region locus 2 (H2-Q2) D244E | TWQLNGEEL 25 H2-Db
NM_145518 | NADH dehydrogenase (ubiquinone) Fe-S protein 1 (Ndufs1) | V491A [ AAVSNMVQKI 29 H2-Db
NM_026677 RAB13, member RAS oncogene family (Rab13) K196N SDKKNNKCL 22 H2-Db
NM_ 172146 phosphoribosyl pyrophosphate amido-transferase (Ppat) 1208M | DPYGNRPLCM [ 20 H2-Db
NM_008182 glutathione S-transferase, alpha 2 (Yc2) (Gsta2) YOH LHHFNARGRM | 22 H2-Db
Sporadically triggered tumor-associated epitopes including a nonsynonymous single nucleotide variant of
CMT64
Gene i.d. Gene name Mutation Min. sequence Score MHC-type
NM_001081345 chromodomain helicase DNA binding protein 2 (Chd2) T647A | APLQNSLKEL 27 H2-Db
NM_172751 Rho guanine nucleotide exchange factor (GEF) 10 M2071 AWIENPEEAI 28 H2-Db
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Figure 1 Oncolytic virotherapy elicits specific CD8 T-cell responses against a defined panel of neoepitopes in PD-1-resistant CMT64 tumors.
(a) Work flow for prediction and identification of neoepitope-specific CD8 T-cell responses in CMT64 cells. (b) C57BL/6 mice with established s.c.
CMT64-tumors were treated twice with aPD-1 antibody (days 0 and 3) or with intratumoral injection of hTertAd. Tumor-free and tumor-bearing
mice without treatment served as controls. Splenocytes were harvested 1 week after the first treatment and used for analysis of neoepitope-specific
CD8 T-cell responses. For this screen, 44 minimal epitopes from CMT64 sequencing were synthesized as minimal peptides to detect neoepitope-
specific responses in IFNy-ELISpot assays. CD8 T-cell responses observable in all investigated individuals are marked by an asterisk. Responses that
were restricted to a subset of mice are marked with “s”. The graph shows representative results from three mice of a total number of eight (n = 8 per
group). () Ndufs1-V491A-specific CD8 T-cell responses were determined in tumor-free mice treated with a PD-1 blocking antibody and compared
to responses in CMT64-tumor-bearing mice (n = 5 per group). Irrelevant peptides served as control. (d) To investigate the ability of neoepitope-
specific CD8 T-cell responses to distinguish between tumor-associated neoepitopes and corresponding wild-type epitopes, splenocytes from mice
after virotherapy treatment were stimulated with mutated epitope motifs or with corresponding wild-type peptides, respectively. Pooled splenocytes
were used for analysis (n = 5 animals). (e) Tabular overview containing a list of detected virotherapy-responsive neoepitopes and additional key
information.
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Figure 2 Intratumoral inflammation by toll-like receptor (TLR)-ligands is unable to trigger neoepitope-specific CD8 T-cell responses. (a) To
investigate whether TLR-ligands can mimic the immunogenicity of viral oncolysis and are capable of triggering tumor-specific CD8 T-cell responses
upon injection, mice received intratumoral treatment with the TLR-ligands CpG or poly(l:C), and oncolytic virus as positive control. The CMT64-derived
peptide library was used to screen for putative tumor-responses by ELISpot analysis. Representative results of tumor-specific responses from three out
of five mice treated with CpG-ODN are shown. (b) Likewise, the graph shows responses from three representative out of five animals treated with
poly(I:C). (c) The figure shows ELISpot results from a mouse receiving intratumoral oncolytic virotherapy for the purpose of comparison.
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Figure 3 Virotherapy triggers cytotoxic neoepitope-specific CD8 T-cell responses and efficiently eradicates uninfected lung metasta-
ses. (@) C57BL/6 mice with subcutaneous CMT64 tumors were treated with or without oncolytic virotherapy. To determine cytotoxic activity of
tumor-specific CD8 T-cells, an in vivo cytotoxic assay was performed by adoptive transfer of donor cells pulsed with a peptide pool consisting of
all seven tumor-reactive epitopes triggered by oncolytic virotherapy. Cytotoxicity was calculated from ratios of the CFSE"-target peak pulsed with
the tumor-specific peptide pool and the CFSE"-reference peak pulsed with irrelevant peptides. The virus-specific response to dbp served as positive
control. Representative histograms are shown in the left panel. The right panel shows the calculated cytotoxicity of indicated groups. (b) Antitumoral
efficacy of tumor-specific CD8 T-cells was investigated by clearance of pre-established CMT64 lung colonies. Mice received an i.v. injection of CMT64
cells to establish lung colonies and were treated with intratumoral injections of hTertAd. On day 18 after therapy, mice were sacrificed and lungs were
prepared for histology. Untreated mice served as control. To assess the contribution of CD8 T-cells to the clearance of lung colonies, an additional
group received virotherapy and CD8 depleting antibodies. The tumor-area of colonies was calculated by computer-based analysis from HE-stained
lung sections. The ratio of tumor-area to total lung area is shown in the graph on the right side.
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target cells. We investigated in vivo cytotoxicity by pulsing target cells
with a peptide pool reflecting all seven oncolysis-responsive neoepi-
topes. Whereas untreated tumor-bearing mice did not display killing
of neoepitope-labeled target cells, we observed significant cytotoxicity
after virotherapy (Figure 3a). Finally, immune-mediated eradication
of tumors was investigated in mice bearing a primary subcutaneous
CMT64 tumor for intratumoral application of virotherapy and lung
colonies to evaluate the immune-mediated antitumoral effects. These
lung metastases remain uninfected when the virus is applied by intra-
tumoral injection as shown previously.” Our results demonstrate that
virus-mediated tumor infection strongly reduced the intrapulmonary
tumor burden. CD8 T-cell depletion experiments confirmed that
CD8 T-cell responses led to a significantly reduced tumor burden
(Figure 3b). However, tumors in CD8-depleted mice did not reach the
size that was observable in untreated mice, suggesting a role of further
immune-mediated antitumoral mechanisms. Possibly, NK-cells can
be stimulated by systemic cytokines upon viral infection to attack dis-
seminated tumor cells since virotherapy-stimulated NK cells reduce
metastasis after surgical tumor resection.” Furthermore, recent stud-
ies have shown that neoepitope-specific CD4 T cells can essentially
contribute to antitumoral responses.”*

Virus-mediated oncolysis during simultaneous
anti-PD-1 immunotherapy broadens the spectrum of
neoantigenome-specific T-cell responses and leads

to increased PD-L1 expression by tumor-infiltrating
antigen-presenting cells

PD-1 inhibition maintains the function of antigen-experienced
peripheral T-cells suggesting that oncolysis-induced CD8 T-cell
responses could be further enhanced by PD-1 immunotherapy.
Since the specific T-cell response of Ndufs1-V491A was detectable
after both single therapies, we selected this neoepitope for a quan-
titative investigation. Using a pentamer for specific T-cell receptor
staining, we observed a comparable induction of Ndufs1-V491A-
specific T-cell responses by anti-PD-1 treatment or virotherapy
alone. Interestingly, combined treatment did not further elevate
Ndufs1-V491A-specific responses (Figure 4a). Instead, we observed
a strong spreading of immune responses to additional neoepi-
topes in more than half of all treated mice upon treatment com-
bination (Figure 4b). When comparing individual animals, these
additional neoepitope-specific responses had a rather randomized
pattern in contrast to the regular patterns that we observed after
single therapies. Additionally, the number of responsive neoepi-
topes varied between different individuals. However, at least three
epitopes were additionally detectable in the majority of responding
animals (Supplementary Figure S3a). Similar results were found
in CMT64-PDL1 tumors confirming that PD-L1 expression by
the tumor cells did not affect neoepitope-specific responses in this
model (Supplementary Figure S3b). In total, 9 out of 16 animals
responded with an extensive spreading of the immune response to
9-12 neoepitopes. Since these data showed that alterations in PD-L1
expression by the tumor cells were unlikely to play a role in broaden-
ing T-cell responses, we analyzed PD-L1 expression by antigen pre-
senting cells (APC), defined by expression of CD45¢* CD11c*, in the
lymphatic system (Figure 4c). When we investigated CD45* CD11c*
cells in tumor-draining lymph nodes and nontumor-draining lymph
nodes, we found high PD-L1 levels on APCs in tumor-draining
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lymph nodes but not in nontumor-draining lymph nodes. However,
in all treatment groups including PD-1 blockade alone, PD-L1 was
found to be highly expressed in both tumor-draining lymph nodes
and nontumor-draining lymph nodes suggesting that all therapies
were able to affect PD-L1 expression on APCs. Moreover, when we
analyzed tumor resident APCs, we detected an increased expression
of PD-L1 on antigen presenting cells after therapy that was statisti-
cally significant when virotherapy was involved and which was high-
est in the combined group. Since PD-L1 expression is an indicator of
an immune-active microenvironment and also a surrogate marker
for tumor response to PD-1 checkpoint inhibition® these findings
show preferable immune activation when the tumor tissue is affected
by viral oncolysis (Figure 4d). Consistent with this observation, we
have previously shown in this tumor model that local tumor infec-
tion by an oncolytic virus induces effective cross presentation of
tumor-specific antigens on tumor-infiltrating APCs.?! In summary,
these data indicate that local oncolysis plays an important role in
shaping broad neoantigen-specific T-cell responses after virotherapy
and PD-1 immunotherapy.

Localized virus-mediated tumor infection overcomes
systemic resistance to PD-1 immunotherapy in
syngeneic and transgenic mouse models

Next, we investigated whether localized oncolysis is capable of
overcoming resistance to systemic PD-1 immunotherapy. To allow
for detection of therapeutic synergy by PD-1 inhibition and intra-
tumoral virotherapy we used a model of disseminated lung cancer
with a higher initial tumor burden compared with the previous
experiments. The therapeutic timeline, the setup of experimental
groups, and time points for inspection of lung tumor burden are
illustrated in Figure 5a. A growth curve of the treated primary
CMT64 tumor revealed that PD-1 therapy or oncolytic virotherapy
(OV) alone did not effectively inhibit tumor progression, whereas
combined therapy was able to reduce the growth of this low immu-
nogenic and aggressively growing tumor (Supplementary Figure
$4). Inspection of the lung tumor burden showed that oPD-1-
antibodies alone had no effect on metastases. Virus-mediated
oncolysis alone was capable of reducing the tumor burden in the
lung to a significant degree. Combined treatment led to signifi-
cantly increased elimination of lung colonies, demonstrating the
abrogation of systemic resistance of uninfected tumors to PD-1
immunotherapy by localized oncolysis (Figure 5b,c). Remarkably,
half of the animals in the combination group showed an impressive
tumor regression with almost complete elimination of lung colo-
nies, whereas some animals with the same treatment did not elimi-
nate lung tumors more efficiently than mice receiving virus alone.
This finding correlates with the proportion of approximately 50%
of animals that respond to combination therapy by spreading of
CD8 T-cell neoepitopes as shown above. Survival monitoring dis-
played that combining virotherapy and PD-1 inhibition resulted in
a significantly prolonged survival compared to the other treatment
groups (Figure 5d). The improved survival of the combined treat-
ment group also suggests that the therapeutic benefit was limited
to half of the animals whereas other animals showed survival com-
parable to the virotherapy group consistent with the ratio of ani-
mals that respond by epitope-spreading. In CD8 knockout mice,
we did not observe any difference between the treatment groups
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Figure 4 PD-1 inhibition during virus-mediated tumor inflammation broadens the epitope spectrum of neoantigenome-directed CD8 T-cell
responses. (@) Using Ndufs1-V491A-specific pentamers for direct T-cell receptor staining, tumor-directed CD8 T-cell responses were monitored in
mice after PD-1 checkpoint inhibition, oncolytic virotherapy, and a combination of both treatments. Tumor-free mice and untreated CMT64-tumor
bearing mice served as controls. The gating in the representative dotplots (left panel) refers to Ndufs1-V491A-specific CD8 T-cells and the correspond-
ing quantitative analysis is shown on the right panel. (b) Mice bearing s.c. CMT64-tumors received a combination of PD-1 checkpoint blockade
(d0 and d3) and oncolytic virotherapy (n = 8). 7 days following virotherapy, mice were screened for neoantigenome-specific CD8 T-cell responses.
Epitopes induced by virotherapy are marked by asterisks. Additionally detected T-cell responses, which were neither induced by PD-1 blockade nor
by virotherapy alone, are indicated by arrows. Additional epitopes, which were observable in at least 50% of responding individuals are marked by a
plus sign. (c) For each treatment group, CD45* CD11c* leukocytes were prepared from tumor-draining lymphnodes (TLN) and nontumor-draining
lymphnodes (NLN) and PD-L1 expression was quantified by flow cytometry. For those cells derived from corresponding treatment groups, mean
fluorescence intensity of PD-L1 is indicated in the graph on the left side. The right panel shows representative histograms. (d) Accordingly, tumor-
resident CD45* CD11c* leukocytes were prepared from CMT64 tumor-tissue and PD-L1 expression was analyzed.

demonstrating that antitumoral effects mediated by viral oncolysis  plasmids as shown in Figure 6a reliably induced primary intrahe-

and combination with PD-1 inhibition were dependent on CD8 T
cells (Figure 5e).

Since tumor transplant models do not fully reflect therapy resis-
tance of autochthonous tumors, we investigated combined therapy
in a low immunogenic mouse model of transgenic cholangiocar-
cinoma induced by local electroporation of oncogenic transposon
plasmids.?” Since it has been described that Akt2 supports metas-
tasis,” we transferred a constitutively active form of Akt2 together
with KRasG12V in p53fl/fl mice. Intrahepatic electroporation of
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patic tumor-formation within 3 weeks. At day 42, lung metastases
were detectable in 75% of mice (total n = 12) and could be visu-
alized by immunohistochemical detection of phosphorylated ERK
(Supplementary Figure S5). Figure 6b illustrates the procedure
of local virus injection into the single tumor nodule 21 days after
electroporation. HE-stained sections of the tumor show large onco-
lytic areas 3 days after virotherapy. This effect was durable since 3
weeks after virotherapy tumor-tissue integrity was not fully restored
(Figure 6¢). On the other hand, primary tumors were not well suited
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Figure 5 PD-1 checkpoint inhibition during virus-mediated tumor inflammation results in improved eradication of lung colonies. (a)
Therapeutic efficacy of combined treatment with a-PD-1 ab and oncolytic virotherapy was assessed in a subcutaneous model of CMT64 including an
increased intrapulmonary burden of metastasis (mice received an intravenous injection of 8 x 10° cells). The experimental timeline and the therapeutic
groups are shown. Mice were treated by intratumoral virotherapy and/or a-PD-1 ab as described in the method section. (b) Mice were sacrificed
on day 18 after development of lung colonies. Therapeutic efficacy was investigated histologically by measurement of the tumor area as described
above. Combination therapy was significantly more efficient than the most effective monotherapy (virotherapy P < 0.0188). (c) Representative lung
histologies are shown. (d) Therapeutic efficacy of combined treatment with aPD-1 antibody and oncolytic virotherapy was assessed by survival moni-
toring. Wild-type mice treated with both therapies demonstrate significantly prolonged survival compared to monotherapies. (e) The graph shows

application of the same therapeutic scheme in CD8 knockout mice.

for size measurements due to the strong fibrotic tissue reaction upon
viral lysis. To allow for an unbiased readout of immune-mediated
antitumoral effects upon virotherapy and PD-1 checkpoint blockade,
we monitored the noninfected lung metastases. The treatment regi-
men of the tumor-bearing animals is shown in Figure 6d. As shown
in Figure 6e,f, application of PD-1 antibody alone was not sufficient
to reduce the number of animals bearing lung metastases. Whereas
oncolytic virotherapy alone showed antimetastatic activity to some
degree, combined virotherapy and PD-1 inhibition led to the elimi-
nation of lung metastases in all investigated animals, demonstrating
that localized oncolytic infection overcame resistance to systemic
PD-1 immunotherapy in this murine model of cholangiocarcinoma.
In agreement with the hypothesis that antitumoral activity was medi-
ated by tumor-specific cytotoxic T-cells, CD8 depletion completely
abrogated the elimination of metastases (Figure 6f). In this model,
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we investigated primary tumor and metastases for expression of
PD-L1 (Figure 6g,h) as indicator of immune activation in response
to treatment. Primary tumors in untreated and PD-1-treated mice
only showed PD-L1 expression on infiltrating immune cells, but not
on tumor cells. Interestingly, virotherapy resulted in upregulation
of PD-L1 in the tumor tissue. Consistently, tumor cells of pulmo-
nary metastases in untreated and PD-1-treated animals were PD-L1
negative, whereas tumor-resident immune cells, preferably located
in the peripheral tumor zone, stained positive for PD-L1. In metas-
tases as well, virotherapy resulted in a strong induction of PD-L1 on
tumor cells that was still expressed three weeks after therapy.

In summary, our results demonstrate that intratumoral viro-
therapy provides excellent preconditions for concomitant PD-1
checkpoint blockade in PD-1 refractory tumors. Our data con-
firm the promising therapeutic efficacy of antitumoral T-cell
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Figure 6 Viral oncolysis and concomitant PD-1 immunotherapy leads to complete elimination of spontaneous lung metastasis in a transgenic
model of cholangiocarcinoma. (a) Transposon-based plasmids coding for KrasG12V and myrAkt2 and plasmids expressing SB13-transposase and
Cre recombinase were used to establish locally restricted liver tumors by in-situ electroporation. On day 21 after tumor induction, mice developed a
single nodule of cholangiocarcinoma suitable for intratumoral injections. (b) The photo illustrates the intratumoral application of virotherapy to the
electroporation-induced liver tumor in situ. () Tumors were treated with intratumoral injection of hTertAd. On day 3 and day 21 after virotherapy,
intratumoral lysis was investigated on HE-stained sections at 40-fold magnification. (d) Mice bearing intrahepatic tumors received a systemic admin-
istration of PD-1-blocking antibodies, intratumoral virotherapy, or a combination of both (n = 8 animals per group). For virotherapeutic application,
mice were laparotomized and received intatumoral injections of virotherapy, or physiologic salt solution as control, respectively. Twenty-one days
after treatment, lungs were screened for metastases. (e) Three representative lung histologies from each group are shown. (f) The graph displays
the distribution of mice with detectable metastasis and metastasis-free mice for each treatment group according to the scheme shown in Figure 6d.
An additional group treated with combined therapy received CD8-depleting antibodies (n = 4 animals). PD-L1 expression in primary tumors (g) and
metastases (h) after different therapies as indicated was investigated by HE stainings and immunohistochemical staining (100-fold magnification).
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responses in clinically relevant animal models of a transgenic and
low-immunogenic tumor.

DISCUSSION

Increasing the tumor response rates to PD-1 checkpoint block-
ade remains an important clinical challenge and molecular factors
that determine the therapeutic success of this promising therapy
are incompletely understood. Since the success of checkpoint
blockade has been associated with preexisting immune responses,
strategies have been pursued to support antitumoral immune
responses by additional vaccination against defined tumor anti-
gens with rather disappointing results.>*!

The tumor mutanome has recently been suggested to be a suit-
able pool for the identification of targets for individualized vaccina-
tions using tumor genome sequencing and bioinformatic prediction
algorithms for immunogenic epitopes.® In our study, transcriptomic
sequencing and neoepitope prediction in CMT64 lung cancer cells
provided the basis for neoantigenome-wide analysis of CD8 T-cell
responses upon virotherapy and/or PD-1 checkpoint blockade. Since
oncolytic viruses are strong adjuvants per se they have already been
successfully applied for expression of targeted antitumoral vaccines
or cDNA libraries.** We further hypothesized that viral oncoly-
sis could provide for induction of significant antitumoral immune
responses to be further modulated by PD-1 checkpoint inhibition.
Our results show that application of a PD-1 blocking antibody elicited
an immune response against a single neoepitope (Ndufs1-V491A)
that was not sufficient to inhibit tumor growth. In contrast, intratu-
moral application of an oncolytic virus was capable of inducing signif-
icant cytotoxic CD8 T-cell immune responses against a conserved set
of neoepitopes. These belonged to protein families involved in highly
conserved cellular processes such as antigen presentation (H2Q2),
detoxification of xenobiotics (Gsta2), energy metabolism (Ndufsl),
and membrane vesicle transport (Rab13) suggesting a possible con-
tribution to malignant growth. In case of Ndufsl, it has recently been
shown that molecular alterations in this metabolic pathway reflect
tumor adaptation to low glucose levels.*® The detected neoepitopes
illustrate that immunogenic epitopes may correspond to genes with
tumor-supporting functions which has implications for potential
tumor immunoevasion upon epitope-targeted therapy. Instead of
further enhancing the magnitude of single oncolysis-induced CD8
T-cell responses by PD-1 checkpoint blockade, we observed a sig-
nificant spreading of T-cell responses to neoepitopes additional to
those detectable after single therapies. Compared to the highly regu-
lar pattern after virotherapy, the extended pattern of T-cell responses
after combined therapy varied significantly between different ani-
mals. Interestingly, broadened tumor-antigen directed CD8 T-cell
responses have been recently observed in patients after treatment
with the CTLA-4 inhibitor ipilimumab.”

PD-LI is a strong indicator for ongoing immune-activation
and a predictive marker for tumor response to PD-1/PD-L1 ther-
apy.*” We found an increase of PD-L1 levels on tumor-infiltrating
APC that was significant in both groups receiving virotherapy and
highest when virotherapy and PD-1 blockade were applied. These
observations are consistent with our findings that localized oncol-
ysis abrogated systemic resistance of uninfected tumors to PD-1
immunotherapy with a strong reduction of metastasis in the syn-
geneic CMT64 mouse model. Since we found that all therapies had
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equivalent effects on APCs in the nontumor-associated lymphatic
system, local tumor inflammation and oncolysis appear to be cru-
cial for immune activation and antimetastatic efficacy. Furthermore,
we have previously shown that tumor virotherapy induces effective
cross presentation of tumor-associated antigens by tumor-infil-
trating APCs in the CMT64 model. Effective cross presentation of
tumor antigens provides suitable preconditions for triggering broad
neoantigen-directed T-cell responses. The important role of the local
tumor inflammation and tumor cell lysis is consistent with a recent
report demonstrating that localized infection of a subcutaneous
tumor with oncolytic Newcastle disease virus converted a second
contralateral tumor nodule into an inflammatory phenotype ren-
dering the tumor sensitive to checkpoint immunotherapy.*® Also, in
a syngeneic mouse model of melanoma, a recent study showed an
additional therapeutic benefit of CTLA-4 or PD-L1 inhibition, when
antagonistic scFvs were expressed by an oncolytic measles virus.”

Tumors derived from cell lines with high mutationalload are pre-
sumably much more immunogenic than transgenic cancers that are
usually driven by a small number of dominant oncogenes. Therefore
it is remarkable that the synergy of localized virotherapy and sys-
temic PD-1 blockade was confirmed in a KRasG12V-transgenic
mouse model of cholangiocarcinoma, which is a particularly low
immunogenic tumor. Localized oncolysis overcame resistance of
uninfected lung metastases to PD-1-immunotherapy in a CD8
T-cell-dependent manner. However, clinical response to checkpoint
inhibition has not only been associated with the mutational load in
tumors.* In the transgenic cholangiocarcinoma model used in this
study, virotherapy and combined therapy strongly induced PD-L1
in tumor cells of primary tumors and metastases, indicating an
immune-activated tumor microenvironment in these groups. The
excellent antimetastatic activity observed in mice receiving viro-
therapy and PD-1 therapy is consistent with experience from clini-
cal trials that PD-L1 expression in tumor cells represent a strong
predictive factor for positive tumor response to therapies blocking
the PD-1/PD-L1 pathway.®’

Together these results further support the assumption that
raising a multipronged immune attack is a promising approach
to prevent tumor escape by epigenetic/genetic adaptation. The
tumor neoantigenome harbors potential targets for personalized
cancer vaccines and the identification of responsive neoepitopes
will be a challenge for the design of tailored immunotherapies.
Transcriptomic sequencing and epitope prediction can provide
information about neoepitope candidates, but they still require
validation in vivo. However, a critical spectrum of immunogenic
neoepitopes for effective immunotherapies was neither detectable
by PD-1 immunotherapy nor by TLR-ligands. Recently, Robbins
et al.*! used exomic sequencing and epitope prediction data for
identification of immunogenic neoepitopes by adoptive transfer
of tumor-infiltrating lymphocytes whereas others additionally
employed mass spectrometry to verify MHC class I binding pep-
tides.*** Our findings demonstrate that intratumoral oncolysis is
a suitable analytic tool to identify neoepitope-specific CD8 T-cell
responses within a pool of predicted candidates thus combining
both therapeutic and analytic functions.

In summary, our study shows that localized oncolytic infec-
tion abrogated resistance to systemic PD-1 immunotherapy by
upregulating PD-L1 on tumor cells and by eliciting a broad-range
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T-cell attack against the neoantigenome, which strongly supports
further evaluation of this promising approach in clinical studies.

MATERIALS AND METHODS

Cells. Hepal-6 and HEK293 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA). The lung adenocarcinoma
cell line CMTé64, originally established from a spontaneous papillary
alveologenic tumor* was obtained from the European Collection of Cell
Cultures (ECACC, Salisbury, UK). All cells were maintained in Dulbecco's
Modified Eagle Medium (DMEM) + Glutamax, supplemented with 10%
heat-inactivated fetal calf serum (all from Life Technologies, Carlsbad,
CA), 100 units/ml penicillin, and 100 pg/ml Streptomycin (Seromed,
Berlin, Germany) at 37 °C and 5% CO,.

Mice. Six- to 8-week-old C57BL/6, p53fl/fl mice (Strain B6.129P2-
Trp53/T) and CD8 knockout mice (Strain B6.129S2-CD8a'™!™:/]) were
used for experiments. All in vivo experiments were conducted according
to the legal standards for animal care (TierSchG) with approval of the local
authorities and the Hannover Medical School animal facility. We established
s.c. CMT64 tumors by injecting 5x10° cells into the flanks of syngeneic
C57BL/6 mice. Tumors were grown to a size of 100-150 ul prior to initial
virus infection. PD-1 checkpoint inhibition was carried out by injection of
75 ug PD-1 blocking antibody per application. 100 pg CD8-specific antibody
per injection was used to deplete CD8 T-cells. Lung colonies were induced
by i.v. injection of 4x 10° CMT64 cells 3 days prior to initial application of
oncolytic virotherapy. Lv. injection of 8 10° cells was applied to establish
a model with increased metastatic burden for experiments with combined
oncolytic and PD-1 immunotherapy. Virotherapy was applied by a single
intratumoral injection of 1x10° pfu hTertAd into CMT64- and transgenic
tumors. Locally restricted transgenic tumors were established by in vivo elec-
troporation of transposon-based plasmids as previously described.”’

Transcriptome analysis combined with SNV calling. Total RNA was pre-
pared from CMT64 and Hepal-6 cells using RNeasy-Kit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). Quality and integrity
of RNA was controlled on a 2100 Bioanalyzer (Agilent, Santa Clara, CA).
The RNA sequencing library was generated from 1pg total RNA using
TruSeq RNA Sample Prep Kits v2 (Illumina, San Diego, CA) according
to the manufacturer’s protocol. The libraries were sequenced on Illumina
GA IIx using TruSeq SBS Kit v5-GA (110 cycles, paired ended run) with
an average of 3x 107 reads per RNA sample. Reads were aligned to the
reference genome (C57BL/6) using open source aligner Tophat followed
by Cuflinks® that assembles transcripts, estimates their abundances,
and tests for differential expression and regulation. The GATK-Pipeline
(GenomeAnalysisTK-1.5) was applied to alignment files for SNV calling.*®
SNV annotation was done using Annovar.*

Antibodies, peptides, TLR-ligands, and pentamers. The following
mouse-specific antibodies were purchased from Biolegend (San Diego,
CA): oIFN-y clone AN-18, oIFN-y biotin-conjugated clone R4-6A2,
o-PD-1 clone RMP1-14 (LEAF format), CD8 FITC-conjugated and
unlabeled (LEAF format) clone 53-6.7 and CD90.2 PerCP-conjugated
clone 53-2.1. CD19-PE-Cy7 clone eBiolD3 and horse radish peroxidase-
Avidin was purchased from eBioscience (San Diego, CA). All peptides
were obtained from Prolmmune (Oxford, UK) and are listed in the
Supplementary Material. Virus-specific peptides are EIA (SGPSNTPPEI),
E1B (VNIRNCCYI), and dbp43 (FALSNAEDL). Peptides were dissolved
in DMSO to a concentration of 8 pg/ul.

For treatment with TLR-ligands, mice received i.t. 200 ug poly(I:C), or
50 pg CpG (ODN1826) in PBS as previously described.?! To detect Ndufs1-
V491A-specific T-cells, a custom-made H2-Db-restricted APC-labeled
AAVSNMVQKI-specific pentamer was obtained from ProImmune.

Adenovirus preparation. The recombinant adenovirus hTertAd, used
as standard oncolytic agent in this study, has been described before.*®
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Adenoviral particles of hTertAd were prepared in HEK293 and purified
by CsCl-banding according to standard methods. Infectious titers were
determined using the Rapid Titer Kit (BD Biosciences, Franklin Lakes,
NJ) following the manufacturer’s recommendations. Endotoxin contami-
nations of viral preparations were controlled by LAL-Chromogenic Assay
(Life Technologies). Virus stocks were stored at —20 °C in 25% glycerol, 10
mmol/l Tris-HCI (pH 7.4), and 1 mmol/l MgCl,. Before use, viral prepa-
rations were dialyzed two times against physiologic buffer containing 10
mmol/l Tris (pH 8.0), 1 mmol/l MgClZ, and 140 mmol/l NaCl at 4 °C.

Analysis of T-cell responses. To determine IFNYy-release from splenocytes
activated by antigen-specific peptides, ELISpot-assays were performed as
described before?! For measurement of tumor-specific responses, 2x10°
splenocytes were used per well. Virus-specific responses for infection con-
trol were quantitated by use of 1x10° splenocytes per well. All graphs show
absolute numbers of IFNYy-positive spot-numbers normalized to an input
cell number of 2 x10°. To detect Ndufs1-V491A-specific CD8 T-cells, a cus-
tomized H2-Db-restricted APC-labeled AAVSNMVQKI-specific pentamer
was purchased from Proimmune and T-cell responses were investigated by
flow cytometry using a FACS-Canto-II (BD Biosciences, Franklin Lakes,
NJ). Analysis of flow cytometric data was performed using Flow]Jo7 software.

Antigen-specific cytotoxicity of T-cell responses was determined using
carboxy-fluorescein-succinimidyl ester (CFSE)-labeled donor splenocytes
in an in vivo cytotoxic T lymphocyte (CTL) assay as described.” Briefly,
CFSEM and CFSEP cells were loaded with the antigenic peptides or an
irrelevant peptide, respectively, prior to adoptive transfer in treated mice.
After recovery of cells, the ratio between CFSE™ and CFSE" cells was
calculated to determine the antigen-specific cytotoxicity.

Histology and immunohistochemistry. Lung colonies, metastasis, and
tumor-integrity were monitored by histology. For this purpose, mice were
sacrificed and tissues (lung, liver, or tumor) were fixed with paraformal-
dehyde. Two-micrometer paraffin sections were stained with hematoxylin
and eosin according to standard methods. PD-L1 stainings were per-
formed by incubating sections with primary PD-L1 antibody (131073,
polyclonal rabbit serum; Abcam, Cambridge, UK), secondary biotin con-
jugated goat antirabbit (7074; Cell Signaling Technology, Danvers, MA),
streptavidin conjugated horse radish peroxidase (streptavidin-HRP),
and 3,3’-Diaminobenzidine (DAB, both reagents from Life Technologies,
Carlsbad, CA). For phospho-ERK1/2 stainings, sections were treated with
3% H,0, and subsequently incubated with primary pERK1/2 (p44/42) anti-
body (4376, Cell Signaling), secondary biotin conjugated goat-anti-rabbit
antibody, streptavidin-HRP, and DAB.

Plasmids. To establish a retrovirus coding for murine PD-L1, we generated
a PD-L1 encoding DNA-fragment from ¢cDNA of Hepal-6 was amplified
by a standard PCR using the Q5 polymerase (NEB, Ipswich, MA) and the
primer pair 5-AAGATATCATGGAGGATATTTGCTGGC-3; 5-AAC
TCGAGTTACGTCTCCTCGAATTG-3". The resulting Fragment was
then cloned into pQCXIX (BD Clontech). Likewise, the murine Akt2-
gene was amplified from CMT64 cDNA by PCR using the primer pair
5’-CCTCTAGAATGAATGAGGTATCTGTCATCAAA-3" and 5'-ttggatcc
tcactctcggatgetggetgagta-3’. The resulting fragment was subcloned in
pBluescript and a myristylation sequence was added to obtain a consti-
tutively active protein. myrAkt2 was inserted into the transposon plas-
mid pT3/EFla plasmid (Xin Chen, UCSE Addgene plasmid 31789). All
sequences were validated by DNA-sequencing. All other constructs indi-
cated in the figures have been described previously.?’

Statistics. Data were analyzed by unpaired, two-tailed t-test when compar-
ing two distinct experimental groups, and values are provided as mean + SD,
if not otherwise specified. Survival curves were analyzed by log-rank test.
Statistical significance of metastasis-free mice in all groups was calculated
by one-way ANOVA (analysis of variance) choosing Dunnett’s post-test.
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P values of 0.05 or less were considered statistically significant. GraphPad-
Prism 5 (GraphPad Software, San Diego, CA) was used for analysis.

SUPPLEMENTARY MATERIAL

Figure S1. CMT64 cells are resistant to PD-1 immunotherapy and do
not express PD-L1.

Figure S2. Characterization of neoepitope-specific CD8 T cell
responses.

Figure $3. PD-L1-expression by CMT64 tumors does not affect epit-
ope spreading after combined treatment.

Figure S4. Growth of the primary tumor following virotherapy and/
or PD-1 inhibition.

Figure $5. Histologic visualization of lung metastasis in the trans-
genic model of cholangiocarcinoma.

Table $1. Complete list of single nucleotide variants identified in
CMT64.

Table $2. List of peptides reflecting predicted neoepitopes in CMT64.
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