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ABSTRACT
Background Oncolytic virus V937 showed activity and 
safety with intratumoral administration. This phase 1 study 
evaluated intravenous V937±pembrolizumab in patients 
with advanced solid tumors.
Methods Patients had advanced non- small cell lung 
cancer (NSCLC), urothelial cancer, metastatic castration- 
resistant prostate cancer, or melanoma in part A (V937 
monotherapy), and metastatic NSCLC or urothelial cancer 
in part B (V937+pembrolizumab). Prior immunotherapy 
was permitted >28 days before study treatment. Patients 
received intravenous V937 on days 1, 3, and 5 (also on 
day 8 in part B) of the first 21- day cycle and on day 1 
of subsequent cycles for eight cycles. Three ascending 
dose- escalation cohorts were studied. Dose- escalation 
proceeded if no dose- limiting toxicities (DLTs) occurred 
in cycle 1 of the previous cohort. In part B, patients also 
received pembrolizumab 200 mg every 3 weeks from day 
8 for 2 years; dose- expansion occurred at the highest- 
dose cohort. Serial biopsies were performed.
Results No DLTs occurred in parts A (n=18) or B (n=85). 
Grade 3–5 treatment- related adverse events (AEs) were 
not observed in part A and were experienced by 10 (12%) 
patients in part B. The most frequent treatment- related AEs 
(any grade) in part B were fatigue (36%), pruritus (18%), 
myalgia (14%), diarrhea (13%), pyrexia (13%), influenza- 
like illness (12%), and nausea (12%). At the highest tested 
dose, median intratumoral V937 concentrations were 
117,631 copies/mL on day 8, cycle 1 in part A (n=6) and 
below the detection limit for most patients (86% (19/22)) 
on day 15, cycle 1 in part B. Objective response rates 
were 6% (part A), 9% in the NSCLC dose- expansion cohort 
(n=43), and 20% in the urothelial cancer dose- expansion 
cohort (n=35).
Conclusions Intravenous V937+pembrolizumab had a 
manageable safety profile. Although V937 was detected in 

tumor tissue, in NSCLC and urothelial cancer, efficacy was 
not greater than that observed in previous studies with 
pembrolizumab monotherapy.
Trial registration number NCT02043665.

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Intratumoral V937, an unmodified strain of 
Coxsackievirus A21, demonstrated antitumor activi-
ty and manageable safety when administered alone 
or in combination with immune checkpoint inhibitors 
in patients with advanced melanoma, and intraves-
ical V937 induced changes in the tumor micro- 
environment (eg, upregulation of programmed cell 
death ligand 1) in patients with non- muscle- invasive 
urothelial cancer. Intravenous administration of 
V937 may be more feasible and may allow access 
of virus to otherwise inaccessible metastatic sites.

WHAT THIS STUDY ADDS
 ⇒ The phase 1 STORM study was the first to evalu-
ate multiple intravenous doses of V937 as well as 
the combination of intravenous V937 plus the anti- 
programmed death 1 antibody pembrolizumab in 
patients with advanced solid tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ V937 can be safely delivered by intravenous admin-
istration and was detected in tumor tissue. However, 
objective responses associated with intravenous 
V937+pembrolizumab in the expansion cohorts 
(non- small cell lung cancer and urothelial cancer) 
were not greater than those seen with pembroli-
zumab monotherapy in previous studies.
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BACKGROUND
Oncolytic viruses are being investigated for the treatment 
of various cancers and have at least two distinct mecha-
nisms of action: direct lysis of tumor cells and induction of 
locoregional and/or systemic antitumor immunity.1 One 
oncolytic virus, the genetically modified herpes simplex 
virus 1 talimogene laherparepvec, received approval 
in 2015 for treatment of melanoma.1 2 Coxsackievirus 
A21, a naturally occurring human picornavirus, causes 
mild cold- like symptoms in humans.3 4 It enters cells via 
binding to intracellular adhesion molecule 1 (ICAM- 1) 
and decay- accelerating factor receptors,3 both of which 
are overexpressed in a wide array of cancer cell types.5 
Results of clinical studies with V937, an unmodified strain 
of Coxsackievirus A21, have been reported in advanced 
melanoma6–8 and non- muscle- invasive urothelial cancer.9 
These studies assessed monotherapy and combination 
therapy with immune checkpoint inhibitors, the latter 
investigated because of the effects of oncolytic viruses on 
the tumor microenvironment (including increased CD8+ 
T- cell infiltration and programmed cell death ligand 1 
(PD- L1) expression,10 as well as decreased regulatory and 
suppressor T cells).11

In advanced melanoma, intratumoral V937 with or 
without immune checkpoint inhibitors demonstrated 
manageable safety and systemic antitumor activity.6–8 
Intratumoral V937 plus the anti- cytotoxic T- lymphocyte 
antigen 4 antibody ipilimumab6 or the anti- programmed 
death 1 antibody pembrolizumab7 appeared to provide 
an additive benefit. Objective response rates (ORRs) 
with these combinations (47%–50%)6 7 were greater than 
historic rates with the individual agents (12%–34%).8 12 13 
In non- muscle- invasive urothelial cancer, first- line intra-
vesical V937 was well tolerated and induced changes in 
the tumor microenvironment including upregulation 
of PD- L1 and lymphocyte activation gene- 3 expression, 
supporting further studies in combination with immune 
checkpoint inhibitors.9

Compared with intratumoral injection, intravenous 
administration of oncolytic viruses may be more feasible 
(requiring less training and fewer logistical concerns) 
and may allow access of virus to otherwise inaccessible 
metastatic sites. Studies of intravenous V937 treatment 
are limited. In a first- in- human study, a single intravenous 
V937 dose was well tolerated in patients with advanced 
solid tumors, with some evidence of transient antitumor 
activity.14 Here, we report the primary outcomes of the 
phase 1 STORM study (Protocol VLA- 009; NCT02043665) 
evaluating intravenous V937±pembrolizumab in patients 
with advanced solid tumors, including expansion cohorts 
in non- small cell lung cancer (NSCLC) and urothelial 
cancer. The rationale for assessing the combination of 
these agents in NSCLC and urothelial cancer in part B 
of the study was because these tumor types are known 
to have high expression of ICAM- 1 and evidence of 
pembrolizumab activity.

METHODS
Study design and patients
This phase 1, multicenter, open- label, dose- escalation 
study followed a 3+3 cohort design (online supplemental 
figure S1). The study contained two parts: part A explored 
escalating doses of V937 alone, and part B tested V937 
in combination with pembrolizumab. In part A, eligible 
patients had histologically- confirmed metastatic NSCLC, 
urothelial cancer, castration- resistant prostate cancer, or 
stage IIIC/IV melanoma; part B was restricted to patients 
with histologically- confirmed metastatic NSCLC or 
urothelial cancer. The cancer types studied were based 
on preclinical data5 and results from the aforementioned 
clinical trials. Other key eligibility criteria in both parts 
included measurable disease per Response Evaluation 
Criteria in Solid Tumors (RECIST) V.1.1; Eastern Coop-
erative Oncology Group (ECOG) performance status 
of 0–2 (0/1 in part B); no significant V937 neutralizing 
antibodies (≤1:16 titer); adequate hematologic, renal, 
and hepatic function; and no chemotherapy, radiation 
therapy, hormonal therapy, or immunotherapy within 28 
days of treatment initiation (within 21 days of treatment 
initiation in part B expansion and also with no more than 
one prior PD- (L)1 inhibitor regimen). In part A, patients 
in the highest- dose cohort (see Treatment for description 
of cohorts and dosing) must have had a lesion accessible 
for biopsy on day 8, cycle 1. In part B, patients in the 
highest- dose cohort (dose- expansion cohort) must have 
had a lesion accessible for biopsy before treatment and 
on day 15, cycle 1. Further details on inclusion/exclu-
sion criteria are in the protocol (online supplemental 
material).

Treatment
In parts A and B, patients received intravenous V937 
(manufactured by Nova Laboratories, Gloucester Cres-
cent, Leicester, UK) in 100 mL of saline on days 1, 3, 
and 5 (also on day 8 in part B) of the first 21- day cycle 
and on day 1 of subsequent cycles for up to eight cycles. 
Three 50% tissue culture infectious dose (TCID50; 
dilution of virus required to infect 50% of a given cell 
culture) cohorts were studied at ascending doses based 
on dose- limiting toxicities (DLTs): 1×108 TCID50 (cohort 
1), 3×108 TCID50 (cohort 2), and 1×109 TCID50 (cohort 
3). The maximum dose of V937 administered was based 
on the titer that could be manufactured. Dose escalation 
occurred if no cycle 1 DLTs were observed at the previous 
dose. If DLTs occurred, additional rules regarding dose 
expansion and identification of the phase 2 dose were 
followed (see protocol in online supplemental material).

In part B, patients received pembrolizumab 200 mg 
every 3 weeks from day 8 for up to 2 years in addition 
to V937 by the same dose- escalation schema. If no cycle 
1 DLTs were observed at the highest dose of V937+pem-
brolizumab, dose expansion of this cohort occurred. 
Treatment continued for the planned treatment duration 
or until confirmed complete response (CR) or disease 
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progression, based on immune- related RECIST (irRE-
CIST), or intolerance to study drug.

Assessments and endpoints
In parts A and B, adverse events (AEs) and DLTs were 
assessed using National Cancer Institute Common Termi-
nology Criteria for Adverse Events (CTCAE), V.4.03. AEs 
were evaluated from enrollment through 30 days (90 days 
for serious AEs) after cessation of study treatment. DLTs 
included most grade ≥3 non- hematologic or hematologic 
toxicities that were considered related to V937 and/
or pembrolizumab and that occurred during the 21- day 
period of cycle 1 (see online supplemental table S1). A 
cohort committee reviewed safety data and DLTs before 
proceeding to the next V937 dose level and before dose 
expansion.

Tumor biopsy samples were obtained from cohort 
3 on day 8, cycle 1 in part A and at screening and on 
day 15, cycle 1 in part B. V937 concentrations in tumor 
samples were assessed using quantitative PCR. Paired 
tumor samples in part B were assessed for PD- L1 expres-
sion using PD- L1 IHC 22C3 pharmDx (Agilent Technolo-
gies, Carpinteria, California, USA). Serum samples were 
taken at multiple time points (see protocol in online 
supplemental material) before and after V937 infusion 
in parts A and B for evaluation of V937 concentrations 
(assessed by PCR) and V937 neutralizing antibody titers. 
Samples were first run on the PCR assay, and if positive, 
further assessed using the tissue- culture based infec-
tivity assay. For the PCR assay, viral RNA samples were 
extracted using Qiagen viral RNA mini kit and real- 
time (RT)- PCR was run using the QuantiFast Pathogen  
RT- PCR+IC kit. Samples were run on an Applied Biosys-
tems StepOnePlus Real- Time PCR system and analyzed 
using StepOne V.2.1 software. The lower limit of quantifi-
cation for this assay was 15,000 copies/mL. Samples below 
this level were reported as below the level of detection. 
The infectivity assay assessed the TCID50 of the samples 
on SK- MEL- 28 cells for the determination of viral titer in 
serum, urine, sputum, fecal, throat swab, injection site, 
and outer dressing swab samples. Results were reported 
as TCID50/mL. If no cytopathic effect was detected in any 
well, the results were reported as <32 TCID50/mL. Tumor 
and serum samples were analyzed at central laboratories.

In parts A and B, contrast- enhanced CT or MRI scans 
were performed at screening and at cycles 3, 5, and 7 and 
month 6 in part A and every 12 weeks starting at cycle 
5 in part B. Tumor response was assessed at each scan 
visit using irRECIST and RECIST V.1.1 criteria.15 16 Bone 
scans were performed in part A for patients with prostate 
cancer (see protocol in online supplemental material).

Primary endpoints were safety (AEs and DLTs) and to 
determine if V937 was capable of tracking to malignant 
tumors (as assessed by culturing of virus from biopsy 
samples). Secondary endpoints included V937 phar-
macokinetics, serum V937 neutralizing antibody titers, 
biomarkers, and preliminary efficacy assessment based on 

ORR, time to response, duration of response, progression- 
free survival (PFS), and overall survival (OS).

Statistical analyses
Outcomes were summarized descriptively in part A. For 
the part B NSCLC dose- escalation cohort, it was esti-
mated that the ORR associated with pembrolizumab 
monotherapy would be ~20% based on historic data 
from a heavily pretreated NSCLC cohort.17 A sample size 
of 43 patients provided ~80% power for the null hypoth-
esis that the ORR is 20% versus the alternative ORR of 
30% using a two- sided, one- sample binomial test at a 
significance level of 0.05. For the part B urothelial cancer 
dose- escalation cohort, it was estimated that the ORR 
associated with pembrolizumab monotherapy would be 
~24% based on historic data from a heavily pretreated 
urothelial cancer cohort.18 A sample size of 35 patients 
provided >80% power for the null hypothesis that the 
ORR is 24% versus the alternative ORR of 37% using 
a two- sided, one- sample binomial test at a significance 
level of 0.05.

Safety and efficacy analyses were performed in all 
patients who received study drug. For ORR, 95% CIs were 
based on the exact method for binomial data. PFS and OS 
were estimated using the Kaplan- Meier method. Analyses 
were conducted using SAS statistical software V.9.3 and 
V.9.4 (SAS Institute, Cary, North Carolina, USA).

RESULTS—PART A
Patients
Part A was conducted between March 2014 and August 
2016. At the cut- off date (April 12, 2017), 18 patients were 
enrolled and treated with V937 monotherapy (urothelial 
cancer, n=5; NSCLC, n=5; castration- resistant prostate 
cancer, n=4; melanoma, n=4). Median time from initial 
diagnosis was 47.5 months (range, 12–196). Median 
age was 65.9 years (range, 32–81). Most patients (83%) 
had an ECOG performance status of 0 or 1. All patients 
received previous anticancer therapy; 94% received prior 
immunotherapy. Median number of prior treatments was 
4 (range, 2–10; table 1). Median duration of V937 treat-
ment was 6.3 weeks (range, 0.1–21.3); patients received a 
median of 5 infusions (range, 1–10). The most common 
reason for study drug discontinuation was disease progres-
sion (44%; online supplemental figure S2).

Safety
No DLTs occurred with V937 monotherapy; dose escala-
tion proceeded as planned. Treatment- related AEs were 
experienced by 11 (61%) patients (table 2 and by CTCAE 
grade in online supplemental table S2). No treatment- 
related AEs were grade 3–5 in severity or led to V937 
discontinuation or dose modification. The most common 
treatment- related AEs were fatigue (28%), pyrexia (28%), 
influenza- like illness (17%), and lethargy (17%).

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005007 on 20 January 2023. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2022-005007
https://dx.doi.org/10.1136/jitc-2022-005007
https://dx.doi.org/10.1136/jitc-2022-005007
https://dx.doi.org/10.1136/jitc-2022-005007
https://dx.doi.org/10.1136/jitc-2022-005007
https://dx.doi.org/10.1136/jitc-2022-005007
http://jitc.bmj.com/


4 Rudin CM, et al. J Immunother Cancer 2023;11:e005007. doi:10.1136/jitc-2022-005007

Open access 

Efficacy
Efficacy was determined primarily by investigator- assessed 
irRECIST. Efficacy according to RECIST V.1.1 was similar 
(online supplemental table S3).

Best percentage changes from baseline in target lesions 
are shown in online supplemental figure S3. There was 
one confirmed partial response (PR; cohort 3, prostate 
cancer) to V937 monotherapy (1×109 TCID50), for an 
ORR of 6% (table 3). Nine (50%) patients had stable 
disease. Time to response for the patient with a PR was 
1.2 months; the patient was censored in the assessment 
of duration of response (because of death >84 days after 
the last assessment). Sixteen (89%) patients experienced 
a PFS event (disease progression or death). Median PFS 
was 2.6 months (95% CI, 1.2 to 3.5), and the 13- week PFS 
rate was 39%. Seventeen (94%) patients died. Median OS 
was 6.4 months (95% CI, 3.0 to 11.1), and the 52- week OS 
rate was 22%.

Correlative studies in highest-dose cohort (cohort 3)
On day 8, cycle 1, median V937 concentration in 
tumor samples (n=6) was 117,631 copies/mL (range, 

12,749–262,946). None of the six patients experienced a 
radiological response.

Median maximum observed serum concentration of 
V937 on day 1, cycle 1 was 75 copies×105/mL (range, 
8–508), and median time of maximum observed concen-
tration was 0.25 hours (range, 0.25–1.00; figure 1A). 
Median serum concentrations of V937 neutralizing anti-
bodies tended to increase over time, although the sample 
size was limited beyond cycle 1 (figure 1B). Median V937 
infectivity in serum on day 1, cycle 1 was 320 TCID50/mL 
within 15 min post- infusion and decreased to 32 TCID50/
mL at all time points from 1 to 24 hours post- infusion. 
In most patients, serum concentrations of V937 were 
detected up to 2 hours after infusion.

RESULTS—PART B
Patients
Part B was conducted between May 2016 and December 
2019. As of the cut- off date (January 10, 2020), 85 patients 
were enrolled and treated with V937 and pembrolizumab 
(NSCLC, n=46 and urothelial cancer, n=39). Median time 

Table 1 Demographics and baseline characteristics by cohort (parts A and B)

Characteristic

Part A (V937 monotherapy) Part B (V937+pembrolizumab)

Cohort 1
1×108 TCID50
(n=3)

Cohort 2
3×108 TCID50
(n=3)

Cohort 3
1×109 TCID50
(n=12)

Cohort 1
1×108 
TCID50+200 mg
(n=3)

Cohort 2
3×108 
TCID50+200 mg
(n=4)

Cohort 3
1×109 
TCID50+200 mg
(n=78)

Median age (range), years 69.8 (55–81) 53.6 (51–67) 66.7 (32–81) 67.0 (57–73) 72.0 (62–81) 66.0 (40–83)

Male, n (%) 3 (100) 3 (100) 7 (58) 3 (100) 2 (50) 55 (71)

ECOG performance status, 
n (%)

  0 1 (33) 3 (100) 3 (25) 2 (67) 1 (25) 36 (46)

  1 2 (67) 0 6 (50) 1 (33) 3 (75) 42 (54)

  2 0 0 3 (25) 0 0 0

Diagnosis, n (%)

  NSCLC 1 (33) 1 (33) 3 (25) 1 (33) 2 (50) 43 (55)

  Urothelial cancer 1 (33) 1 (33) 3 (25) 2 (67) 2 (50) 35 (45)

  CRPC 0 1 (33) 3 (25) 0 0 0

  Melanoma 1 (33) 0 3 (25) 0 0 0

Median time since diagnosis 
(range), months

71.6 (34–196) 19.1 (14–130) 47.5 (12–94) 67.9 (13–175) 37.5 (17–66) 18.3 (1–125)

Prior therapy, n (%)

  Chemotherapy 3 (100) 3 (100) 12 (100) 3 (100) 4 (100) 63 (81)

  Surgery 3 (100) 1 (33) 7 (58) 3 (100) 3 (75) 58 (74)

  Radiation therapy 3 (100) 3 (100) 12 (100) 2 (67) 3 (75) 26 (33)

  Immunotherapy 3 (100) 2 (67) 12 (100) 1 (33) 3 (75) 25 (32)

  Hormone therapy 3 (100) 3 (100) 12 (100) 0 0 0

  Other 0 0 0 0 0 7 (9)*

Median no. of prior 
treatments (range)

6 (2–7) 3 (2–10) 4 (2–5) 15 (14–20) 10 (4–40) 5 (1–22)

*Tyrosine kinase inhibitor (n=3), EGFR inhibitor (n=2), kinase inhibitor (n=1), and investigational (n=1); patients may have received ≥1 of the treatments.
CRPC, castration- resistant prostate cancer; ECOG, Eastern Cooperative Oncology Group; EGFR, epidermal growth factor receptor; NSCLC, non- 
small cell lung cancer; TCID50, 50% tissue culture infectious dose.
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since initial diagnosis was 18.3 months (range, 1–175). 
Median age was 66 years (range, 40–83). Most patients 
(54%) had an ECOG performance status of 1. Nine (11%) 
patients were EGFR mutation- positive. The majority of 
the patients (96%) received previous anticancer therapy; 
median number of prior treatments was 5 (range, 1–40; 
table 1). Previous immune checkpoint inhibitor therapy 
was received by 20% of the patients. Median duration of 

V937 treatment was 10.3 weeks (range, 0.4–25.1), with 
patients receiving a median of 7 infusions (range, 2–12). 
Patients also received pembrolizumab for a median 
duration of 9.1 weeks (range, 0.1–102.3), with patients 
receiving a median of 4 doses (range, 1–34). The most 
common reason for study drug discontinuation was 
disease progression (69%; online supplemental figure 
S2).

Table 2 Treatment- related adverse events by cohort (parts A and B)

Treatment- related AE,
n (%) of patients

Part A (V937 monotherapy) Part B (V937+pembrolizumab)

Cohort 1
1×108 TCID50
(n=3)

Cohort 2
3×108 TCID50
(n=3)

Cohort 3
1×109 TCID50
(n=12)

Cohort 1
1×108 
TCID50+200 mg
(n=3)

Cohort 2
3×108 
TCID50+200 mg
(n=4)

Cohort 3
1×109 
TCID50+200 mg
(n=78)

Any grade 2 (67) 2 (67) 7 (58) 3 (100) 2 (50) 63 (81)

Grade 3* 0 0 0 0 1 (25)† 9 (12)‡

Led to discontinuation of study 
drug(s)

0 0 0 0 0 5 (6)

Led to dose modification(s) 0 0 2 (17) 0 1 (25) 10 (13)

Led to death 0 0 0 0 0 0

Most common (>2 patients in any cohort in either part A or B)

  Fatigue 0 1 (33) 4 (33) 1 (33) 1 (25) 29 (37)

  Pyrexia 1 (33) 1 (33) 3 (25) 1 (33) 1 (25) 9 (12)

  Pruritus 0 0 0 0 0 15 (19)

  Influenza- like illness 0 1 (33) 2 (17) 0 1 (25) 9 (12)

  Myalgia 0 0 1 (8) 1 (33) 1 (25) 10 (13)

  Diarrhea 1 (33) 0 0 0 1 (25) 10 (13)

  Nausea 0 0 1 (8) 2 (67) 1 (25) 7 (9)

  Decreased appetite 0 0 0 1 (33) 0 8 (10)

  Rash 0 0 0 0 0 9 (12)

  Chills 0 0 0 1 (33) 0 7 (9)

  Arthralgia 0 0 1 (8) 0 0 6 (8)

  Cough 0 0 0 0 0 6 (8)

  Headache 0 0 1 (8) 1 (33) 1 (25) 3 (4)

  Oropharyngeal pain 0 0 0 1 (33) 0 5 (6)

  Vomiting 0 0 0 0 1 (25) 5 (6)

  Hypothyroidism 0 0 0 0 0 5 (6)

  Lethargy 0 0 3 (25) 0 0 2 (3)

  Malaise 0 0 0 1 (33) 0 4 (5)

  Rhinorrhea 0 0 0 0 0 5 (6)

  Nasal congestion 0 0 0 0 0 4 (5)

  Productive cough 0 0 0 0 0 4 (5)

  Blood CPK increased 0 0 0 0 0 3 (4)

  Dry skin 0 0 0 0 0 3 (4)

  Dyspnea 0 0 0 0 0 3 (4)

  Respiratory tract congestion 0 0 0 0 0 3 (4)

*There were no grade 4 or 5 treatment- related AEs.
†Hyponatremia (n=1) considered related to V937.
‡Lymphocyte count decreased (n=1) considered related to V937; arthralgia/myalgia (n=1), blood creatine phosphokinase increased (n=1), brain 
edema (n=1), colitis/fatigue (n=1), colitis/pneumonitis (n=1), diarrhea (n=1), immune- mediated pneumonitis (n=1), and acute myocardial infarction/
hypoxia/myocarditis/tachypnea/troponin T increased (n=1) considered related to pembrolizumab.
AE, adverse event; CPK, creatine phosphokinase; TCID50, 50% tissue culture infectious dose.
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Safety
No DLTs occurred with V937+pembrolizumab. 
Treatment- related AEs were experienced by 68 (80%) 
patients (table 2 and by CTCAE grade in online supple-
mental table S2). There were no grade 4 or 5 treatment- 
related AEs. Ten (12%) patients experienced grade 3 
treatment- related AEs; colitis was the only event to occur 
in >1 patient (n=2 (2%)). Of these 10 patients, events 
were considered related to pembrolizumab in 8 patients 
and related to V937 in 2 patients. Five (6%) patients had 
treatment- related AEs leading to V937 and/or pembroli-
zumab discontinuation: acute myocardial infarction, 
fatigue, myalgia, immune- mediated pneumonitis, and 
colitis/diarrhea (n=1 each (1%)). Eleven (13%) patients 
had treatment- related AEs (all grades ≤3) resulting in 
dose modification (V937 and/or pembrolizumab dose 
delayed or interrupted); fatigue and increased blood 
creatine phosphokinase were the only events to occur in 
>1 patient (both n=2 (2%)).

Efficacy in NSCLC and urothelial cancer dose-expansion 
cohorts
Best percentage changes from baseline in target lesions 
are shown in online supplemental figure S3. In the 
NSCLC cohort (n=43), there were three confirmed CRs 
and one confirmed PR to V937+pembrolizumab, for an 
ORR of 9% (95% CI, 2.6% to 22.1%; table 3). All four 
patients had a durable response (CR or PR lasting ≥6 
months); none had received previous treatment with 

immune checkpoint inhibitors. Median time to response 
was 3.0 months (range, 3.0–5.5), and duration of response 
ranged from 2.8 to 25.5+ months. Forty- one (95%) 
patients experienced a PFS event (figure 2A). Median 
PFS was 2.9 months (95% CI, 2.4 to 3.0), and the 26- week 
and 52- week PFS rates were 23% and 7%, respectively. 
Thirty- one (72%) patients died (figure 2B). Median OS 
was 11.5 months (95% CI, 7.2 to 15.9), and the 26- week 
and 52- week OS rates were 72% and 46%, respectively.

In the urothelial cancer cohort (n=35), there were three 
confirmed CRs and four confirmed PRs, for an ORR of 
20% (95% CI, 8.4% to 36.9%). A durable response was 
seen in 6 (17%) patients. Median time to response was 
3.0 months (range, 2.8–9.0), and duration of response 
ranged from 2.3 to 24.3+ months. None of the seven 
patients with a response had received previous treatment 
with immune checkpoint inhibitors. Twenty- seven (77%) 
patients experienced a PFS event (figure 2A). Median 
PFS was 3.0 months (95% CI, 2.2 to 5.8), and the 26- week 
and 52- week PFS rates were 34% and 24%, respectively. 
Twenty- five (71%) patients died (figure 2B). Median OS 
was 9.4 months (95% CI, 4.6 to 16.4), and the 26- week 
and 52- week OS rates were 60% and 43%, respectively.

Correlative studies in NSCLC and urothelial cancer dose-
expansion cohorts
On day 15, cycle 1, median V937 concentration in 
tumor samples from 22 patients with data available was 
101,280 copies/mL (range, 15,366–198,000) among the 

Table 3 Efficacy results by cohort (part A and B)

Part A (V937 monotherapy) Part B (V937+pembrolizumab)

Cohort 1
1×108 TCID50
(n=3)

Cohort 2
3×108 TCID50
(n=3)

Cohort 3
1×109 TCID50
(n=12)

Cohort 1
1×108 
TCID50+200 mg
(n=3)

Cohort 2
3×108 
TCID50+200 mg
(n=4)

Cohort 3
NSCLC
1×109 
TCID50+200 mg
(n=43)

Cohort 3
Urothelial Cancer
1×109 
TCID50+200 mg
(n=35)

BOR, n (%)

  Complete response 0 0 0 0 0 3 (7) 3 (9)

  Partial response 0 0 1 (8) 0 0 1 (2) 4 (11)

  Stable disease 2 (67) 2 (67) 5 (42) 0 0 7 (16) 11 (31)

  Progressive disease 1 (33) 1 (33) 6 (50) 3 (100) 4 (100) 32 (74) 17 (49)

ORR, n (%) 0 0 1 (8) 0 0 4 (9) 7 (20)

Median time to 
response, months

− − 1.2 − − 3.0 3.0

Progression- free 
survival

  Events, n (%) 3 (100) 3 (100) 10 (83) 3 (100) 4 (100) 41 (95) 27 (77)

  Median (95% CI), 
months

3.0
(1.2 to 5.3)

2.6
(0.7 to 5.4)

2.0
(1.0 to 4.1)

3.0
(1.7 to 3.0)

1.2
(0.7 to 1.9)

2.9
(2.4 to 3.0)

3.0
(2.2 to 5.8)

Overall survival

  Death, n (%) 3 (100) 2 (67) 12 (100) 3 (100) 4 (100) 31 (72) 25 (71)

  Median (95% CI), 
months

5.3
(3.0 to 11.1)

9.7
(4.0 to NA)

6.4
(1.1 to 12.8)

5.9
(3.8 to 22.2)

1.7
(0.7 to 6.8)

11.5
(7.2 to 15.9)

9.4
(4.6 to 16.4)

Response and PFS data are based on irRECIST.
BOR, best overall response; irRECIST, immune- related Response Evaluation Criteria in Solid Tumors; NA, not applicable; NSCLC, non- small cell lung cancer; ORR, 
objective response rate; PFS, progression- free survival; TCID50, 50% tissue culture infectious dose.
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three patients with detectable levels. None of the three 
patients was a responder. The remaining 19 patients 
had V937 concentrations below the level of detection. 
For PD- L1 expression, immunohistochemistry analysis 
of paired tumor samples from 13 patients (NSCLC, n=8 
and urothelial cancer, n=5) with negative or low baseline 
PD- L1 expression revealed a notable increase in PD- L1- 
positive tumor cells on day 15 in 8 patients (figure 3).

Results in serum were similar to those in part A 
(figure 1C and D). Median V937 infectivity in serum on 
day 1, cycle 1 was 441 TCID50/mL within 15 min post- 
infusion, which decreased to 32 TCID50/mL at all time 
points from 2 to 24 hours post- infusion.

DISCUSSION
The phase 1 STORM study was the first to evaluate 
multiple intravenous doses of the oncolytic virus V937, 
as well as the combination of intravenous V937+pem-
brolizumab, in patients with advanced solid tumors. 

Intravenous V937 reached tumor tissue in approximately 
one- third of the patients tested. Safety was manageable 
and pharmacokinetics were similar with V937 alone and 
with V937 in combination with pembrolizumab. There 
were no DLTs, no deaths because of treatment- related 
AEs, and no unexpected safety concerns. Toxicity was as 
anticipated given prior experience with pembrolizumab 
and V937 monotherapy. In the combined NSCLC and 
urothelial cancer dose- expansion cohorts (part B), the 
types of treatment- related AEs reported were consistent 
with those previously described for intratumoral V937 in 
patients with melanoma8 and pembrolizumab in patients 
with NSCLC or urothelial cancer.19–21 Our results add 
to the growing list of oncolytic viruses that can be safely 
delivered by intravenous administration.22

Antitumor activity was limited with V937 alone (part A), 
with one patient experiencing a PR at the highest dose 
assessed. The primary rationale behind this study was to 
test the hypothesis that tumor infection with V937 could 

Figure 1 Individual serum concentrations of V937 on day 1, cycle 1, in cohort 3 and median serum concentrations of V937 
antibodies over time in cohort 3. Part A (V937 monotherapy) is shown in panels A and B; part B (V937+pembrolizumab) is 
shown in panels C and D.
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Figure 2 Kaplan- Meier analysis of progression- free survival (PFS) (A) and overall survival (OS) (B) in the non- small cell lung 
cancer (NSCLC) and urothelial cancer dose- expansion cohorts (part B, V937+pembrolizumab).
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Figure 3 Programmed cell death ligand 1 (PD- L1) expression levels (immunohistochemistry) in tumor cells from 
paired biopsies in the non- small cell lung cancer (NSCLC) and urothelial cancer dose- expansion cohorts (part B, 
V937+pembrolizumab). Please contact C M Rudin at rudinc@mskcc.org for access to the biomarker data presented in this 
figure.
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substantially stimulate immune response to subsequent 
programmed cell death 1 (PD- 1) checkpoint inhibition 
with pembrolizumab. However, our results in NSCLC and 
urothelial cancer suggest a lack of additive benefit with 
the combination of intravenous V937+pembrolizumab. 
Interestingly, none of the nine patients (n=3 each of 
melanoma, NSCLC, and urothelial cancer) with detect-
able levels of V937 in tumor tissue were responders. 
The results from our study contrast with previous find-
ings in which V937 was administered intratumorally as 
monotherapy8 or in combination with ipilimumab6 or 
pembrolizumab7 in patients with advanced melanoma. 
In those studies, V937 demonstrated antitumor activity 
alone and combination therapy appeared to have an addi-
tive benefit. There are several plausible explanations. It is 
possible that insufficient intratumoral V937 levels were 
reached by intravenous administration or that the viral 
titer achievable by manufacture was inadequate. Addi-
tionally, viral delivery to the tumor may have been limited 
by low levels of ICAM- 1 (not assessed in our study), phys-
iological dilution of V937 in the peripheral blood, and/
or binding of V937 to serum proteins. It is also possible 
that induction of an inflammatory cascade also included 
acute PD- L1 upregulation (figure 3), inhibiting T- cell 
responses despite pembrolizumab. The observed upregu-
lation of PD- L1 expression after V937 administration may 
suggest that the dosing schedule of pembrolizumab was 
not optimal. A chance of enhanced efficacy may also have 
been negatively influenced by the presence of neutral-
izing antibodies against V937, which increased over time 
in the study, EGFR mutations in 11% of patients, and the 
heavily pretreated study population. Finally, since early 
blockade of PD- 1 may have enhanced antiviral immu-
nity and resulted in more rapid viral clearance, starting 
pembrolizumab was delayed to day 8 in part B (combina-
tion therapy cohort). It is unknown whether an alternate 
dosing schedule (eg, more frequent V937 dosing) would 
have enhanced viral delivery to the tumor and potentially 
improved outcomes.

Although cross- study comparisons must be inter-
preted with caution, response rates in patients with 
advanced NSCLC were numerically lower with intra-
venous V937+pembrolizumab in STORM than with 
pembrolizumab monotherapy in previous studies. The 
ORR of 9% in our NSCLC expansion cohort (part B) was 
half the rate of 18% (95% CI, 14 to 23) achieved with 
pembrolizumab alone in patients with advanced NSCLC 
in KEYNOTE- 010.19 Differences in PD- L1 expression and 
receipt of previous therapy may have contributed. All 
patients in KEYNOTE- 010 were required to have PD- L1 
tumor proportion score (TPS) ≥1% (42% had PD- L1 
TPS ≥50%), and although all patients were previously 
treated in that study, most (69%) had received one line 
of previous therapy.19 Similarly, in KEYNOTE- 042, all 
patients were required to have PD- L1 TPS ≥1% (31% 
with PD- L1 TPS ≥50%) and had not received previous 
therapy.23 In contrast, PD- L1 expression was not required 
for enrollment in STORM (patients with PD- L1 TPS <1% 

would not typically be candidates for pembrolizumab 
monotherapy), and the majority (72%) of the patients 
had received ≥2 lines of previous therapy. Prior find-
ings from KEYNOTE- 001 indicate that response rates to 
pembrolizumab monotherapy are expected to be greater 
in patients who are treatment naive compared with those 
who were previously treated.24

In the urothelial cancer expansion cohort (part B), an 
ORR of 20% was achieved with intravenous V937+pem-
brolizumab. This response rate was generally consistent 
with that in previous reports with pembrolizumab alone 
in patients with advanced urothelial cancer.20 21 The study 
most suitable for comparison is KEYNOTE- 045, in which 
the ORR was 21%.20 Both STORM and KEYNOTE- 045 
enrolled previously treated patients regardless of PD- L1 
status. A somewhat higher ORR of 26% was noted with 
pembrolizumab monotherapy in KEYNOTE- 012,21 
perhaps owing in part to nearly one- quarter of the 
patients receiving first- line therapy and/or the prerequi-
site of tumor PD- L1 expression at enrollment.21

Limitations to this study include the lack of comparator 
monotherapy arms for the dose- expansion NSCLC and 
urothelial cancer cohorts in part B. In addition, sample 
sizes for some of the analyses were relatively small (eg, 
V937 concentrations in tumor biopsies) and efficacy was 
not a primary objective. These results should therefore be 
interpreted with caution.

In conclusion, intravenous V937+pembrolizumab had a 
manageable safety profile in patients with advanced solid 
tumors. Efficacy in the expansion cohorts (NSCLC and 
urothelial cancer) was not greater than that seen with 
pembrolizumab monotherapy in previous studies.
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