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plastic diseases. While many patients enjoy remarkable responses to checkpoint inhibitors, a majority
show adverse effects. Understanding how checkpoint inhibitors may augment established chemotherapy
or radiotherapy regimens or other immunotherapies like oncolytic viruses may lead to better clinical

Keywords: outcomes measured by improved efficacy with reduced toxicity. Here, we assess how Newcastle disease
Oncolytic viruses virus (NDV), an oncolytic virus in clinical testing, may interact with radiotherapy to enhance checkpoint
Cancer immunotherapy inhibitor blockade.

Newcastle disease virus Methods: An immunocompetent B16-F10 murine melanoma model, generally considered to be a poorly

Radiation therapy
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Radiosensitiser
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immunogenic or “cold” tumour, was utilised to query whether combining localised radiotherapy with
NDV may be more effective than either therapy alone in controlling tumours in mice treated with anti-
PD1 or anti-CTLA4 monoclonal antibodies. We also investigated whether localised administration of a
checkpoint inhibitor through an intratumoural injection of NDV that expresses anti-CTLA4 single-chain
variable fragment (scFv) is comparable to systemic administration of anti-CTLA4 when combined with
radiation in mediating its anti-tumour efficacy. Response rates were characterised by measuring tumour
size over time, observation of complete tumour regression, and overall survival.

Findings: Our results show that combining NDV plus radiotherapy with checkpoint inhibitors (PD1 or
CTLA4 targeted mAbs) results in significantly better complete tumour regression rates with an abscopal
effect in a murine model of melanoma than either single therapy combined with checkpoint inhibitors.
Finally, we also show that localised administration of a recombinant NDV expressing anti-CTLA4 plus ra-
diation is comparable to systemic anti-CTLA4 plus radiation in mediating its anti-tumour effect as assayed
by survival benefit.

Interpretation: Our results show that oncolytic NDV plus radiotherapy work together with checkpoint
inhibitors to enhance tumour clearance of murine melanoma. NDV is an effective radiotherapy dose-
sparing and immunotherapeutic agent capable of transgenic, in vivo expression of an anti-CTLA4 targeted
scFv antibody with the potential to spare systemic exposure.
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agent in the clinic. It has been previously demonstrated that lo-
calised intratumoural therapy of B16-F10 melanoma with localised
NDV and systemic CTLA4 blockade induced lymphocytic infiltra-
tion and anti-tumour effects in both the treated and non-treated
tumour, thereby providing a rationale for combining NDV with
checkpoint inhibitor therapy. In addition, it has been shown that
radiotherapy enhances antigen cross-presentation that potentiates
T cell infiltration into the tumours, thereby providing a rationale
for combining radiotherapy with checkpoint blockade in the clinic.
Finally, recent work from our lab demonstrated that intratumoural
delivery of influenza A viruses engineered to express anti-CTLA4
single-chain variable fragment (scFv) potentiate an anti-tumour re-
sponse in a murine melanoma model. We wanted to build on this
work by demonstrating that localised administration of recombi-
nant NDV expressing anti-CTLA4 plus radiation therapy is compa-
rable to wild-type NDV plus radiation therapy with systemic CTLA4
blockade in promoting long-term survival.

Added value and implications of this study

To our knowledge, integrating localised oncolytic virus treat-
ment with radiation and checkpoint blockade into a trimodality
combination therapy regimen has not been evaluated for efficacy
in animal models. Both oncolytic viruses and radiation therapy
have the potential to activate the immune system and work syner-
gistically with checkpoint blockade to overcome many of the bar-
riers associated with immunologically “cold” tumours.

For this work, we have selected a well-characterised oncolytic
virus to evaluate this potential anti-tumour effect. Our results
show that the trimodality combination results in significantly
better complete tumour regression rates in a murine model of
melanoma than either single therapy combined with checkpoint
inhibitors. We also demonstrate that localised administration of a
recombinant NDV expressing anti-CTLA4 plus radiation is compa-
rable to systemic anti-CTLA4 plus radiation in mediating its anti-
tumour effect. The combination of NDV, checkpoint blockade, and
radiation also induces an abscopal response driven primarily by the
oncolytic virus.

Implications of all the available evidence

This study provides a rationale for considering targeted delivery
of checkpoint blockade via a virus in combination with radiation
therapy to achieve a durable response with a de-escalation of radi-
ation dose and systemic exposure to checkpoint inhibiting antibod-
ies. Here, we provide the first in vivo support for a novel trimodal-
ity combination of oncolytic NDV, single fraction radiotherapy, and
checkpoint blockade that provides superior tumour control com-
pared to any combination of two treatments. This may offer effec-
tive antineoplastic activity and reduced toxicities. An abscopal ef-
fect induced primarily by the virus is observed even when tumours
regress rapidly when combined with single fraction radiotherapy,
showing that oncolytic viruses may be effective in inducing sys-
temic immunity when delivered to irradiated tumours.

Our results show that oncolytic NDV plus radiotherapy work
with checkpoint inhibitors to enhance tumour clearance of murine
melanoma. NDV is an effective radiotherapy-dose sparing and im-
munotherapeutic agent capable of transgenic, in vivo expression of
an anti-CTLA4 targeted scFv antibody.

1. Introduction

Virchow’s hypothesis linking cancer and inflammation has been
realised clinically in the form of modern day immunothera-
pies. [1,2] The goal of any immunotherapeutic modality is to

overcome the inherently immunosuppressive nature within im-
munologically “cold” tumour micro-environments that is medi-
ated by a number of factors which includes, but is not limited
to Tregs, [3,4] myeloid derived suppressor cells (MDSCs), [5] M2
macrophages, [6] and other inhibitory immune checkpoints and
cytokines. [7] Checkpoint-blockade immunotherapy represents a
paradigm shift in cancer therapy by targeting and activating the
patient’s own tumour-specific T cells to eradicate the tumour with-
out directly targeting the tumour in itself. [8,9] CTLA4 and PD1
pathway blockade have produced durable responses when used
as a monotherapy in about 20-40% of metastatic melanoma pa-
tients, and in up to 60% when combined. [10-12] Studies have
shown that the clinical response to checkpoint inhibitors correlates
with tumour immunogenicity, [13, 14] the frequency of circulat-
ing re-invigorated CD8 T cells relative to overall tumour burden
[15] and PD-L1 levels in tumours [16] with about 30% of patients
with immunologically “cold” tumours being refractory to check-
point blockade. [17] The prevalence of severe immune-related ad-
verse events with CTLA4 and PD1 pathway blockade in clinical
studies ranges from 16.3 —27.3% in monotherapy groups vs. 55%
with dual checkpoint blockade. [11] Moreover, resistance to check-
point inhibitor therapy in patients has been shown to be medi-
ated by both tumour-cell-intrinsic and tumour-cell-extrinsic fac-
tors, such as the lack of or alterations to the MHC I antigen-
presenting machinery. [18, 19] Both radiation and oncolytic im-
munotherapy have shown the potential to enhance MHC expres-
sion on tumour cells thereby providing an avenue to overcome this
resistance mechanism. [20, 21] Therefore, combined therapies that
enhance tumour immunogenicity and intratumoural T cell infiltra-
tion are desired. However, it is important to bear in mind that even
when drug combinations exhibit synergy in pre-clinical models, it
may be challenging to translate these results to a genetically het-
erogeneous patient populations with diverse tumour types. [22]

Oncolytic immunotherapy can potentially overcome the in-
herently immunosuppressive nature of the tumour microenviron-
ment through direct lysis and immune-mediated cell death of
tumour cells using oncolytic viruses. The first-in-class oncolytic
virus talimogene laherparepvec (T-VEC) has been clinically tested
in combinations with the anti-CTLA4 checkpoint inhibitor an-
tibody, ipilimumab, and anti-PD1 checkpoint inhibitor antibody,
pembrolizumab, and shown enhanced efficacy. In particular, in-
tralesional injection of T-VEC can induce T cell infiltration in im-
munologically cold tumours when combined with pembrolizumab,
modulating the tumour microenvironment into an inflamed or hot
tumour. [23-25]

Radiotherapy (RT) is a particularly promising candidate for
combinations with either oncolytic therapy or checkpoint block-
ade to achieve a clinically relevant abscopal response because of
its well established universality and effectiveness in addition to
its multipronged immunomodulatory effects. [26, 27] A number of
preclinical studies have shown that local RT can potentiate a better
response to checkpoint blockade by converting unresponsive tu-
mours into responsive ones. [28-30] and dozens of clinical trials
are evaluating this combination for various clinical indications (in
clinicaltrials.gov).

NDV is an avian paramyxovirus with a negative sense single
stranded RNA genome and is classified as the only member of the
genus Avulavirus belonging to the family Paramyxoviridae. In addi-
tion to being an economically important pathogen for the poultry
industry, since 1955 it has been explored as an attractive candi-
date for oncolytic immunotherapy. [31] Decades of research have
since demonstrated the natural and selective oncolytic capabilities
of NDV in different mammalian cancer cell lines, animal tumour
models, and clinical trials. [32] Intratumoural delivery of NDV has
been recently shown to potentiate an abscopal response by in-
ducing increased immune infiltration into distant non-treated tu-
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mours, which can be further enhanced by intratumoural modu-
lation of the T-cell co-stimulatory ICOS pathway with NDVs en-
gineered to express ICOS ligands. [33, 34] Recent work from our
lab has also demonstrated that intratumoural delivery of influenza
A viruses engineered to express anti-CTLA4 single-chain variable
fragment (scFv) potentiate an anti-tumour response in a murine
melanoma model. [35]

To our knowledge, the combination of localised oncolytic virus
therapy and radiation has not been evaluated for efficacy in ani-
mal models in combination with checkpoint inhibitors. Viruses are
well known radiosensitisers, [36] and both oncolytic viruses and
RT have the potential to activate the immune system and work
synergistically with checkpoint blockade. Here we have selected a
well-characterised oncolytic virus to evaluate this potential combi-
nation.

2. Materials and methods
2.1. Cell lines and antibodies

Murine melanoma cancer cell line B16-F10 (ATCC Catalogue
no. CRL-6475, RRID:CVCL_0159) and Vero cells (ATCC Catalogue
no. CCL-81, RRID:CVCL_0059) were obtained from ATCC. BSRT7
cells (BHK-21 cells transduced to constitutively expressing T7
RNA polymerase) were a kind gift from Dr. Benhur Lee (Ic-
ahn School of Medicine at Mount Sinai). B16-F10 cells were
maintained in DMEM-F12 medium supplemented with 10% fetal
bovine serum and 1% penicillin with streptomycin. BSRT7 cells
were maintained in DMEM medium supplemented with 10% fe-
tal bovine serum and 1% penicillin with streptomycin. Therapeu-
tic anti-PD1 (clone RMP1-14) and anti-CTLA4 (clone 9H10) anti-
bodies were purchased from BioXcell (Bio X Cell Catalogue no.
BE0146, RRID: AB_10,949,053) and Bio X Cell Catalogue no. BE0131,
RRID:AB_10,950,184).

2.2. Viruses

Recombinant lentogenic (low pathogenicity) NDV LaSota L289A
strain was used for all experiments. Generation of recombinant
NDV LaSota L289A viruses expressing anti-CTLA4 scFv was done
by cloning DNA fragments encoding the murine anti-CTLA4 scFv
into the Sacll cloning site in between the P and M genes, flanked
my NDV-specific transcriptional signals. The anti-CTLA4 scFv se-
quence was obtained from the US 20,110,044,953 Al patent ap-
plication (Inventors: Drs. James Allison and Michael Curran). Re-
combinant viruses were then rescued by transfecting BSRT7 cells
with pNDV-LaSota-L289A-anti-CTLA4 along with the helper plas-
mids pTM1-L, pTM1-NP, pTM1-P and pCAGGs-T7opt as previously
described. [37] Rescued viruses were grown in embryonated 9-day-
old chicken eggs, and viral titers were determined by serial dilu-
tion and immunofluorescence in Vero cells. [37]

2.3. LDH cytotoxicity assay

B16-F10 cells in culture were infected with NDV at a multiplic-
ity of infection of 3, or mock infected. Twenty-four hours later,
cells were irradiated at doses of 0, 0.5, 1, 2, 4, 8, 16, 32 Gray
(Gy) or mock treated. At 5 days post-infection, cells were washed
with 1ml Phosphate-Buffered Saline (PBS) (Gibco, Catalogue no.
20,012,027) and incubated with 1% Triton X-100 (Sigma-Aldrich,
Catalogue no. X100-5ML) for 20 min at 37 °C. Lactate dehydroge-
nase (LDH) activity was measured using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay kit (Promega, Catalogue no. G1780)
according to the instructions provided by the manufacturer. Mean
values from 3 replicates are plotted and error bars depict standard
deviations.

2.4. Mice

Female C57BL/6 mice were purchased from Jackson Laboratory.
All animal experiments were performed in accordance with proto-
cols approved by the Icahn School of Medicine at Mount Sinai An-
imal Care and Use Committee. For melanoma tumour studies, 4-6
week old female mice were anaesthetised by intraperitoneal (IP)
injections of ketamine/xylazine (K/X). For unilateral tumour ex-
periments, mice were implanted intradermally with approximately
2 x 10n5 B16-F10 cells on the right flank. For bilateral tumour ex-
periments, mice were implanted intradermally with approximately
2x 105 and 1 x 10° B16-F10 cells on the right and left flank, re-
spectively. On day 8-9, mice were checked for successful tumour
implantation, all treated tumours were palpable and visually ap-
parent, and randomly assigned to different treatment groups. They
were then irradiated with various doses of radiation ranging from
0Gy, 5, 10 or 20Gy. Beginning on the day of radiation, mice were
treated with intratumoural injections of 1 x 107 plaque-forming
units (PFU) of NDV in PBS in a total volume of 100 ul every
2-3 days for a total of 5 injections. Checkpoint inhibiting mAbs
were administered intraperitoneally with either anti-CTLA4 anti-
body (100 ug in 100 ul) or anti-PD1 (200 ug in 100 ul) for a total
of 3 times with the first, third, and fifth NDV inoculation. The an-
imals were euthanised following signs of distress, including ulcer-
ated skin exposing the underlying muscle at the sight of regressed
tumours, or when the total tumour volume reached 1000 mm?3.

2.5. Radiation

In vitro experiments were conducted with a cesium-137 source.
Mice were irradiated on the small animal radiation platform, X-
RAD 320 (Precision X-RAY; North Branford, Connecticut). Mice
were anaesthetised with intraperitoneally administered ketamine
and xylazine. Mouse immobilisation devices and lead shielding
(Partial Body Irradiation, Restrainer <25g) were purchased from
Braintree Scientific, Inc. (Braintree, MA) such that only the animal’s
right hind-limb with the tumour received direct radiation.

2.6. Statistical analysis

Statistical analyses were conducted in Prism software (Graph-
Pad), and the details for these analyses are found in the figure leg-
ends.

3. Results
3.1. NDV radiosensitises B16-F10 melanoma cells in vitro

Viruses, most notably tumourigenic viruses such as human pa-
pilloma virus, are well known to interact with DNA damage re-
pair and cell death pathways and affect cellular response to radia-
tion. [38, 39] To assess the benefits of combining NDV and radio-
therapy in vitro, B16-F10 melanoma cells were infected with NDV
at multiplicity of infection of 3 and irradiated the following day
with 0 to 32 Gray (Gy) delivered as a single fraction. Cell survival
was assessed by lactate dehydrogenase (LDH) release assay 5 days
later demonstrating that NDV is an effective radiosensitiser across
a broad dose range for inducing tumour cell lysis (Fig. 1). Notably,
the NDV strain LaSota is of low pathogenicity and induces little tu-
mour cell lysis as a single agent in vitro.

3.2. NDV and radiation combined with PD1 blockade prolong survival
in a metastatic murine melanoma model

Both NDV and radiation in combination with checkpoint block-
ade may induce systemic anti-tumoural immunity with circulat-
ing CD8 +T cells playing a major role. [30, 33, 40] Here, we ask
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Fig. 1. Newcastle disease virusradioenhancesmelanoma cellsin vitro. B16-F10 cells
in culture were infected with Newcastle disease virus (NDV) at a multiplicity of
infection of 3, or mock infected. Twenty-four hours later, cells were irradiated at
doses of 0, 0.5, 1, 2, 4, 8, 16, or 32 Gray (Gy). Cell viability was measured by lac-
tate dehydrogenase assay 5 days after radiation and compared to mock treated cells.
Mean values from 3 replicates are plotted and error bars depict standard deviations.
Multiple t-tests were performed to show significant differences in cell survival be-
tween NDV-infected and mock-infected cells at a given radiation dose. *p < 0.05,
**p < 0.01, ***p < 0.001(multiple t-tests).

whether combining two localised therapies, intratumoural NDV
and single fraction radiation at 20Gy, in the setting of systemic
anti-PD1 therapy will improve local tumour control and induce an
abscopal effect to control systemic disease. We used a very ad-
vanced model of murine melanoma with visually apparent and
palpable tumours on the bilateral flanks (Fig. 2a). The right flank
was treated as indicated, while the left flank was naive to direct ra-
diation or virus injection. All animals received systemic PD1 block-
ade. Animals treated with the trimodality therapy had superior lo-
cal control compared to mice receiving either NDV or radiation in
addition to anti-PD1 (Fig. 2b). At 18 days post-treatment, many
of the irradiated animals met a humane endpoint based on ul-
cerated skin with exposure necessitating sacrifice. Survival was as-
sessed at this time point, and animals receiving trimodality treat-
ment had statistically better outcomes than mice treated with ra-
diation + anti-PD1 or anti-PD1 alone (Fig. 2c). There was no statis-
tically significant difference between the trimodality therapy and
NDV+PD1. This suggests that the abscopal effect is driven primar-
ily by the virus, and radiation adds superior local control (Fig. 2B)
while not hampering the development of systemic immunity. In-
dividual tumour volume progressions are shown for the treated
(Fig. 2d) and non-treated (Fig. 2e) tumours. Several important ob-
servations may be made from these data. Local control is superior
on the basis of complete response rates in the treated tumours in
the trimodality therapy group. An abscopal effect leading to de-
layed tumour progression in the non-treated tumours improves the
survival of mice receiving NDV plus anti-PD1 therapy. Interestingly,
the addition of radiation to NDV plus anti-PD1 improves local con-
trol with rapid regression of the treated tumour, but does not sig-
nificantly affect or interfere with the abscopal effect induced by
NDV. Mice receiving 20 Gy +NDV had a complete response; how-
ever, long-term survival was not assessed as the mice frequently
developed skin ulcerations at the site of the irradiated tumours
leaving the underlying muscle exposed, requiring humane sacrifice.
Because the 20 Gy radiation dose had high skin toxicity, we pro-
ceeded to perform a dose response curve to find an optimal dose
of radiation in combination with NDV for local tumour control. In-
terestingly, we do not observe an abscopal effect with combining
radiation and checkpoint blockade as observed in previous studies
and this might be a consequence of the more aggressive bilateral
B16 tumour model that we have used in this study as compared to
previous work.

3.3. NDV and radiation therapy when combined with anti-PD1
improves anti-tumour efficacy in a dose-dependent manner

Localised NDV therapy when combined with systemic check-
point blockade such as anti-CTLA4 potentiates an abscopal re-
sponse in a bilateral B16-F10 tumour model in addition to medi-
ating protection from tumour re-challenge. [33] Various preclinical
studies have shown that PD1 blockade augments radiation when
combined together in murine melanoma models. [30, 40] To assess
the anti-tumour efficacy of combining three different therapeu-
tic modalities in a single treatment regimen, B16-F10 melanoma
cells were implanted in wildtype C57BL/6 mice. All mice received
a checkpoint inhibitor, given evidence for efficacy with either ra-
diation or oncolytic NDV cited above. To assay for an optimal ra-
diation dose for both efficacy and toxicity in this combination, a
radiation dose titration was performed. Tumours were treated 9
days post implantation with 0, 5, 10 or 20Gy in one fraction. In-
tratumoural injections of NDV were administered every two days,
three intraperitoneal injections of anti-PD1 were administered over
the course in which the oncolytic virus was given, and tumour vol-
umes were assessed (Fig. 3a).

The combination of radiation, NDV and anti-PD1 mAb signifi-
cantly improved complete response rates compared to dual ther-
apy (Fig. 3b). This is particularly evident at doses of 10 and
20 Gy. Superior complete remission rates are further demonstrated
with the tumour volume progressions, with tumours treated with
NDV in addition to 10 or 20Gy and anti-PD1 demonstrating
minimal growth relative to the other cohorts (Fig. 3c). More-
over, combining NDV along with 10 Gy + anti-PD1 significantly en-
hances the complete remission rates over both NDV + anti-PD1
and 10 Gy + anti-PD1 groups demonstrating the efficacy of combin-
ing all three modalities. The complete remission rate achieved by
NDV + 10 Gy + anti-PD1 treatment group is statistically comparable
to that achieved by NDV + 20 Gy + anti-PD1.

The local toxicity, namely ulcerations in the skin leaving ex-
posed muscle requiring humane sacrifice, was substantial at 20 Gy
and required humane sacrifice as per IACUC guidelines. Given the
local toxicity of a single 20Gy fraction, similar efficacy between
trimodality treatment at either 10 or 20Gy, and the strong im-
provement in tumour complete response rates when comparing
NDV + 10 Gy (90%) vs. 10 Gy (0%) vs. NDV (0%) in addition to anti-
PD1, 10 Gy appears to be an optimal dose for assessing the efficacy
of the trimodality combination.

3.4. Intact immune system and checkpoint blockade is required for
optimal tumour control when combining NDV and radiation

The B16-F10 melanoma in C57BL/6 mice is known to be poorly
immunogenic. [41] Previous studies have shown that depletion of
CD8 +T cells abrogates the therapeutic efficacy of the NDV in both
the treated and non-treated tumours. [33] To initially assess the
role of an intact immune system in the control of tumours treated
with NDV plus RT, athymic nude mice were implanted with B16-
F10 melanoma cells and treated with either a single dose of 20 Gy
or 20Gy combined with five intratumoural injections of NDV ad-
ministered every two days (Fig. 4a). Average tumour volume pro-
gressions for the two treatment cohorts (Fig. 4b) over time demon-
strate that the absence of any complete remissions in either groups
can be attributed to the lack of an intact immune system, presum-
ably the T cell compartment which is known to be critical in this
setting for both radiotherapy or NDV when combined with check-
point blockade, [30, 41] although the use of athymic mouse is not
sufficient to conclude that a specific cell population is driving the
efficacy observed in wildtype immunocompetent mice. No statis-
tical significance was noted between the groups, and no tumour
regressions were observed as opposed to in wild-type mice.



100

®

G. Vijayakumar, P. Palese and P.H. Goff/ EBioMedicine 49 (2019) 96-105

{545 NDV injected into
i® the right tumour

9 days post implantation \(1

\Y Anti-PD1 injected
intraperitoneally

Tumour implantation on
the right and left flank

i L)
<,,fj; 0k
& L

Day 0 Day 7

20 Gy given once locally
to the right tumour

b
Treated Tumour
£ 100+
g —1
& 804
3
c 601
[*]
Qo
S 40+
4
[}
o 201
Qo
E o [
<]
© 5 10 15
Day of Therapy
d
Anti-PD1
3000
]
% 2000
§
o
; 1000
§
g
0 e
[] 5 10 15 20
Day of Therapy
e
Anti-PD1

4000

w
=3
S
=3

Tumor Volume (mm?)
N
S
8
S

v ——— ey —
0 5 10 15 20
Day of Therapy

>

C
100+ .
«l -e— NDV + 20 Gy + Anti-PD1
% —e— NDV + 20 Gy + Anti-PD1 804 «|+ 20 Gy + Anti-PD1
*: —*— 20 Gy + Anti-PD1 = NDV + Anti-PD1
- NDV + Anti-PD1 g 60 i Anti-PD1
X -
i Anti-PD1 u? 40,
B
204
0 T T ' T I 1
. 0 5 10 15 20
20 Days
Treated Tumour
NDV + Anti-PD1 20 Gy + anti-PD1 NDV + 20 Gy + Anti-PD1
3000 300 3000
< 2000 < 200 < 2000
E E E
3 3 3
3, 2 0 s
%5 1000 5 5
E E £
= = | é ; e |
0 ——— —_— 0
0 5 10 15 20 0 ] 10 15 20 0 5 10 15 20
Day of Therapy Day of Therapy Day of Therapy
Non-treated Tumour
NDV + Anti-PD1 20 Gy + Anti-PD1 NDV + 20 Gy + Anti-PD1
4000 4000 4000
E 3000 E 3000 E 3000
e r e
£ E E
% 2000 % 2000 % 2000
> > >
5 100 % 1000 //;'/ 5 kS
2 H H
0- e — o 04
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Day of Therapy Day of Therapy Day of Therapy

Fig. 2. NDV and radiation combined with PD1 blockade prolong survival in a metastatic murine melanoma model:
(a) Mouse treatment scheme. 200,000 and 100,000 B16-F10 melanoma cells were implanted in the right and left flank of C57BL/6 mice (n=9-12 mice per group). 9 days
post-implantation, tumours were treated with five intratumoural administrations of NDV at 107 pfu every two days in the right flank tumour vs. mock treatment and three
i.p. injections of anti-PD1 every four days. Certain cohorts of the tumour-implanted mice received 20Gy of single fraction radiation to the right flank tumour vs. mock
treatment. Tumour volumes were measured until mice reached a humane endpoint.

(b) Clinically complete regression rates, defined by the absence of a visible or palpable tumour, in response to treatment are plotted. Statistical analysis was conducted with

the Mantel-Cox test. *** p < 0.001, **** p < 0.0001.

(c) Overall survival rates are also shown. Statistical analysis was conducted with the Mantel-Cox test. * p < 0.05, ** p < 0.01.

(d) Individual tumour volume progressions in the treated tumours receiving radiation and/or NDV injections (or mock treatment in the case of the anti-PD1 control).
(e) Individual tumour volume progressions in the non-treated tumours.
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Fig. 3. NDV and radiation combination therapy when combined with PD1 blockade improves anti-tumour efficacy in a dose-dependent manner:

(a) Mouse treatment scheme. 200,000 B16-F10 melanoma cells were implanted in the right flank of C57BL/6 mice (n=6-8 mice per group). 9 days post-implantation,
tumours were treated with five intratumoural administrations of NDV at 107 pfu every two days vs. mock treatment and three i.p. injections of anti-PD1 every four days.
Certain cohorts of the tumour-implanted mice received either 0, 5, 10 or 20Gy of single fraction radiation. Tumour volumes were measured until mice reached a humane

endpoint.

(b) Clinically complete regression rates, defined by the absence of a visible or palpable tumour, in response to treatment are plotted. Statistical analysis was conducted with

the Mantel-Cox test. **** p < 0.0001.
(¢) Individual tumour volume progressions.
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Fig. 4. Intact immune system and checkpoint blockade is required for optimal tumour control when combining NDV and radiation:

(a) Mouse treatment scheme with average tumour volume progressions. 200,000 B16-F10 melanoma cells were implanted in the right flank of (B) athymic mice (n=5 mice

per group) or (C-E) wild-type mice (n=7-8 mice per group).

(b) 9 days post implantation, tumours were treated with five intratumoural administrations of NDV at 107 pfu every two days vs. mock-treatment. Certain cohorts of the
tumour implanted mice received radiation (20Gy in one fraction) with or without NDV. Tumour volumes were measured until the humane end point, and the average

tumour volume progressions are shown.

(c-d) Wild-type immunocompetent C57BL/6 mice were implanted with 200,000 B16-F10 melanoma cells in the right flank. Beginning 9 days post implantation, tumours
were irradiated (10 Gy in one fraction), treated with five intratumoural administrations of NDV at 107 pfu every two days and three i.p. injections of anti-PD1 every 4 days
and compared to mock-treated animals. (c) Overall survival and (d) the individual tumour volume progressions are shown. Statistical analyses for Kaplan-Meyer survival
curves and the complete clinical response rates were conducted with the Mantel-Cox test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

To assess the importance of checkpoint blockade to this combi-
nation therapy, wild-type mice were treated with anti-PD1 alone,
NDV + 10 Gy, or all three modalities in combination and assessed
for long-term survival (Fig. 4c). Combining all three therapeutic
modalities had the most significant effect in terms of overall sur-
vival. This is also depicted in the individual tumour volume pro-
gressions (Fig. 4d). Therefore, statistically superior long-term sur-
vival when combining single fraction radiation with oncolytic NDV
is dependent upon an intact immune system and checkpoint block-
ade therapy.

3.5. NDV expressing anti-CTLA4 is as potent in inducing an
anti-tumour response as systemic anti-CTLA4 with radiation

Significant immune related adverse events limit checkpoint
blockade in patients. [42] One possible way to overcome this
would be tumour targeted delivery with an oncolytic virus that
has been engineered to express anti-CTLA4. [35] To this end, we
cloned and rescued recombinant NDV transgenically expressing
anti-CTLA4 scFv (rNDV-CTLA4) (Fig. 5a). We then proceeded to as-
sess its oncolytic effect in various combinations with RT (10Gy
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Fig. 5. NDV expressing anti-CTLA4 is as potent in inducing an anti-tumour response as systemic anti-CTLA4 with radiation

(a) Schematic representation of the rNDV-LaSota backbone showing the insertion site for the anti-CTLA4 scFv transgene in between the P and M gene’s open reading frames.
(b) Mouse treatment scheme. 200,000 B16-F10 melanoma cells were implanted in the right flank of C57BL/6 mice (n=8-10 mice per group). 8 days post implantation,
tumour were treated with five intratumoural administrations of NDV or rNDV-aCTLA4 at 107 pfu every two days compared to mock-treated animals. Certain cohorts of the
tumour-implanted mice received 10 Gy of radiation in a single fraction. Tumour volumes were measured until a humane endpoint.

(c) Overall survival rates are shown for the different treatment cohorts. Statistical analyses for the complete clinical response rates were conducted with the Mantel-Cox test.

*p < 0.05 ** p < 0.01, *** p < 0.001, **** p < 0.0001 or not statistically significant (ns).
(d) Individual tumour volume progressions.
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single fraction) with or without additional systemic anti-PD1 mAb
treatment (Fig. 5b). The overall survival rates (Fig. 5c) show that
localised expression of anti-CTLA4 from intratumourally delivered
NDV induces the same efficacy as systemic delivery of an anti-
CTLA4 mAb when combined with wildtype NDV and RT. This is
again reiterated with the individual tumour volume progressions
for the different treatment cohorts (Fig. 5d). The addition of sys-
temically delivered anti-PD1 to the combination of rNDV-CTLA4
and radiation did not improve overall survival.

4. Discussion

Oncolytic viruses represent a new paradigm in cancer ther-
apy and include both naturally occurring and genetically modified
viruses to efficiently kill cancer cells while sparing healthy tissue.
RT and oncolytic viruses are both promising when combined with
checkpoint inhibitors. Viruses are known radiosensitisers although
oncolytic viruses have not been used as such beyond early phase
clinical trials and the combination has not been established in the
context of checkpoint blockade. Multimodality therapies with dis-
tinct mechanisms of action have the potential to improve cure
rates will minimising side effects.

In the present study we have looked at NDV’s potential as
a radiosensitiser both in vitro and in vivo in combination with
checkpoint inhibitor and radiation therapy in an aggressive murine
model for melanoma. Previous studies have shown that NDV in-
fection in vitro can induce significant up regulation of MHC class I,
MHC class II as well as co-stimulatory molecules CD80 and CD86 in
B16-F10 cells. [33] This might be mediated by virally induced type
I IFN and IFNy expression from infected tumour cells, that has the
added benefit of enhancing tumour immunogenicity. [43] Notably,
we have utilised a very advanced tumour model in this study by
beginning treatment with relatively large tumours 8-9 days after
implantation. We demonstrate that NDV is a potent radiosensitiser
in vitro at clinically significant doses and beyond. Moreover, the ef-
fect is seen most from 4 - 16 Gy, encompassing the optimal range
reported for inducing the innate and adaptive immune response to
RT. [44] This enhanced tumour lytic effect was observed in vivo
in a radiation dose responsive manner when combined with NDV
and a PD1 targeted mAb. Importantly, the trimodality therapy in-
duced an abscopal effect to prolong survival in a murine model of
melanoma. In the setting of checkpoint blockade, the observed ab-
scopal effect was driven primarily by oncolytic NDV, while the ad-
dition of radiation significantly enhanced local control rates with-
out hindering the development of systemic anti-tumoural immu-
nity driven by the oncolytic virus. The combination of high dose
RT (20Gy) and intratumoural NDV failed to induce complete re-
missions in athymic nude mice that lack functional cell mediated
immunity highlighting the importance of the immune system in
mediating efficacy. NDV and RT enhance tumour control optimally
with checkpoint blockade, indicating that they work together as
immunotherapies in addition to their direct cytotoxic effects that
can be observed in vitro.

Systemic toxicities and immune related adverse events that
are associated with the use of checkpoint inhibitors in the clinic
could potentially be reduced by targeted delivery of the therapeu-
tic modality to the tumour compartment. We were able to achieve
this with intratumoural delivery of a recombinant NDV engineered
to express anti-CTLA4 scFv. Crucially, our experiments show that
virally expressed anti-CTLA4 elicits statistically comparable survival
as systemically administered anti-CTLA4 when combined with ra-
diation therapy. Unexpectedly, we did not observe an added ben-
efit with the use of dual checkpoint blockade with local, viral de-
livery of anti-CTLA4 when coupled with systemically administered
anti-PD1. The lack of an augmented benefit may be indicative of an
immune activation ceiling; however, the possible cellular mecha-

nisms underlying this observed response remains to be elucidated
and may be specific to this model as a role for combined CTLA4
and PD1 blockade is well established. [45]

This study provides a rationale for considering targeted delivery
of checkpoint blockade via a virus in combination with radiation
therapy to achieve a durable response without the associated side
effects in the clinic. Both oncolytic viruses and RT have been used
as stimulatory immunotherapies in combination with checkpoint
inhibitors. Here, we provide the first in vivo support for a novel
combination of cancer therapies. The trimodality combination of
oncolytic NDV, single fraction RT (10 Gy), and checkpoint blockade
provided superior tumour control compared to any combination of
two treatments. However, a caveat and limitation to this study is
the lack of a precise cellular mechanism underlying the potent ant-
tumoural effects of this trimodality combination therapy and is the
subject of future work. While multimodality therapies tend to have
additive toxicities (e.g. traditional chemotherapies with radiation),
rationally selected agents with distinct mechanisms of action may
offer synergistic antineoplastic activity and reduced toxicities. In
this case, an oncolytic NDV expressing anti-CTLA4 minimises sys-
temic exposure to the checkpoint inhibitor while serving as a po-
tent radioenhancer and immunotherapy.
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