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BACKGROUND: We previously reported activity of pelareorep, pembrolizumab and chemotherapy. Patients developed new T-cell
clones and increased peripheral T-cell clonality, leading to an inflamed tumour. To evaluate a chemotherapy-free regimen, this
study assesses if pelareorep and pembrolizumab has efficacy by inducing anti-tumour immunological changes (NCT03723915).
METHODS: PDAC patients who progressed after first-line therapy, received iv pelareorep induction with pembrolizumab every
21-days. Primary objective is overall response rate. Secondary objectives included evaluation of immunological changes within
tumour and blood.
RESULTS: Clinical benefit rate (CBR) was 42% amongst 12 patients. One patient achieved partial response (PR) and four stable
disease (SD). Seven progressed, deemed non-responders (NR). VDAC1 expression in peripheral CD8+ T cells was higher at baseline
in CBR than NR but decreased in CBR upon treatment. On-treatment peripheral CD4+ Treg levels decreased in CBR but not in NR.
Analysis of tumour demonstrated PD-L1+ cells touching CD8+ T cells, and NK cells were more abundant post-treatment vs.
baseline. A higher intensity of PD-L1 in tumour infiltrates at baseline, particularly in CBR vs. NR. Finally, higher levels of soluble (s)
IDO, sLag3, sPD-1 observed at baseline among NR vs. CBR.
CONCLUSION: Pelareorep and pembrolizumab showed modest efficacy in unselected patients, although potential immune and
metabolic biomarkers were identified to warrant further evaluation.

British Journal of Cancer (2023) 129:782–790; https://doi.org/10.1038/s41416-023-02344-5

INTRODUCTION
Pancreatic cancer remains a leading cause of cancer-related
deaths in the United States, with incidences continuing to increase
yearly at around 1% for both sexes. The 5-year relative survival
rate of all stages combined is only 10% [1, 2]. Since early disease is
usually asymptomatic, PDAC is most often detected only when the
tumour is no longer surgically resectable and the treatment
options are limited [3, 4].Therefore, new drugs and therapies are
urgently needed.
Pelareorep is an intravenously administered, non-genetically

modified reovirus derived from the Type 3 Dearing strain that
selectively infects and replicates in tumour cells [5]. Pelareorep
activates both innate and adaptive immune responses against the
tumour and promotes an inflamed tumour phenotype including
increased CD8+ T-cell infiltration, and PD-L1 expression [6, 7].
Pelareorep replicates preferentially in cancer cells with activated or
mutated RAS signalling pathways, which is also the main genetic
event in PDAC patients [8–11]. The efficacy of pelareorep in
combination with other therapies including gemcitabine has been
shown in several pre-clinical models [12, 13].

A phase 1, open-label, dose-escalation study demonstrated that
pelareorep combined with gemcitabine had an acceptable safety
profile in patients with advanced malignancies. A subsequent
phase 2 clinical trial evaluated the combination of pelareorep and
gemcitabine in 34 chemotherapy naïve patients with advanced
PDAC reported modest clinical activity and good tolerability [14].
On-treatment biopsies revealed pelareorep replication in, and
apoptosis of, tumour cells along with increased levels of PD-L1
expression in the tumour microenvironment (TME) [14].
Given the observed increase in PD-L1 expression, a subsequent

phase 1b clinical trial in PDAC patients who had progressed after
first-line therapy was conducted in which the anti-PD-1 checkpoint
inhibitor pembrolizumab was combined with pelareorep and
chemotherapy [15]. The triple-drug combination of pelareorep,
pembrolizumab and single agent chemotherapy (gemcitabine,
irinotecan or 5-flurouracil) was again well-tolerated and modest
clinical benefit in selected patients. On-treatment biopsies showed
viral replication in tumours with positive staining of viral dsRNA and
reovirus capsid protein, similar to previous studies with pelareorep
[5, 15–17]. In addition, increased intratumoral CD8+ T cells was seen
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along with an increase in LILRA4 and ICOS expression, both of which
genes are involved in IFN production in response to reovirus
infection. Blood levels of several IFN-inducible chemokines were also
increased in the first treatment cycle, which has previously been
observed during the first 48 h following pelareorep administration
[18]. Although T-cell clone expansion was also seen with pembro-
lizumab, it was the expansion of early and durable clones associated
with pelareorep (and not pembrolizumab), which correlated with
improved long-term outcomes in patients, suggesting T-cell clonality
as a potential biomarker in reovirus combination therapies.
The role of chemotherapy combinations in oncolytic viral

therapy studies was to attenuate development of neutralising
antireoviral antibodies (NARA) and to enhance the systemic
delivery of virus to tumour tissues [19]. Conversely, chemother-
apy immunosuppression may alter expected viral induced anti-
tumour responses. To evaluate if the anti-tumour immune
responses may be enhanced further through chemotherapy
omission and assess potential biomarkers of oncolytic viral
immunomodulation, we present the results of a phase 2 study
(NCT03723915) in which pelareorep and pembrolizumab were
administered as a chemo-free second-line therapy to patients
with advanced PDAC.

METHODS
Trial patient’s inclusion/exclusion criteria
To be eligible, patients were required to have histologically confirmed
advanced (unresectable or metastatic) pancreatic adenocarcinoma with
documented radiographic progression or intolerance of first-line therapy
(systemic chemotherapy). Patients were required to have an ECOG
Performance Score ≤ 1, measurable disease as defined by RECIST v 1.1,

adequate organ function, and a life expectancy of more than 6 months.
Patients who had chemotherapy/radiotherapy within 4 weeks prior to day
1 of study drug and those who had not recovered from adverse events due
to agents administered more than 4 weeks before cycle 1, day 1 (C1D1)
were excluded from the study. Other key exclusion criteria included an
active central nervous (CNS) metastasis and/or carcinomatous meningitis, a
diagnosis of immunodeficiency, autoimmune disease, history of human
immunodeficiency virus (HIV) infection and an active hepatitis B or C
diagnosis.
Patients must have signed an informed consent prior to enrollment.

The study protocol was approved by the ethics and scientific committees
of Northwestern University, Chicago, IL on 5/02/2018 (IRB number:
STU00207577), and conducted according to the guidelines on good
clinical practice (GCP) and the ethical principles outlined in the Declaration
of Helsinki.

Trial design, treatment, and procedures
This study was a Phase 2 single-arm, open-label, Simon two-stage study
conducted at Northwestern University. Each cycle lasted for 21 days, with
200mg pembrolizumab administered intravenously, over 30min on day 1 of
each cycle. In addition, given the omission of chemotherapy, additional
dosing of pelareorep was administered with cycle 1 compared to the previous
Phase 1b study, with pelareorep given at 4.5 × 1010TCID50 (50% tissue culture
infective dose) intravenously on days 1 (after pembrolizumab infusion was
completed), 2, 3 and 8 of the first cycle and on days 1 and 8 from cycle 2
onwards (Fig. 1a). Dosemodifications for either pembrolizumab or pelareorep
were not permitted throughout the study. Treatment was discontinued if
consent was withdrawn, unacceptable adverse events (AEs) occurred or if
radiographic disease progression was observed. The safety and tolerability of
pembrolizumab and pelareorep combination was assessed using the
Common Terminology Criteria for Adverse Evens (CTCAE) version 4.03.
Tumour assessment and disease progression were assessed by CT or MRI
following the RECIST guidelines (version 1.1) performed at baseline (on C1D1
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or up to 7 days before study treatment initiation) and every 3 weeks
thereafter. Tumour biopsies were collected prior to treatment (or archival
biopsies were used) and any time between C1D4 and C1D15 (optional), and
blood samples were collected on C1D1, C1D8, C2D1, C3D1, C4D1 and at the
End of Study (EoST).

Trial objectives
The primary objective of the trial was to determine the overall response
rate (ORR) defined as the proportion of patients with complete (CR) or
partial (PR) response to treatment with pembrolizumab and pelareorep by
RECIST v 1.1 criteria. The secondary objectives were to determine: (i)
progression free survival (PFS), 1-year, 2-year, median overall survival
(mOS), and clinical benefit rate (CBR) defined as the proportion of patients
with ORR or stable disease (SD). (ii) safety and tolerability as determined by
NCI CTCAE v 4.03, and (iii) to elucidate the effects of pembrolizumab and
pelareorep combination therapy on immune responses by analysing pre-
and post-treatment biopsies and blood-based immune markers. Explora-
tory objectives include ORR and PFS using iRECIST criteria.

Multiplex immunohistochemistry (mIHC)
The formalin-fixed and paraffin-embedded (FFPE) tumour biopsies from the
pre- (baseline) and post-treated patients were collected for mIHC staining of
reoviral capsid protein, CD8, CD56, FoxP3, PD-L1, VDAC1 and DAPI followed
the manual of the Opal 7-Colour IHC kit (AKOYA Biosciences) as described
previously [20]. The five-μm thick biopsies were baked at 65 °C for 1 h,
deparaffinized, re-hydrolysed and re-fixed in 10% neutral buffered formalin
prior to antigen retrieve with heated AR9 retrieval buffer (AKOYA Biosciences)
in a high-pressure antigen retrieval oven. The biopsy sections were subjected
to six rounds of staining procedures, including non-specific blocking,
incubation of primary antibodies, HRP-labelled second antibodies and
visualised with the assigned Opal fluorophore. Each round of staining was
finalised with a heating retrieval using AR6 retrieval buffer to release the
bounded primary and secondary antibodies without disturbing the devel-
oped Opal fluorophore signal. Afterwards, the slides were counterstained
with DAPI (AKOYA biosciences) and mounted with Diamond anti-fade
fluorescence mounting media (Thermo Fisher Scientific). A spectral library
was generated from seven single fluorophore staining including six Opal dyes
and DAPI for the “spectral unmixing process”, and the unstained slide served
as the background control. The antibodies and corresponding Opal
fluorophores are listed in Supplementary Table 1. The antibody to reovirus
capsid protein was a gift from Dr. Matt Coffey (Oncolytics Biotech, Inc.).

Acquirement of multispectral images (MSI) and data analysis
The stained biopsy sections and the single Opal fluorophore staining were
imaged at high magnification (20x) using the Vectra 3 Automated
Quantitative Pathology Imaging System (Perkin Elmer), which is equipped
with five emission spectral filters including DAPI, FITC, Cy3, Texas Red and
Cy5. The images were proceeded with spectral unmixing into seven
individual fluorophores based on the unique emitting spectrum pattern of
each single staining fluorophore using InForm Advanced Image Analysis
software (AKOYA Biosciences). Subsequently, the unmixed images under-
went cell segmentation based on DAPI, membrane and cytoplasm specific
markers, subsequently cell phenotyping based on specific cellular markers.
The data containing composite images, cell segmentation and cell
phenotyping from InForm were further evaluated by quantitative analyses
of cellular densities (Count of phenotypic cell/DAPI count) and protein
intensities using R-based phenoptrReports & phenoptr (AKOYA biosciences).

Spectral flow cytometry (CyTEK)
The peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood by Ficoll-Paque Plus (GE Healthcare) density gradient centrifugation
and cryopreserved for subsequent testing. For CyTEK analysis, PBMCs were
incubated in Fc blocker for 10min at room temperature, followed by
viability staining for 15min at room temperature. Cells were washed
and incubated with surface staining antibody cocktail for 30 min at 4 °C.
Cells were washed with 1x Permeabilization/Wash buffer (eBioscienceTM,
00-8333-56), and fixed/permeabilized with 1x Fixation/Permeabilization
reagent for 20min at room temperature (eBioscienceTM, 00-5223-56). Cells
were washed with 1x Permeabilization/Wash buffer twice. Intracellular
staining (ICS) was performed in 100 µL 1x Permeabilization/Wash buffer
with ICS antibody cocktail (Supplementary Table 2) for 45min at room
temperature. Cells were washed and resuspended in phosphate buffer
saline (PBS) for acquisition on a 3 laser Cytek Aurora spectral flow

cytometer. FCS files were analysed using Flowjo v10 software and OMIQ.
Clustering analyses were performed using the viSNE algorithm [21] within
the Cytobank and OMIQ web applications per the developers’ instructions.
All events were sampled with a minimum estimated cluster size of 1%
(~1000 events). The Significance Analysis of Microarrays (SAM) association
model [22] was also used for the differential analyses of individual clusters.

Measurement of plasma soluble checkpoints
The levels of plasma soluble checkpoints were measured by Luminex using
The Human Immuno-Oncology Checkpoint 14-Plex ProcartaPlex Panel
(ThermoFisher) according to the manufacturer’s instructions. All standards
and samples were measured in duplicates.

Statistical methods
This Phase 2 study followed a Simon’s two-stage optimum design to
evaluate the efficacy of pembrolizumab in combination with Pelareorep.
The “Go/No Go” criteria in Phase 2 (Stage 1) was defined using null
response rate, alternative response rate, power, and alpha. In Stage 1, with
null rate 10%, alternative rate 35%, power 90%, and 1-sided alpha 0.025,
the Simon two-stage "optimum" design specified a stage 1 sample size of
11, stopping for futility if < = 1 response out of 11 in stage 1, and adding
19 additional patients if > = 2 responses at stage 1. In Stage 2, at least
7 responses out of 30 were required to reject a null rate of <10%.
Comparison of values was performed using two-sided t-tests, ANOVA test
or Mann–Whitney U-test for unpaired data, and Wilcoxon matched-pairs
signed rank test for paired data via GraphPad Prism. Additional statistical
methods are described where appropriate.

RESULTS
Patient characteristics
Fifteen patients had signed consent for the study, 2 screen failed
(one for declining performance status and one for a concurrent
second malignancy). The first patient enrolled on 11/13/2018 and
the last patient was entered on 10/18/2019. A total of 13
histologically confirmed advanced (unresectable or metastatic)
pancreatic adenocarcinoma patients with documented objective
radiographic progression on first-line therapy systemic che-
motherapy for advanced PDAC were enrolled in this study. One
patient who was deemed ineligible for efficacy analysis developed
ischaemic cerebrovascular accident (CVA) in C1, unrelated to study
medication and did not continue on study. Table 1 summarises

Table 1. Demographic details.

Overall (N= 13)

Age (years)

Mean (SD) 61.3 (6.98)

Median [min, max] 64.0 [50.0, 71.0]

Sex

Female 9 (69.2%)

Male 4 (30.8%)

Race

Asian 1 (7.7%)

Black 1 (7.7%)

Not reported/refused 2 (15.4%)

White 9 (69.2%)

Ethnicity

Non-hispanic 12 (92.3%)

Not reported/refused 1 (7.7%)

ECOG PS

0 2 (15.4%)

1 11 (84.6%)

Patient’s demographic and clinical factors.
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the patients’ demographic and clinical factors. Most of the
patients were female (n= 9, 69.2%), Caucasian (n= 9, 69.2%)
and non-Hispanic (n= 12, 92.3%) with the overall median age of
64 years (range: 50–71). The median CA 19-9 at baseline was
240 U/ml, ranging from 7-20881 U/ml (normal range healthy
individuals 0–37 U/ml). Two patients had previous resection of
their primary tumour, three were treated with radiotherapy and all
received chemotherapy prior to this trial. Two patients had an
ECOG performance status of 0 and 11 had an ECOG performance
status of 1.

Safety
All 13 patients who received study medications were evaluable for
safety. Overall, the combination of pembrolizumab with pelar-
eorep was tolerable with manageable adverse events. The most
frequent AEs are listed in Table 2. The most common AEs were
chills (85%), fever (77%), vomiting (69%) and nausea (54%). Most
AEs were grade 1 or 2. No grade 4 AEs were reported, and the only
grade 3 AEs that occurred with a frequency >10% were fatigue,
decreased lymphocyte count and hyponatremia, each of which
was observed in 15% of patients (2/13).

Antitumor activity—clinical efficacy
Twelve of the 13 enrolled patients were evaluable for efficacy
based on tumour response per RECIST v1.1 and iRECIST. Based on
both the iRECIST and RECIST version 1.1, no patients had a CR, 1
had a PR, 4 had SD and 7 had progressive disease (PD) as their
best response (Fig. 1b). The swimmer’s plot shows the distribution
of time to progression or death, differentiating between best
response types by colour and duration of response for individual
patients. Disease control or Clinical Benefit Rate (CBR), defined as
PR+ SD, was achieved in 5/12 (42%) of the patients. The overall
median PFS and OS was 1.9 months and 6.3 months, respectively
(Fig. 1c, d). The 6, 12- and 24-month OS rates were 58.8%, 8.3%
and 8.3%, respectively. Amongst patients with CBR the median OS
was 7.3 vs. 6.2 months in non-responders (NR) who had imaging
proven PD on first evaluation.

Immune profiles associated with response
The peripheral blood mononuclear cells (PBMCs) from a cohort of
11 patients before (C1D1) and after treatment (C2D1) were
characterised using a high-dimensional spectral flow cytometry
(CyTEK) panel that incorporated hallmark surface markers for all
major lymphocyte populations. The dimensionality reduction tool
viSNE was employed to compare CBR vs. NR. Live intact single cells
gated from the PBMC could be clearly grouped into distinct subsets
(Fig. 2a), including CD4+ T cells (CD3+CD4+), CD8+ T cells
(CD3+CD8+), Treg (CD3+CD4+ Foxp3+CD25+), non-Treg CD4+

T cells (CD3+CD4+ Foxp3−), B cells (CD19+ CD3−), NK (CD3−CD56+),
NKT (CD3+CD56+). The frequencies of all baseline major lympho-
cyte subsets using conventional supervised gating on FlowJo, did
not show significant differences between CBR and NR (Suppl.
Fig. S1), although there was a trend for an increase in B cell levels
but a decrease in NKT cell levels at C2D1 in comparison to C1D1 in
both CBR and NR (Fig. 2b). Notably, a significant reduction in the
ratio of CD4+ Treg levels at C2D1 over C1D1 was observed in CBR
but not in NR (Fig. 2c). Given the key role of T cells in response to
anti-PD-1 immune checkpoint blockade therapy, we focused on this
cell type. Both CD4+ and CD8+ T-cell populations were examined by
using the combination of CD45RA and CCR7 (CD197) cell surface
markers to define naive (CD197+ CD45RA+), central memory (CM,
CD197+ CD45RA−), effector memory (EM, CD197− CD45RA−), or
effector memory RA+ (EMRA, CD197−CD45RA+) subsets. We found
no significant differences in these T-cell memory subsets at C1D1
and C2D1 between CBR and NR (Suppl. Fig. S2). The gating strategy
is shown in Suppl. Fig. S3.
Likewise, we observed no differences in expression of the

activation or exhaustion markers CD69, KLRG1, PD-1, or HLA-DR

(not shown) among different T-cell subsets. In contrast, peripheral
CD8+ T cells in CBR displayed higher expression levels of
mitochondrial marks Voltage Dependent Anion Channel-1
(VDAC1), Hexokinase II (HK2) and the epigenetic mark
H3K27me3 with a higher proliferative capacity (Ki67 expression)
than those in NR at C1D1 (Fig. 3a). Particularly, CD8 EM cells had
significantly increased expression of VDAC1, while CD8 naïve cells
had significantly increased expression of Ki67 in CBR than those in
NR at C1D1 (Fig. 3b). Furthermore, the VDAC1 expression in CD8+

T cells was significantly increased in NR but decreased in CBR after
therapy (Fig. 3c). Taken together, these results suggest that
distinct populations of CD8+ T-cell with active epigenetic and
mitochondrial programs likely possess a superior ability of
response to immunotherapy. Nevertheless, more work needs to
be done to prove these points.
To explore potential mechanisms of therapeutic immune

response, we examined pre- and post-treated tumour biopsy
sections for immune infiltration by mIHC using Opal staining,
which allowed for the simultaneous assessment of seven markers
in a single FFPE tissue section. We stained the following set of
markers: CD8, Foxp3, CD56, VDAC1, PD-L1, reoviral capsid protein
and DAPI (nuclear stain) (Fig. 4a). All the 7 post-treatment biopsies
were positive for reoviral capsid. Through the spectral unmixing
algorithm, we found no significant differences in density of
intratumoral CD8+ T cells, CD56+ NK cells, FoxP3+ Treg cells, PD-
L1+ cells and VDAC1+ cells between baseline and post-treatment
specimens (Fig. 4b). However, the post-treatment samples tended
to display a greater expression level (intensity) of PD-L1 in CD8+

T cells, CD56+ NK cells, as well as in FoxP3+ Treg cells, and
VDAC1+ cells than the baseline samples in the total analysed areas
(Fig. 4c), although statistical significance was not reached.
Similarly, there was a trend for a decrease in VDAC1 intensity in
CD8+ T cells, CD56+ NK cells, as well as in FoxP3+ Treg cells, and
PD-L1+ cells upon treatment (Fig. 4d). The subsequent spatial
analysis revealed that the PD-L1+ cells touching CD8+ T cells,
CD56+ NK cells, as well as likely FoxP3+ Treg cells, were more
abundant in the post-treatment samples than in the baseline
samples (Fig. 4e). More interestingly, we found a significantly
higher intensity of PD-L1 in CD56+ NK cells, FoxP3+ Treg cells,
VDAC1+ cells as well as likely CD8+ T cells, particularly in CBR than
NR (Fig. 4f) in the baseline samples. The CBR also tended to display
higher intensities of VDAC1 in CD8+ T cells, CD56+ NK cells, and
FoxP3+ Treg cells than NR in the total analysed area (Fig. 4g).
Lastly, expression levels of soluble immune checkpoints were

examined from plasma samples at C1D1, C2D1 and C3D1 (Fig. 5).
Notably, there were significantly higher levels of soluble (s)IDO,
sLag3, sPD-1 in the baseline samples from NR than those from
CBR, indicating the possible predictive role of sIDO, sLag3, sPD-1 in
unfavourable immune checkpoint inhibitor (ICI) response in PDAC
patients.

DISCUSSION
Building upon the pre-clinical and clinical evidence of immuno-
modulation with pelareorep in PDAC, we designed a series of
combinatory studies evaluating the role of pelareorep in
combination with an immune checkpoint inhibitor (ICI) and/or
chemotherapy in patients with advanced PDAC who had
progressed on first-line chemotherapy. We previously reported
the triple-drug combination of pelareorep, pembrolizumab and
single agent chemotherapy (gemcitabine, irinotecan or 5-flurour-
acil) was well-tolerated and no immune-related adverse events
were noted. Of the 10 evaluable patients, three showed prolonged
clinical benefit: one had a PR lasting for 17.4 months, and two had
SD lasting 4 and 9.2 months. On treatment tumour analysis
confirmed reoviral replication and increased intertumoral CD8+

T cells. The sequential administration of pelareorep/chemotherapy
on C1D1 followed a week later (C1D8) with pembrolizumab
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allowed us to characterise emerging and expanding T-cell clones
from each constituent of the combination strategy. We found that,
while clonal expansion was more pronounced after pembrolizu-
mab, it was the early clonal expansion achieved with pelareorep

priming as well as the durable clonal expansion that appeared to
be associated with improved long-term outcomes [6].
The previous use of chemotherapy was hypothesised to

improve clinical efficacy by attenuating development of NARA

Table 2. Adverse events summary.

AE All grades Grade 1 Grade 2 Grade 3

Chills 11 (84.62%) 10 (76.92%) 1 (7.69%) 0 (0%)

Fever 10 (76.92%) 7 (53.85%) 2 (15.38%) 1 (7.69%)

Vomiting 9 (69.23%) 8 (61.54%) 0 (0%) 1 (7.69%)

Nausea 7 (53.85%) 3 (23.08%) 3 (23.08%) 1 (7.69%)

Fatigue 6 (46.15%) 4 (30.77%) 0 (0%) 2 (15.38%)

Diarrhoea 5 (38.46%) 5 (38.46%) 0 (0%) 0 (0%)

Hyperglycaemia 5 (38.46%) 0 (0%) 5 (38.46%) 0 (0%)

Anaemia 4 (30.77%) 3 (23.08%) 0 (0%) 1 (7.69%)

Headache 4 (30.77%) 4 (30.77%) 0 (0%) 0 (0%)

White blood cell decreased 4 (30.77%) 2 (15.38%) 1 (7.69%) 1 (7.69%)

Abdominal pain 3 (23.08%) 2 (15.38%) 1 (7.69%) 0 (0%)

Alkaline phosphatase increased 3 (23.08%) 1 (7.69%) 1 (7.69%) 1 (7.69%)

Anorexia 3 (23.08%) 3 (23.08%) 0 (0%) 0 (0%)

Aspartate aminotransferase increased 3 (23.08%) 3 (23.08%) 0 (0%) 0 (0%)

Blood bilirubin increased 3 (23.08%) 3 (23.08%) 0 (0%) 0 (0%)

Lymphocyte count decreased 3 (23.08%) 0 (0%) 1 (7.69%) 2 (15.38%)

Neutrophil count decreased 3 (23.08%) 0 (0%) 2 (15.38%) 1 (7.69%)

Platelet count decreased 3 (23.08%) 2 (15.38%) 1 (7.69%) 0 (0%)

Proteinuria 3 (23.08%) 2 (15.38%) 1 (7.69%) 0 (0%)

Hyponatremia 2 (15.38%) 0 (0%) 0 (0%) 2 (15.38%)

Hypothyroidism 2 (15.38%) 2 (15.38%) 0 (0%) 0 (0%)

Musculoskeletal and connective tissue disorder—other, specify 2 (15.38%) 2 (15.38%) 0 (0%) 0 (0%)

Myalgia 2 (15.38%) 2 (15.38%) 0 (0%) 0 (0%)

Nasal congestion 2 (15.38%) 2 (15.38%) 0 (0%) 0 (0%)

Alanine aminotransferase increased 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Arthralgia 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Back pain 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Chronic kidney disease 1 (7.69%) 0 (0%) 1 (7.69%) 0 (0%)

Cough 1 (7.69%) 0 (0%) 1 (7.69%) 0 (0%)

Dry mouth 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Dyspnoea 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Generalised muscle weakness 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

GGT increased 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Hyperhidrosis 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Hypertension 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Hypoalbuminemia 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Lymphocyte count increased 1 (7.69%) 0 (0%) 1 (7.69%) 0 (0%)

Pleural effusion 1 (7.69%) 0 (0%) 1 (7.69%) 0 (0%)

Postnasal drip 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Pruritus 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Rash acneiform 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Rash maculo-papular 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Sinus tachycardia 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Urinary tract infection 1 (7.69%) 0 (0%) 1 (7.69%) 0 (0%)

Urine discoloration 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

Vaginal dryness 1 (7.69%) 1 (7.69%) 0 (0%) 0 (0%)

The safety and tolerability of pembrolizumab and pelareorep combination are evaluated by the frequencies and percentages of AEs for all grades, determined
by NCI CTCAE v 4.03. The AEs are listed in a descending order of frequencies of AEs >10 percent for all grades.
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therefore enhancing systemic delivery of reovirus to tumour tissue
[19]. Conversely, in the era of combinatory therapy with immune-
modulating therapies, such as oncolytic viruses, the resulting
immune suppression from chemotherapy may result in inferior

anti-tumour immune response when combined with ICI. We
sought to investigate this further through this chemotherapy-free
regimen. Given the long half-life of pembrolizumab, we opted
incorporate both agents simultaneously in the current study.
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Finally, to allow for a more robust immune induction we gave
pelareorep intravenously more frequently resulting in a higher
total dose with cycle 1 to augment viral induced tumour immune
cell infiltration. This dose was deemed to be safe in previous
studies [15]. The combination was well-tolerated with grade 1 or 2
flu-like symptoms reported as the most common treatment
related AE. No viral enhanced immune-related toxicity was also
noted compared to single agent pembrolizumab.
In terms of clinical efficacy, the primary endpoint was to

determine the overall response rate (ORR) by RECIST v 1.1. One
patient had a PR, 4 had SD and 7 had PD as their best response.
None of these patients had MSI-H disease. Our study did not meet
the pre-specified threshold of two or more responses in stage I to

allow for study expansion into stage II. The lack of clinical activity
suggests omission of chemotherapy alone to improve viral
immunomodulation had no impact in enhancing tumour response
in this unselected PDAC patient population. Amongst the 12
evaluable patients in stage I, five patients had PR or SD or clinical
benefit rate (CBR) of 42%. An additional 7 patients had PD on first
scan evaluation or were deemed NR. This grouping allowed for
tumour and blood correlative analysis to help predict or enhance
future immunotherapeutic strategies in PDAC patients.
We used clustering to determine peripheral immune cell

populations that contribute to anti-tumour response. Different
immunosuppressive cell populations (e.g., Treg and MDSCs) have
been investigated as potential predictive or prognostic biomarkers
in cancer patients receiving ICIs. Interestingly, we found that
peripheral Treg abundance was significantly decreased in CBR but
not NR after pelareorep pembrolizumab treatment, indicating that
relative changes in circulating Tregs during combinatorial
immunotherapy could be an indicative of response to ICI
treatment. This is consistent with a recent report [23], showing
that a decline of PD‐1+ Tregs in peripheral blood of melanoma
patients after the first treatment cycle of nivolumab or pembro-
lizumab was significantly associated with more favourable out-
come. However, the biomarker results with regards to peripheral
Tregs are overly controversial [24]. Thus, the clinical implication of
Treg abundance and functionality particularly in PDAC patients
treated with ICIs requires further investigation.
In an attempt to explore the mechanism of therapeutic

response, we devised a specialised cytometric CyTEK panel to
interrogate metabolic programs within peripheral lymphocytes at
a single cell level given the importance of metabolic reprogram-
ming for immune cell differentiation and function [25–27]. Our
data have revealed elevated expression levels of mitochondrial
marks VDAC1 and HK2, and the epigenetic mark H3K27me3 in
baseline peripheral CD8+T cells in responders compared to that in
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non-responders. An emerging study indicates the presence of
peripheral H3K27me3hiVDAC1hi T-cell population in COVID-19
patients, and increased expression of VDAC1 in these cells, are
linked to mitochondrial dysfunction and apoptosis [28]. Thus, we
infer that reduced VDAC1 expression could contribute to a
protective immunity or improve the functionality of pre-existing
effector T-cell immunity in response to ICIs. Indeed, we found that
the VDAC1 expression in CD8+ T cells was significantly decreased
in patients with CBR with treatment, while it increased in NR.
Increased survival in TCR-stimulated CD8+ T cells was also
observed from CBR after therapy when compared to NR (data
not shown). Similar to peripheral counterparts, intratumoral CD8+

T cells (together with NK cells) tended to display lower intensities
of VDAC1 upon treatment. Taken together, our data suggest that
increased VDAC1 expression in effector immune cells may drive
dysregulated antitumor immunity, but possibly represents poten-
tially potent biomarkers to predict and track ICI response.
PD-1/PD-L1 inhibitors demonstrated no therapeutic benefit in

PDAC, except those patients with MSI-H/dMMR [29]. Comprehen-
sive IHC analysis of PD-L1 showed scarce expression mainly on the
surface of stromal and immune cells in PDAC [30–33], possibly
accounting for the ineffectiveness of anti-PD-1/PD-L1 antibodies.
We have recently reported a PD-L1 upregulation in PDAC after
oncolytic virotherapy in combination with gemcitabine [14].
Similarly, in the present study PD-L1 expression tended to
increase particularly in different immune cell populations after
pelareorep+ pembrolizumab treatment, and more abundance of
the CD8+ T cells and NK cells touching PD-L1+ cells was observed
in post-treatment samples. This is likely the result of an active
immune response to IFN-γ release by effector T cells through a
negative feedback loop that sustains PD-L1 expression [34]. These
results are consistent with a recent study that has shown that PD-
L1 on tumour-infiltrating immune cells (TIIC) in addition to cancer
cells is important for predicting best response to atezolizumab in
non-small cell lung cancer [35]. Several other studies have also
indicated that high PD-L1 expression on TIIC, but not on cancer
cells, is a favourable prognostic factor in multiple types of cancer
[36–38]. In addition, we found significantly greater expression
levels of PD-L1 in CBR than NR from baseline samples, indicator of
pre-existing immunity, supporting the value of PD-L1 expression
level as a predictor of response to combinatorial immunotherapy
in PDAC. These findings together underscore the importance of
comprehensive assessment of PD-L1 expression on both compart-
ment of TIIC and cancer cells in PDAC especially in response to
PD-1/PD-L1 inhibitors.
Besides peripheral and tumour immune cell characterisation, we

measured the plasma levels of soluble forms of both stimulatory
and inhibitory factors that regulate T-cell expansion and function
involved in the cancer-immunity cycle [39]. While the fluctuation
of these proteins in the NR and CBR groups showed no difference
after therapy, significantly higher levels of sIDO, sLag3, sPD-1 were
observed in the baseline samples from NR than those from CBR.
Although soluble inhibitory molecules do not always exert
negative immune effects, we speculate that the pre-existing
immune systems could be exhausted by their potential immuno-
modulatory activity, leading to unfavourable ICI response in PDAC
patients, consistent with recent findings that these circulating
soluble checkpoints could predict shorter survival and reduced
clinical benefit from PD-1/PD-L1 checkpoint blockade in other
solid tumours [40–44]. Nevertheless, the regulation and immuno-
logic function of these proteins still remain elusive.

CONCLUSION
Pelareorep in combination with pembrolizumab in patients with
advanced PDAC progressing on first-line systemic chemotherapy,
had limited activity in an unselected PDAC patient population. By
extending our previous studies [14], in the current research we

observed comprehensive immunomodulatory effects of pelareorep
in combination with pembrolizumab when analysing on-treatment
tumour biopsies including viral replication with associated infiltra-
tion of CD8+ T cells and NK cells interacting with PD-L1+ cells, and
reduction of peripheral Tregs in patients responding to therapy
through integration of tumour mIHC analysis and circulating
immune cell characterisation using spectral cytometric CyTEK.
Lower expression levels of PD-L1 in on-treatment tumour biopsies
but higher soluble inhibitory molecules such as sIDO, sLag3 and
sPD-1 in plasma are observed at baseline amongst NR than CBR.
Furthermore, increased VDAC1 expression in effector cells may drive
dysregulated antitumor immunity and may predict future immu-
nomodulation strategies with ICI. The findings in our study need to
be validated in a larger patient cohort, a limitation of our study.
There is an ongoing phase I/II clinical study in Europe exploring
pelareorep in combination with atezolizumab in multiple gastro-
intestinal cancer treatment combination (GOBLET) [45, 46], includ-
ing PDAC patients in the first-line setting with gemcitabine and nab-
paclitaxel, that will provide further pooled clinical and correlative
biomarker data to enhance the current limitation of immunother-
apy in PDAC patients.
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