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V937 is an investigational, genetically unmodified Kuykendall
strain of coxsackievirus A21, which has been evaluated in the
clinic for advanced solid tumor malignancies. V937 specifically
infects and lyses tumor cells that overexpress intercellular adhe-
sion molecule-1 (ICAM-1). Intratumoral V937 as a monother-
apy and in combination with anti-PD-1 antibody pembrolizu-
mab has shown clinical response in patients with metastatic
melanoma, which overexpresses ICAM-1. Here, we investigate
in preclinical studies the potential bidirectional cross-talk be-
tween hepatocellular carcinomas (HCC) or colorectal carci-
nomas (CRC) and immune cells when treated with V937 alone
or in combination with pembrolizumab. We show that while
V937 treatment of tumor cell lines or organoids or peripheral
blood mononuclear cells (PBMCs) alone induced a minimal
immunological response, V937 treatment of non-contact co-
cultures of tumor cell lines or CRC organoids with PBMCs
led to robust production of proinflammatory cytokines and
immune cell activation. In addition, both recombinant inter-
feron-gamma and pembrolizumab increased ICAM-1 on
tumor cell lines or organoids and, in turn, amplified V937-
mediated oncolysis and immunogenicity. These findings pro-
vide critical mechanistic insights on the cross-talk between
V937-mediated oncolysis and immune responses, demon-
strating the therapeutic potential of V937 in combination
with PD-1 blockade to treat immunologically quiescent cancers.

INTRODUCTION
Immune checkpoint inhibitors have revolutionized the landscape of
cancer treatment and significantly improved the clinical outcome
for multiple cancer types, including non-small cell lung cancer and
advanced melanoma.1,2 Inhibition of the programmed cell death
protein-1 (PD-1) unleashes a sustainable and durable antitumor
response in T cells. However, clinical responsiveness to PD-1/PD-
L1 blockade is primarily characterized by tumor cohorts containing
a high density of tumor-infiltrating lymphocytes (TILs) and abundant
tumor antigenic mutations.3,4 A key strategy to increase sensitivity to
immune checkpoint blockade is to develop therapeutics that recruit
TILs and inflame immunologically quiescent tumors. Oncolytic vi-
ruses represent a versatile, immunotherapeutic modality that couples
Molec
This is an open access article under the CC BY-N
oncolysis of tumor cells with induction of antitumor innate and adap-
tive immune responses.5–8 Virus-induced oncolysis can cause dying
cancer cells to release tumor-associated antigens and both path-
ogen-associated molecular patterns (PAMPs) and cell-derived dam-
age-associated molecular patterns (DAMPs) that serve as “danger sig-
nals” to prime the immune system.9,10 The sensing of PAMPs/
DAMPs by pattern recognition receptors, including Toll-like recep-
tors (TLRs) and nucleotide-binding oligomerization domain-like re-
ceptors (NLRs), trigger the release of proinflammatory cytokines,
chemokines, and type I interferons along with activation of anti-
gen-presenting cells (APCs) and migration to lymph nodes, where
they engage the adaptive immune system and activate antigen-specific
T cells.11–14 Clinical proof of concept has been achieved with Imlygic,
talimogene laherparepvec (T-VEC), a genetically engineered herpes
simplex virus type-1 (HSV-1) that expresses granulocyte-macrophage
colony-stimulating factor (GM-CSF). Imlygic was approved by the
US Food and Drug Administration in 2015 for intralesional treatment
of advanced melanoma.15

V937 is an oncolytic, genetically unmodified Kuykendall strain of
Coxsackievirus A21, a single-stranded RNA-positive enterovirus of
the Picornaviridae family. The two critical components of V937
mechanism of action are the exploitation of differences between
normal and malignant cells and the activation of host antitumor im-
munity. V937 binds to intercellular adhesion molecule-1 (ICAM-1),
which is overexpressed on various tumor types and decay-acceler-
ating factor (DAF).16 ICAM-1 is required for V937 infection, and
while V937 binding to DAF alone cannot initiate cell infection,
DAF, a low-affinity receptor, facilitates high-affinity binding of
V937 to ICAM-1.16,17 Preclinical studies have shown that the high
oncolytic activity of V937 in melanoma correlates with high cell sur-
face expression of ICAM-1.18 Furthermore, tumor cells are more
permissive than normal cells to V937 viral replication due to their de-
fects in antiviral interferon signaling.18
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V937 has been tested in a number of clinical trials. Notably, in the
Phase II CALM study to investigate the efficacy and safety of intratu-
moral V937 in patients with advanced melanoma, 38.6% (22 out of
57) of patients were responders (28.1% [16 out of 57] confirmed) based
on immune-related Response Evaluation Criteria in Solid Tumors (ir-
RECIST), and 21.1% (12 out of 57) had a durable response (mainte-
nance of partial response or complete response [CR] per irRECIST
for R6 months) lasting a median of 10.1 months (range, 5.8–
14.8 months). In patients receiving R80% of scheduled injections,
27.5% (11 out of 40 patients) had a durable response lasting a median
of 9.7 months (range, 5.8–14.8 months). Regression of melanoma was
observed in non-injected lesions.19 In the Phase 1b CAPRA single-arm
trial of intratumoral V937 in combination with pembrolizumab in
patients with advanced melanoma, the objective response rate was
47% (CR, 22%). Among 17 responders, 14 (82%) had responses
R6 months.20 Among eight patients previously treated with immuno-
therapy, three responded (one complete, two partial). Responses were
associated with increased serum CXCL10 (IP-10) and CCL22, suggest-
ing viral replication contributes to antitumor immunity. The clinical
data provide added impetus to investigate V937 in combination with
pembrolizumab to treat immunologically quiescent tumors.

In recent years, 3D organoid technology has revolutionized cancer
modeling in vitro. Patient-derived organoids have been shown to be
a relevant screening platform for oncolytic virus response and predic-
tive of antitumor efficacy in vivo.21–24 Three-dimensional culturing of
organoids allows the expansion of heterogeneous cell types derived
from primary patient tissues and preserves the physiologically rele-
vant structure to overcome some of the intrinsic limitations of mono-
layer cell cultures. For example, the multicellular complexity of orga-
noids permits a more relevant viral replication cycle and 3D structure
for virus internalization and intracellular trafficking.21,23,24 Here, we
report using a co-culture system of tumor cell lines or colorectal car-
cinoma (CRC) organoids with immune cells to delineate the mecha-
nism of action of V937 monotherapy as well as in combination with
pembrolizumab.

RESULTS
Variable expression of cell surface ICAM-1 on melanoma, HCC,

and CRC tissues

The surface expression of ICAM-1 on tumor cells and immune cells
in formalin-fixed paraffin-embedded (FFPE) tissue samples of mela-
noma, hepatocellular carcinoma (HCC), and CRC was assessed by
immunohistochemistry (Figures 1A–1C). Approximately 50% (45
out of 93) of the melanoma samples expressed ICAM-1 on greater
than 50% of the tumor cells, and the percentage of ICAM-1+ cells
was higher among tumor cells than among immune cells. In contrast,
approximately 70% (46 out of 63) of the HCC samples expressed
ICAM-1 on less than 50% of the tumor cells. But similar to the mel-
anoma cohort, the percentage of ICAM-1+ cells in HCC samples was
higher among tumor cells than among immune cells. For CRC sam-
ples (n = 63), minimal to mild apical staining of ICAM-1 on tumor
cells was often observed but was not scored in this study, as the
expression on apical surfaces does not come in contact with blood
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or interstitial fluid and hence is not accessible by intratumorally or
systemically dosed V937 (Figure 1C). In contrast, several human
CRC cell lines have been reported to express ICAM-1.25 However,
it is important to note that CRC differs in the extent to which cellular
polarity is retained, with some maintaining clear apical and basolat-
eral surfaces, and others losing this distinction completely.26 CRC
cell lines expressing ICAM-1 could derive from tumors, which in
situ might have retained apical distribution of expression, with
circumferential redistribution of the protein occurring in the dissoci-
ated state. They may also result from tumors in which all tumor cell
polarity has been lost. In contrast, we found no major difference in
ICAM-1 expression in immune cells across the tumor types tested.
Together, these results suggest that ICAM-1 expression in HCC
and CRC tumor cells is lower than in melanoma.

Oncolytic and immunogenic activity of V937 in HCC cell lines

The cell surface expression of ICAM-1 on a panel of human HCC cell
lines was assessed by flow cytometry. Four out of the five tested HCC
lines SNU-387, SNU-423, SNU-475, and SNU-449 were positive for
ICAM-1, and SNU-182 was negative for ICAM-1 (Figure 2A). The
five HCC cell lines were evaluated for their susceptibility to V937-
mediated oncolysis. Cell viability was assessed 72 h following V937
infection at multiplicity of infection (MOI) = 0.0001, 0.001, 0.01,
0.1, 1, and 10. The ICAM-1+ cell lines were all susceptible to V937
oncolysis, whereas SNU-182 was not susceptible to V937 oncolysis
(Figure 2B). The half maximal inhibitory concentrations (IC50s)
for SNU-387, SNU-423, and SNU-475 were %0.1 MOI, and the
IC50 for SNU-449 was at approximately MOI = 1. V937-induced on-
colysis was evaluated with Incucyte Live-Cell Analysis. Dead cells
were labeled with Incucyte Cytotox Green, which permeates un-
healthy cells due to the perturbation in plasma membrane integrity.
V937 induced dose-dependent cytotoxicity for SNU-423, SNU-449,
but not in ICAM-1 low SNU-182 cell line (Figures 2C and S1A–S1C).

To elucidate the immunogenic activity of V937, non-contact cell cul-
ture of tumor cells and PBMCs was utilized. In brief, 5 � 105 cells of
the HCC cell lines were seeded in six-well plates, and 2� 106 PBMCs
were seeded inside the hydrophilic polytetrafluoroethylene cell cul-
ture inserts with pore size of 0.4 mm. The three cell culture conditions
for the assay were as follows: (1) HCC cells alone in the lower cham-
ber, (2) PBMCs alone in the upper chamber, and (3) HCC cells in the
lower chamber and PBMCs in the upper chamber. In triplicate
(n = 3), media (mock-treated) or V937 at MOI = 2 was added to
the lower chamber. V937 is �28 nm and can pass from the lower
chamber to the upper chamber through the 0.4-mm pores of the
insert. The cell culture media was harvested following V937 treatment
for 72 h and assayed for various cytokines and chemokines. As shown
for SNU-475, V937 treatment of only the co-culture of SNU-475 cells
and PBMCs resulted in significant induction of interferon (IFN)-a,
interleukin (IL)-12, IFN-g, IP-10, macrophage inflammatory protein
(MIP)-1a, and IL-6 compared to mock-treated cultures (Figure 2D).
It is important to note that when the cell cultures were mock-treated,
the levels of some cytokines/chemokines were higher in the culture of
PBMCs alone than in the co-culture of SNU-475 and PBMCs. It is
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Figure 1. Prevalence of ICAM-1+ tumor cells and

immune cells in melanoma, HCC, and CRC tissues

(A and B) Prevalence of ICAM-1+ tumor cells (A) and immune

cells (B) in melanoma, HCC, and CRC tissues was assessed

by immunohistochemistry. Samples were scored by a

pathologist based on the frequency of positive cell expres-

sion, irrespective of staining intensity. The evaluated tissues

were commercially sourced, FFPE specimens from the

Merck Research Laboratories South San Francisco tissue

bank:melanoma (n=93),HCC (n=63), andCRC (n=93). (C)

Representative IHC images of ICAM-1 staining inmelanoma,

HCC, and CRC tissues are shown. Scale bar, 50 mm.
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hypothesized that secreted proteins by SNU-475 cells suppressed
cytokine/chemokine production by PBMCs. Nevertheless, the data
showed that even in the immunosuppressive environment created
by the co-culture of tumor cells and immune cells, V937 treatment
was able to induce an immune response in the PBMCs. Under the
experimental conditions, V937 at MOI = 2 did not induce secretion
of cytokines in the single culture of either the SNU-475 cells or
PBMCs, demonstrating that V937’s immunogenic effect on PBMCs
was indirect and was linked to oncolysis of SNU-475 cells in the
co-culture system. It is important to note that monocytes (CD14+)
express ICAM-1.17,27 As shown in Figure 1B, the immune cells in a
portion of melanoma, HCC, and CRC FFPE specimens expressed
ICAM-1. Therefore, V937 may also have a direct effect on PBMCs.
Previously, it had been shown that V937 can directly induce induc-
tion of IFN-a in PBMCs.17
Mo
Oncolytic and immunogenic activity of V937

in CRC cell lines

Similar studies were completed for a panel of
CRC cell lines. CACO2, DLD1, and SW48
had moderate/high cell surface expression of
ICAM-1. ICAM-1 expression was lower in
HT29 and SW837 and very low/undetectable in
NCI-H508 (Figure 3A). The six CRC cell lines
were evaluated for their susceptibility to V937-
mediated oncolysis. Cell viability was assessed
72 h following V937 infection at MOI = 0.0001,
0.001, 0.01, 0.1, 1, and 10. The oncolytic activity
of V937 in CACO2, DLD1, and SW48 was low,
with IC50s between 1 and 10 MOI, whereas
V937 had little or no oncolytic activity in
HT29, SW837, and NCI-H508 (Figure 3B).
Furthermore, Incucyte Live-Cell Analysis was
utilized to evaluate V937-induced oncolysis of
ICAM-1+ CACO2 and ICAM-1-NCI-H508. Im-
aging at 72 h following V937 infection (MOI =
0.001, 0.01, 0.1, and 1) and labeling with Incucyte
Cytotox Green dye showedmoderate oncolysis in
CACO2 and very low oncolysis in NCI-H508
(Figure 3C). Treatment of V937 at MOI = 2 of
the non-contact co-culture of 5 � 105 CACO2
cells and 2 � 106 PBMCs resulted in significant
induction of inflammatory cytokines IFN-a, IL-12, IFN-g, IP-10,
MIP-1a, and IL-6 (Figure 3D). Although V937 induced lower oncol-
ysis in CACO2 than in SNU-475 (Figure 2B), V937 was able to induce
a robust secretion of cytokines from PBMCs in co-culture of CACO2
and PBMCs.

V937 induces oncolysis in CRC organoids

The organoid platform is a novel 3D culture recently shown to recapit-
ulate tumor biology and heterogeneity of patients’ tumors.28–30 Impor-
tantly, recent studies have demonstrated thepotential of tumororganoid
cultures to predict clinical response to chemotherapeutic drugs.31,32

Colorectal organoids were generated from resected CRC and normal
adjacent tissues from CRC patients (Figure 4A). CRC organoid lines
(CRC-2 and CRC-3) and one normal colorectal organoid line (NC-1)
were generated by culturing dissociated tissues using the embedded
lecular Therapy: Oncology Vol. 32 June 2024 3
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Figure 2. Expression of ICAM-1 on HCC cell lines and susceptibility to V937 oncolytic and immunogenic activity

(A) The cell surface expression of ICAM-1 on human HCC cell lines SNU-387, SNU-423, SNU-475, SNU-449, and SNU-182 was assessed by flow cytometry. Cells were

incubated with either the relevant PE-conjugated isotype control antibody (blue histogram) or PE-conjugated anti-ICAM-1 monoclonal antibody (red histogram). (B) Cell

viability of the five cell lines was determined 72 h following infection with V937 at MOI = 0.0001, 0.001, 0.01, 0.1, 1, and 10 (n = 5) in CellTiter-Glo 2.0 assay (Promega). Mean

percentages of viability, normalized tomock-infected, ± standard deviations are shown. (C) Representative Incucyte Live-Cell images of SNU-423, SNU-449 cells, cultured at

37�C in Incucyte S3 IC50745 following V937 treatment at the indicated MOI and labeling with Incucyte Cytotox Green dye (n = 3) are shown. (D) The media from the single

culture of SNU-475 cells (5 � 105 cells) or PBMCs (2 � 106 cells) or the co-culture of SNU-475 cells and PBMCs following mock or V937 (MOI = 2) treatment for 72 h were

assayed for protein concentrations of various cytokines and chemokines usingmultiplexed electrochemiluminescent assays (n = 3). Mean ± standard deviations for IFN-a, IL-

12, IFN-g, IP-10, MIP-1a, and IL-6 are shown. Significant differences are indicated by the p values when p < 0.05.
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matrigel method.33 Cell surface ICAM-1 expression of normal colon
and CRC organoids were assessed by flow cytometry. The normal colon
NC-1 organoidswere negative for ICAM-1 expression,while CRCorga-
noids were positive for ICAM-1 expression (Figures 4B and 4C, respec-
tively). V937-induced oncolysis was then evaluated with Incucyte. We
found that Annexin V was more sensitive in detecting cell death in or-
ganoids than Cytotox Green, based on the response of organoid CRC-2
treated with V937 (Figure S2A). This is likely due to lower basal cell
death levels and a better signal-to-noise ratio with Annexin V staining.
Imaging and quantitation of Incucyte Annexin V Red dye following
V937 treatment showed that at MOI = 20, V937 induced minimal on-
colysis in NC-1 organoids but significant oncolysis in both CRC-2
and CRC-3 organoids (Figures 4B, 4C, S2B, and S2C).

Cross-talk between V937-infected CRC organoids and immune

cells in non-contact co-culture

Similar to the studies with the HCC and CRC cell lines, the CRC or-
ganoids were evaluated in non-contact co-culture with PBMCs with
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approximately 5 � 105 cells of CRC organoids seeded in the lower
chamber and 2� 106 PBMCs seeded in the upper chamber. The three
cell culture conditions for the assay were as follows: (1) CRC-2 orga-
noids alone in the lower chamber, (2) PBMCs alone in the upper
chamber, and (3) CRC-2 organoids in the lower chamber and
PBMCs in the upper chamber. The various cell cultures were treated
with V937 at MOI = 0 (mock-treated), 1, and 5, and 48 h following
treatment, CRC-2 organoids, PBMCs, and culture medium were har-
vested. CRC-2 organoids and PBMCs were snap-frozen, and ribonu-
cleic acid was isolated for analysis of ICAM-1, CVA21, and various
immune gene expression. As shown for MOI = 5, co-culture of
CRC-2 organoids and PBMCs resulted in an increase in ICAM-1
mRNA expression in the CRC-2 organoids even without V937 treat-
ment (Figure 5A, left panel, open bars). This suggests that factors that
were secreted by PBMCs induced ICAM-1 mRNA expression in the
CRC-2 organoids. Interestingly, compared with the mock-treated,
addition of V937 further increased ICAM-1 mRNA expression in
the CRC-2 organoids in the co-culture with PBMCs (Figure 5A, left
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Figure 3. Expression of ICAM-1 on CRC cell lines and susceptibility to V937 oncolytic and immunogenic activity

(A) The cell surface expression of ICAM-1 on human CRC cell lines CACO2, DLD1, SW48, HT29, SW837, and NCI-H508 was assessed by flow cytometry. Cells were

incubated with either the relevant PE-conjugated isotype control antibody (blue histogram) or PE-conjugated anti-ICAM-1 monoclonal antibody (red histogram). (B) Cell

viability of the six cell lines was determined 72 h following infection with V937 at MOI = 0.0001, 0.001, 0.01, 0.1, 1, and 10 (n = 5) in CellTiter-Glo 2.0 assay (Promega). Mean

percentages of viability, normalized tomock-infected, ± standard deviations are shown. (C) Representative Incucyte Live-Cell Analysis images of CACO2 andNCI-H508 cells,

cultured at 37�C in Incucyte S3 IC50745 following 72 h of V937 treatment at MOI = 0.001, 0.01, 0.1, and 1 and labeling with Incucyte Cytotox Green dye (n = 3) are shown. (D)

The media from the single culture of CACO2 cells (5 � 105 cells) or PBMCs (2 � 106 cells) or the co-culture of CACO2 cells and PBMCs following mock or V937 (MOI = 2)

treatment for 72 hwere assayed for protein concentrations of various cytokines and chemokines usingmultiplexed electro chemiluminescent assays (n = 3). Mean ± standard

deviations for IFN-a, IL-12, IFN-g, IP-10, MIP-1a, and IL-6 are shown. Significant differences are indicated by the p values when p < 0.05.
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panel, solid bars). In contrast, ICAM-1 mRNA expression in the
PBMCs was comparable in the absence or presence of CRC-2 organo-
ids, and V937 treatment did not increase ICAM-1 mRNA expression
in the single culture of PBMCs or co-culture with CRC-2 organoids
(Figure 5A, left panel). Compared with the single culture of CRC-2
organoids, V937 treatment resulted in approximately a 6-fold in-
crease in CVA21 (V937) mRNA expression in CRC-2 organoids
when co-cultured with PBMCs. In contrast, CVA21 mRNA expres-
sion in PBMCs cultured alone or with CRC-2 organoids following
V937 treatment was comparable (Figure 5A, right panel). The data
suggest bidirectional cross-talk in the co-culture system of CRC-2 or-
ganoids and PBMCs wherein V937-induced oncolysis of CRC-2 orga-
noids resulted in activation of PBMCs. Factors secreted by PBMCs in
turn increased ICAM-1mRNA expression on CRC-2 organoids, lead-
ing to increased V937 infection, replication, and subsequently higher
CVA21 mRNA expression in the CRC-2 organoids. For the mock-
treated cultures, the mRNA expression of ICAM-1 was comparable
between the single cultures of CRC-2 organoids and PBMCs. In
contrast, CVA21 mRNA expression was 6-fold higher in the
PBMCs than in the CRC-2 organoids. This suggests that V937 infec-
tion in PBMCs was more effective than in the CRC-2 organoids.

It has previously been shown that although V937 infects PBMCs, it
does not induce robust oncolysis in PBMCs.34 PBMCs are less
permissible to V937 replication due to intact interferon signaling.
Indeed, we showed that V937 infection of healthy donor PBMCs
did not result in apoptosis as assessed by DNA fragmentation
ELISA (Figure S3A). Analysis of gene expression in the PBMCs
from single culture of PBMCs and co-culture of CRC-2 organoids
and PBMCs showed that compared with mock-treated (MOI = 0),
V937 at MOI = 1 or 5 induced at least 2-fold increase in many genes.
These genes are critical in TLR signaling (TLR7, CD40, and CD80),
NLR signaling (MEFV, PSTPIP1, CARD9), immune cell recruitment
(CXCL6 and CXCR3), T cell mediated killing (GZMA, GZMB, IFN-
g), and regulating T cell activation (PD-1, LAG3) (Figure 5B).
Furthermore, V937 induced apoptosis in ICAM-1-positive CRC-3
Molecular Therapy: Oncology Vol. 32 June 2024 5
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Figure 4. V937 induces cell death in CRC organoids

but not in normal colon organoids

(A) Representative H&E images of CRC tumor tissue and

normal colon tissue, scale bar, 200 mm (left) and brightfield

images of the derived normal colon and CRC organoids are

shown. Oncolytic activity of V937 in normal colon organoids

(B) and CRC organoids (C) was assessed in Incucyte Live-

Cell Analysis System. Normal colon organoids (NC-1) and

CRC organoids (CRC-2) were treated with V937 at

indicated MOI and labeled with Incucyte Annexin V Red

dye. Cell surface expression of ICAM-1 on organoids are

shown. Organoids were incubated with either the relevant

PE-conjugated isotype control antibody (blue histogram)

or PE-conjugated anti-ICAM-1 monoclonal antibody (red

histogram). Quantitation of Annexin V Red dye (mean ±

standard deviations) at 72 h following mock (MOI = 0) or

V937 treatment (MOI at indicated MOI) and representative

Incucyte Live-Cell Analysis images (mock-treated and

MOI = 20) are shown. Significant differences are indicated

by the p values when p < 0.05 (NS = not significant).
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organoids. V937 treatment of the co-culture of CRC-3 organoids and
PBMCs for 72 h resulted in induction of various immune genes in
PBMCs (Figure S3B).

IFN-g induced ICAM-1 expression on cancer cells potentiates

V937 oncolytic activity

ICAM-1 mRNA expression positively correlates with IFN-g mRNA
expression in primary CRCs (CRC primary tumors [n = 288], The
Cancer Genome Atlas [TCGA] database) (R = 0.63, p < 2.2e�16)
(Figure 5C). It is imperative to consider that ICAM-1 mRNA expres-
sion encompasses the sum of expression on the tumor cells and im-
mune cells in the CRC tumors. It has previously been shown that re-
combinant IFN-g induced ICAM-1 expression in head and neck
squamous cell carcinoma (HNSCC) cell lines.35 Subsequently, we
showed that recombinant IFN-g induced ICAM-1 expression in
CRC cell line WIDR in a dose-dependent manner (Figure 5D).
Furthermore, the effects of 0.01 ng/mL IFN-g on V937-induced on-
colysis of WIDR cells was evaluated using the Incucyte Live-Cell
Analysis System. Quantitation of Incucyte Cytotox Green dye 72 h
following V937 infection showed that IFN-g increased oncolysis at
all MOIs (0.2, 1, 5, and 20) (Figure 5E). Interestingly, V937 at
MOI = 0.2 with 0.01 ng/mL IFN-g induced comparable levels of on-
colysis in WIDR cells to that induced by V937 at MOI = 20 without
IFN-g (Figure 5E).

Pembrolizumab potentiates V937-induced oncolysis of CRC cell

line and organoids

We tested whether activation of T cells with CD3 cross-linking and
treatment with anti-PD-1 pembrolizumab mimic the effects of IFN-
g. In the presence of anti-CD3 mAb (5 ng/mL), single culture of
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COLO205 or co-culture of COLO205 and
PBMCs were treated with either 10 mg/mL immu-
noglobulin (Ig)G4 isotype control, 10 mg/mL
pembrolizumab, V937 (MOI = 5) + 10 mg/mL IgG4 isotype control,
or V937 (MOI = 5) + 10 mg/mL pembrolizumab for 3 days. In
the co-culture of COLO205 and PBMCs, the treatment with pembro-
lizumab induced cell surface ICAM-1 expression in ICAM-1
low COLO205 cell line (Figure 6A). Furthermore, V937 lysed
COLO205 only when co-cultured with PBMCs and in the presence
of pembrolizumab (Figure 6B). Analysis of the culture media showed
that V937 in combination with pembrolizumab increased protein
secretion of IFN-g, IP-10, and IL-1b compared with treatment with
V937 or pembrolizumab alone (Figure 6C). In contrast, V937 alone
or in combination with pembrolizumab both induced secretion of
IFN-a in the co-culture (Figure 6C). Similarly, in co-culture studies
using CRC-3 organoids and PBMCs, treatment with V937 (5 MOI)
in combination with pembrolizumab (10 mg/mL) and anti-CD3
(5 ng/mL) for 72 h resulted in significant oncolysis of CRC-3 organo-
ids (Figure 6D). Representative brightfield images showed that the
combination of V937 and pembrolizumab resulted in loss of integrity
of the cell membranes of the CRC-3 organoids (Figure 6E).

V937 sensitizes CRC tumors to anti-PD-1 therapy in CD34+

humanized mice

The antitumor efficacy of intratumorally administered V937 alone or
in combination with pembrolizumab administered intraperitoneally,
was evaluated in CRC-2 organoid-derived model using 20-week-old
CD34+ humanized NSG mice (The Jackson Laboratory). The
huCD34+ NSG mice were engrafted with human cord blood derived
CD34+ cells from three immune donors, and all mice were confirmed
to have engraftment of >25% hu-CD45+ cells in the peripheral blood.
CRC-2 organoids (2 � 106 cells) were subcutaneously injected in
flanks of the huCD34+ NSG mice (n = 40). Treatment was initiated
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Figure 5. IFN-g induced ICAM-1 expression on CRC

tumors potentiates V937-mediated oncolysis

(A) Fluidigm qPCR analysis for various genes on RNA iso-

lated from CRC-2 organoids (5 � 105 cells) or PBMCs

(2 � 106 cells) in single culture or co-culture, mock-

treated, or treated with V937 (MOI = 1 and 5) for 48 h

were completed. mRNA expression of genes was

normalized to ubiquitin. A visual representation of the

non-contact co-culture is shown. Normalized mRNA

levels of CVA21 (V937 RNA) (left) and ICAM-1 on CRC-2

organoid and PBMCs from the single culture of co-

culture, mock-treated or treated with V937 (MOI = 5) for

48 h are shown. (B) Heatmap of fold-change of genes

with greater than 2-fold increase or decrease over mock-

treated following V937 treatment at MOI = 1 and 5 of

PBMC single culture or non-contact co-culture of CRC-2

and PBMCs is shown. (C) Spearman correlation depicting

regression line with confidence intervals between mRNA

expression of IFN-g and ICAM-1 in CRC primary tumors

(n = 288) (TCGA database) is shown; R = 0.63,

p < 2.2e�16. (D) Following treatment with recombinant

human IFN-g (0.01, 0.1, and 1 ng/mL) for 24 h, cell

surface expression of ICAM-1 on CRC cell line WIDR was

assessed by flow cytometry. Staining with PE-conjugated

isotype control antibody (blue histogram) is shown for

untreated WIDR cells and staining with PE-conjugated

anti-ICAM-1 monoclonal antibody is shown for untreated

and IFN-g treated cells. (E) In the presence of absence of

0.01 ng/mL IFN-g, WIDR cells were mock-treated or

treated with V937 (MOI = 0.2, 1, 5, and 20) for 72 h and

labeled with Incucyte Cytotox Green dye (n = 3). Cell

death was normalized to condition with no addition of

IFN-g or V937. Mean ± standard deviations are shown.
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when the mean tumor volume reached 80 mm3 2 weeks following im-
plantation of CRC-2 organoids. Themice, representing three immune
donors, were distributed across four groups: Group 1: PBS/IgG4 iso-
type control; Group 2: V937; Group 3: pembrolizumab; and Group 4:
V937 + pembrolizumab. Immunohistochemical (IHC) analysis of tu-
mors that were collected on day 42 post-implantation confirmed that
implanted CRC-2 organoids expressed ICAM-1 (Figure 7A). PBS and
V937 (108 plaque-forming units [PFU]) were administered intratu-
morally on days 0, 2, 4, 6, 13, 17, and 20, and human IgG4 control
mAb and pembrolizumab (10 mg/kg) were administered intraperito-
neally on days 0, 7, and 14. Compared with treatment with V937 or
pembrolizumab alone, V937 in combination with pembrolizumab re-
sulted in a significant reduction in tumor burden of subcutaneous
CRC-2 organoids (Figures 7B and 7C).

DISCUSSION
V937 in combination with pembrolizumab was investigated in the
clinic to evaluate the safety, tolerability, and efficacy in patients
Mo
with melanoma, non-small cell lung cancer, and
bladder cancer (NCT02043665, NCT04521621).
While the treatment regimen has a manageable
safety profile, the clinical responses in early trials
were also reported to be varied among tumor types.19,36 These tumor
cohorts have variable ICAM-1 expression levels, which may affect
response to V937. Therefore, preclinical studies to elucidate the
mechanism of action of V937 in combination with PD-1 blockade
in other tumor types of solid tumors may provide important insights
for using V937 as a therapeutic agent.

In the present study, we showed that oncolysis of V937 was depen-
dent on ICAM-1 expression on the tumor cell lines. V937 induced
robust oncolysis in ICAM-1-positive HCC cell lines and no oncolysis
in the ICAM-1 negative HCC cell line. Similarly, V937 induced
modest oncolysis in CRC cell lines that expressed robust levels of
ICAM-1 but not in cell lines with no ICAM-1 expression. V937-
induced oncolysis in cancer cells alone did not result in induction
of cytokines and chemokines in the tumor cell lines themselves, nor
did V937 induce the secretion of cytokines and chemokines from
PBMCs. However, V937 treatment of the non-contact co-culture of
both SNU-475 and CACO2 with PBMCs resulted in the induction
lecular Therapy: Oncology Vol. 32 June 2024 7
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Figure 6. Anti-PD-1 treatment of co-culture of CRC cell line or organoid with PBMCs potentiate V937-induced oncolysis

(A) Induction of ICAM-1 expression in COLO205 in a non-contact co-culture systemwith PBMCs upon anti-PD-1 antibody treatment in the presence of 5 ng/mL anti-CD3 for

72 h. (B) COLO205 or co-culture of COLO205 and PBMCs, in presence of anti-CD3 mAb (5 ng/mL) was treated with either IgG4 isotype control (10 mg/mL), anti-PD-1

pembrolizumab (10 mg/mL), V937 (MOI = 5), and pembrolizumab (10 mg/mL) + V937 (MOI = 5) (n = 4) for 72 h at 37�C, 5% CO2. Cell viability of COLO205 was determined in

CellTiter-Glo 2.0 assay (Promega). Mean percentages of viability, normalized to Ig4 isotype control-treated, ± standard deviations are shown. p values between V937 and

anti-PD-1 + V937 groups are shown; significant differences are indicated by the p values when p < 0.05 (NS = not significant). (C) Themedia from the co-culture of COLO205

cells and PBMCs with the various treatments were harvested at 72 h and assayed for protein concentrations of various cytokines and chemokines using multiplexed

electrochemiluminescence-based assays (n = 3). Mean ± standard deviations for IFN-a, IFN-g, IP-10, and IL-1b are shown. p values between V937 and anti-PD-1 + V937

groups are shown; significant differences are indicated by the p values when p < 0.05. (D) Cell viability was assessed in CRC-3 organoids in CellTiter-Glo 2.0 assay following

treatment of the co-culture of CRC-3 organoids and PBMCs, in presence of anti-CD3 (5 ng/mL), with either IgG4 isotype control (10 mg/mL), anti-PD-1 pembrolizumab

(10 mg/mL), V937 (MOI = 5), and pembrolizumab (10 mg/mL) + V937 (MOI = 5) for 72 h at 37�C, 5% CO2 (n = 4). Significant differences are indicated by the p values when

p < 0.05. (E) Representative brightfield images of CRC-3 organoids from the co-culture with PBMCs at 72 h under the treatment of IgG4 isotype control, V937 (MOI = 5),

pembrolizumab (10 mg/mL), V937 (MOI = 5), and pembrolizumab (10 mg/mL) + V937 (MOI = 5), all treatment groups included the presence of anti-CD3 mAb (5 ng/mL).
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of cytokines IFN-a, IL-12, IFN-g, IL-6, and chemokines IP-10 and
MIP-1a. The induction of the cytokines and chemokines only in
the co-culture reflects the dependency of immune activation on
V937-induced oncolysis.

Patient-derived organoids have been utilized to evaluate lytic and
antitumor activity of various oncolytic viruses including adenovirus
and measles vaccine virus.22–24 Here, we evaluated not only the lytic
activity of V937 in patient-derived CRC organoids and normal colon
organoids, but also assessed how V937-induced oncolysis may acti-
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vate immune cells. We showed that V937 treatment resulted in oncol-
ysis of ICAM-1+ CRC-2 organoids and did not kill normal organoids.
In co-culture of CRC-2 organoids and PBMCs, V937 activated genes
that were critical in both innate and adaptive immune responses.
V937-mediated activation of both innate and adaptive immunity
demonstrated their interdependence to drive a robust antitumor
response. Furthermore, V937 treatment of the co-culture increased
both ICAM-1 and CVA21/V937 in the CRC-2 organoids, but not
in the PBMCs. Therefore, the cross-talk appeared to be bidirectional.
It is crucial to highlight that potentially V937 treatment may increase
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Figure 7. Intratumoral V937 in combination with pembrolizumab reduced CRC-2 organoid burden in humanized mice

CRC-2 organoids (2� 106 cells) in 1:1 suspension with Matrigel were subcutaneously injected into the right flanks of 40 female, 20-week-old CD34+ humanized NSG mice

(The Jackson Laboratory). (A) IHC analysis of human ICAM-1 on CRC-2 tumors harvested 42 days following implant is shown. Scale bar, 100 mm. (B) Dosing was initiated

2 weeks following implantation of the CRC-2 organoids when the mean tumor volume reached 80 mm3. The 40 humanized mice engrafted with CD34+ cells from three

immune donors were distributed among four groups: Group 1: PBS or human IgG4 isotype control (10 mg/kg) (n = 9), Group 2: V937 (108 PFU) (n = 11), Group 3: Pem-

brolizumab (10 mg/kg) (n = 9), and Group 4: V937 (108 PFU) + pembrolizumab (10mg/kg) (n = 11). PBS and V937 were administered intratumorally on days 0, 2, 4, 6, 13, 17,

and 20, and isotype control or pembrolizumab were administered intraperitoneally on days 0, 7, and 14. Mean tumor volumes ± standard error of the mean is shown. (C)

Individual tumor growth curves for each animal in the four groups are shown.
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ICAM-1 expression on tumor cells, and in turn increase V937 infec-
tion and oncolysis of tumor cells.

Various cytokines, including IFN-g, TNF-a, IL-1b, and IL-6, have
been shown to increase ICAM-1 expression on various tumor types
including squamous cell carcinoma, renal cell carcinoma, and breast
carcinoma.35,37,38 V937 treatment of the co-culture of HCC cell
lines, CRC cell lines, and CRC organoids with PBMCs consistently
induced IFN-g. Here, we showed that recombinant IFN-g induced
dose-dependent ICAM-1 expression on the CRC cell line WIDR.
Moreover, addition of IFN-g with V937 drastically increased oncol-
ysis, highlighted the importance of IFN-g in mediating ICAM-1
expression of the cancer cells and played an essential role in the im-
mune-tumor cross-talk upon V937 treatment. As induction of IFN-
g is a hallmark of PD-1 blockade, we assessed whether cross-linking
CD3 with anti-PD-1 pembrolizumab mimics the effects of recombi-
nant IFN-g in the co-culture of either CRC cell lines or organoids
with PBMCs. We showed that activation of T cells with anti-
CD3 mAb in combination with pembrolizumab sensitized both
COLO205 cells and CRC-3 organoids to V937-induced oncolysis.
Last, we showed that intratumoral administration of V937 in com-
bination with pembrolizumab significantly reduced the tumor
burden of subcutaneous CRC-2 organoids in CD34+ humanized
NSG mice.

Our study highlights the importance of cell models to evaluate tumor
and immune cell interaction using both cancer cell lines and relevant
organoid models. However, a few limitations of the models used in
this study are worth mentioning, including the co-culture models
with allogeneic donor PBMCs. In addition, the non-contact co-cul-
ture system did not fully capture the tumor microenvironment. For
future studies, it would be interesting to determine the effect of the
stroma or other microenvironment effects, such as hypoxia, in the
co-culture system. Moreover, in the present study, we have yet to
explore the role of different cytokines and chemokines beyond IFN-
g in mediating this immune-tumor cross-talk. A combination of cy-
tokines rather than specific secreted factors will likely work together
to induce the optimal tumor response.

Silk et al.20 reported that in the Phase 1b CAPRA single-arm trial of
intratumoral V937 in combination with pembrolizumab in patients
with advanced melanoma, the responses were associated with
increased serum CXCL10 (IP-10) and CCL22, suggesting viral repli-
cation contributes to antitumor immunity and occurred even in
Molecular Therapy: Oncology Vol. 32 June 2024 9
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patients without a typical “immune-active”microenvironment. These
findings further support the model that V937 in combination with
PD-1 blockade may induce significant antitumor immunity in immu-
nologically quiescent tumor types, which may have lower ICAM-1
expression on tumor cells and lower baseline T cell infiltrates in the
tumors. The data in the present study show mechanistically how
V937 and pembrolizumab may act in synergy with V937-induced on-
colysis augmenting the activity of pembrolizumab and pembrolizu-
mab potentiating V937-induced oncolysis. V937 represents a poten-
tial versatile, immunotherapeutic modality to combine with PD-1
blockade for the treatment of immunologically quiescent tumors.

MATERIALS AND METHODS
TCGA and published study dataset analysis

The TCGA database (https://portal.gdc.cancer.gov/) was used for
analysis of clinical samples. Spearman correlation was used to deter-
mine the correlation coefficient between indicated gene expression.

V937 production

V937 was produced and purified at Merck & Co., Vaccine Process
Research & Development, Kenilworth, New Jersey. In brief, V937
was produced from infected MRC-5 (derived from ECACC
06072101) cell culture using a virus seed derived from a CVA21 Kuy-
kendall prototype strain (ATCCVR-850). Lysates were harvested and
clarified through depth filters and purified across an affinity chroma-
tography and two polishing ion-exchange chromatography steps and
purified V937 was exchanged into a stabilizing buffer and passed
through a 0.2-mm filter. PFUs of V937 lots were determined by stan-
dard plaque assay on human melanoma Mel624 or SKMEL28 cell
lines. MOI is defined as the ratio of viral particles (PFUs) to number
of cells.

Primary human tissue, patient-derived organoids, and cell lines

The melanoma (n = 93), HCC (n = 63), and CRC (n = 93) tissues that
were evaluated by IHC for ICAM-1 expression were commercially
sourced, FFPE specimens from the Merck Research Laboratories,
South San Francisco tissue bank.

Organoid cultures generated from primary normal colon or colorectal
tumor tissues were obtained from surgically resected samples with
informed consent from commercial sources (MT group, Discovery
Life Sciences, Tissue Solutions). The characterization of tissue speci-
mens as normal colon or colorectal cancer was confirmed by histo-
pathological evaluation of H&E stains by a pathologist. One normal
colorectal organoid line (NC-1) and CRC organoid lines (CRC-2
and CRC-3) were generated by 3D culturing of dissociated tissue.33

CRC-3 was classified as infiltrative colonic adenocarcinoma, grade
3 (poorly differentiated/high grade) with carcinoma that invades
muscularis propria based on pathology report. CRC-2 was classified
as poorly differentiated high-grade adenocarcinoma based on tumor
histology generated from CRC-2 organoids. The organoids developed
by self-organization, and are mainly composed of adenocarcinoma
epithelial cells and adult stem cells that are tissue-specific.39 The fresh
tissue was minced by a scalpel and embedded in Cultrex RGF BME
10 Molecular Therapy: Oncology Vol. 32 June 2024
Type R1 (Trevigen) with organoid medium consisting of 50%
R-spondin, Noggin, and Wnt3a conditioned medium (from
L-WRN cells, CRL-3276, ATCC), and completed with 50% advanced
DMEM/F12 supplemented with penicillin/streptomycin, 10 mM
HEPES, Glutamax (all from Lonza), Primocin (Invivogen), 1x B27
(Gibco), 1.25 mM N-Acetyl Cysteine (Sigma), 50 ng/mL human
EGF (Peprotech), 10 mM Y-27632, 500 nM A83–01, 3 mM
SB202190 (all from Selleck). For the culture of normal organoids,
25% of the Wnt3a conditioned medium (L-Wnt3a cells, CRL-2647,
ATCC) was added in addition to the complete organoid medium
described above. For terminal experiments with V937 treatment,
intact CRC organoids were harvested and cultured in the organoid
medium without ECM to allow V937 to infect the cancer cells.

All human cell lines were purchased from ATCC and cultured in
DMEM or RPMI with 10% FBS supplemented with penicillin/strep-
tomycin, 10 mM HEPES, and Glutamax at 37�C with 5% CO2.

Antibodies

Human IgG4 S228P isotype control (Lot 60AGK), anti-PD-1 hIgG4
S228P Pembrolizumab (Lot 30ADQ) were generated at Merck
Research Laboratories. Anti-CD3 mAb (clone OKT3, #170-076-
124) suitable for ex vivo T cell activation is from Miltenyl Biotec.

Non-contact co-culture of tumor cells and PBMCs

In the co-culture system, human tumor cell lines or organoids were
seeded in the lower chamber of a six-well plate and 2 � 106 healthy
donor PBMCs (Stem Cell Technologies, 70025.2) were seeded in
the top chamber of a transwell (Corning, 07-200-156) with RPMI
(Gibco, 2156000) supplemented with Glutamine, HEPES, and 10%
heat-inactivated FBS (Gibco, 26140-079). For organoid co-culture,
organoids were extracted from Cultrex matrigel by Cultrex Organoid
Harvesting Solution (Catalog # 3700-100-01). V937 was added to the
bottom of the chamber. V937 is approximately 28 nm and can pass
from the lower chamber to the upper chamber through the 0.4-mm
pores of the insert. In some experiments, recombinant human IFN-
g protein was used (R&D systems, 285-IF). Following 48 or 72 h of
treatment, the cells and culture media were harvested and stored at
�80�C prior to processing and analysis.

Cytokine/chemokine quantification assay

The concentrations of cytokines and chemokines were assessed by
V-PLEX Proinflammatory Panel 1 Human Kit, V-PLEX Chemokine
Panel 1 Human Kit (K15049D), U-PLEX Interferon Combo kit
(K15094K), and V-PLEX Chemokine Panel 1 Human Kit
(K15047D) from Meso Scale Discovery. The kits utilize multiplexed
electrochemiluminescence, and light intensity was measured by
SECTOR Imager S 600. The assays were performed according to
the manufacturer’s protocol.

Flow cytometry analysis

Isolated cells were fixed for 30 min in fixable viability dye (eBio-
science, 65-0866-14) in PBS, washed with FACS buffer (PBS/2%
FBS/2 mM EDTA) and stained with either PE anti-human ICAM-1
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Table 1. List of primer assay used for RNA expression analysis

Common ID Assay # Common ID Assay #

ACTA2 Hs00426835_g1 IL27 Hs00377366_m1

AIM2 Hs00915710_m1 IL33 Hs00369211_m1

ALPI Hs00357579_g1 IL6 Hs00985639_m1

ANPEP Hs00174265_m1 IL6RA Hs01075666_m1

APC Hs00181051_m1 IL7 Hs00174202_m1

APOBEC3G Hs00222415_m1 IL7R Hs00233682_m1

ASCL2 Hs00270888_s1 IRF3 Hs01547283_m1

ATG3 Hs00223937_m1 IRF4 Hs00180031_m1

ATG5 Hs00169468_m1 IRF7 Hs01014809_g1

AXIN2 Hs00610344_m1 ISG15 Hs00192713_m1

B2M Hs99999907_m1 JAG1 Hs00164982_m1

BAX Hs00180269_m1 JUN Hs01103582_s1

BMI1 Hs00995536_m1 KIT Hs00174029_m1

BMP4 Hs00370078_m1 KRT18 Hs01941416_g1

CARD9 Hs00364485_m1 KRT20 Hs00300643_m1

CASP10 Hs01017899_m1 LAG3 Hs00158563_m1

CASP8 Hs01018151_m1 LGR5 Hs00969420_m1

CCL3 Hs00234142_m1 LOX Hs00942482_g1

CCL5 Hs00174575_m1 MAP2K1 Hs00983247_g1

PROM1 Hs00195682_m1 MAP2K3 Hs00177127_m1

CD27 Hs00386811_m1 MAP3K1 Hs00394890_m1

CD276 Hs00987207_m1 MAP3K7 Hs01105682_m1

CD40 Hs00374176_m1 MAPK1 Hs00177066_m1

CD44 Hs00153304_m1 MAPK14 Hs01051152_m1

CD55 Hs00167090_m1 MAPK3 Hs00946872_m1

NT5E Hs01573923_m1 MAPK8 Hs01548508_m1

CD80 Hs00175478_m1 MCM4 Hs00381533_m1

CD8A Hs00233520_m1 MCM6 Hs00195504_m1

THY1 Hs00174816_m1 MEFV Hs00925524_m1

CDKN1A Hs00355782_m1 MICA Hs00741286_m1

CEACAM16 Hs00975061_m1 MICB Hs00746491_s1

CEACAM7 Hs00185152_m1 MKI67 Hs01032443_m1

CHUK Hs00989502_m1 MUC1 Hs00159357_m1

CMKLR1 Hs01081979_s1 MUC2 Hs03005103_g1

CTSB Hs00164368_m1 MX1 Hs00182073_m1

CTSL Hs00266474_m1 MYC Hs00153408_m1

CTSL1 Hs00175407_m1 MYD88 Hs01573837_g1

CVA21 CVA21_Custom NANOG Hs02387400_g1

CX3CL1 Hs00171086_m1 NFKB1 Hs00765730_m1

CXCL10 Hs00171042_m1 NFKBIA Hs00355671_g1

CXCL11 Hs00171138_m1 NKG7 Hs01120688_g1

CXCL12 Hs00171022_m1 NLRP3 Hs00918082_m1

CXCL13 Hs00757930_m1 NOD2 Hs00223394_m1

CXCL2 Hs00601975_m1 PMAIP1 Hs00560402_m1

(Continued)

Table 1. Continued

Common ID Assay # Common ID Assay #

CXCL3 Hs00171061_m1 OAS2 Hs00942643_m1

PF4 Hs00427220_g1 PDCD1 Hs00169472_m1

CXCL5 Hs00171085_m1 PDGFA Hs00236997_m1

CXCL6 Hs00237017_m1 PDGFRA Hs00998018_m1

CXCL8 Hs00174103_m1 PDGFRB Hs01019589_m1

CXCL9 Hs00171065_m1 CD274 Hs00204257_m1

CXCR1 Hs00174146_m1 PDCD1LG2 Hs00228839_m1

CXCR3 Hs01847760_s1 PDPN Hs00366766_m1

CXCR4 Hs00607978_s1 PIN1 Hs01598308_m1

CXCR5 Hs99999128_s1 POSTN Hs01566747_m1

CXCR6 Hs00174843_m1 PRF1 Hs00169473_m1

CYLD Hs00211000_m1 PSMB10 Hs00160620_m1

DDX3X Hs00606179_m1 PSTPIP1 Hs00182777_m1

DDX58 Hs00204833_m1 PTK6 Hs00966641_m1

FGFR2 Hs01552920_m1 BBC3 Hs00248075_m1

FZD3 Hs00184043_m1 PYCARD Hs00203118_m1

GADD45A Hs00169255_m1 RELA Hs00153294_m1

GZMA Hs00196206_m1 RIPK1 Hs00169407_m1

GZMB Hs00188051_m1 S100A4 Hs00243202_m1

HLA-A Hs01058806_g1 SOX17 Hs00751752_s1

HLA-B Hs00818803_g1 STAT1 Hs00234829_m1

HLA-C Hs03044135_m1 STAT3 Hs01051722_s1

HLA-DQA1 Hs03007426_mH TAP1 Hs00388675_m1

HLA-DRB1 Hs99999917_m1 TAP2 Hs00241060_m1

HLA-E Hs03045171_m1 TBK1 Hs00179410_m1

HSP90AA1 Hs00743767_sH TEK Hs00945146_m1

ICAM1 Hs00164932_m1 TGFB1 Hs00171257_m1

IDO1 Hs00158027_m1 TGFB2 Hs00234244_m1

IFIH1 Hs00223420_m1 TGFB3 Hs00234245_m1

IFNA1 Hs00855471_g1 TIGIT Hs00545087_m1

IFNA2 Hs00265051_s1 TIMP1 Hs00171558_m1

IFNAR1 Hs01066116_m1 TIMP2 Hs00234278_m1

IFNB1 Hs01077958_s1 TLR3 Hs01551078_m1

IFNG Hs00989291_m1 TLR7 Hs01933259_s1

IHH Hs01081801_m1 TLR8 Hs00607866_mH

IKBKB Hs00233287_m1 TLR9 Hs00370913_s1

IL10 Hs00174086_m1 TNF Hs00174128_m1

IL12A Hs01073447_m1 TNFRSF10A Hs00269492_m1

IL12B Hs01011518_m1 CCND1 Hs00765553_m1

IL15 Hs00174106_m1 TNFRSF9 Hs00155512_m1

IL18 Hs01038788_m1 TNFSF8 Hs00174286_m1

IL1A Hs00174092_m1 TRADD Hs00601065_g1

IL1B Hs01555410_m1 TRAF3 Hs00974570_m1

IL2 Hs00174114_m1 TRAF6 Hs00270336_m1

(Continued on next page)
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Table 1. Continued

Common ID Assay # Common ID Assay #

IL21 Hs00222327_m1 TRIM25 Hs01116121_m1

IL21R Hs00222310_m1 VIL1 Hs01031739_m1

IL22 Hs01574152_g1 WNT2 Hs00608224_m1

IL23A Hs00372324_m1 WNT3A Hs00263977_m1

UBB Hs00430290_m1
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(Biolegend, 353105) or PE Mouse IgG1 isotype (Biolegend, 400113)
for 30min on ice. The cells were analyzed on LSRFortessa flow cytom-
eter (BD Biosciences). Data were acquired using the FACSDIVA soft-
ware (BD Biosciences). All flow cytometry data were analyzed with
FlowJo (TreeStar Software).

Apoptotic cell death analysis

Apoptotic cell death was quantified by Cell Death Detection Plus
ELISA (Roche) or Incucyte S3 using Incucyte Annexin V Red dye
or Cytotox Green dye (Essence BioScience, Hertfordshire, United
Kingdom). The assays were performed according to the manufac-
turer’s protocol.

CellTiter-Glo Luminescent cell viability assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7571)
was used to determine cell viability based on quantitation of ATP.
The assay was performed according to the manufacturer’s protocol.

RNA expression analysis

For real-time PCR analysis, total RNA was isolated from cells using
Arcturus PicoPure RNA Isolation method, according to the manufac-
turer’s protocol (Thermo Fisher Scientific). DNase-treated total RNA
was reverse transcribed using QuantiTect Reverse Transcription
(Qiagen) according to the manufacturer’s instructions. Primers
were obtained commercially from Thermo Fisher Scientific. Primer
assay IDs are listed in Table 1. Gene-specific preamplification was
done per Standard Biotools Biomark manufacturer’s instructions
(Standard Biotools). Real-time quantitative PCR was performed on
the Fluidigm Biomark using 20X Taqman primer assays (Thermo
Fisher Scientific) with TaqMan Fast Universal PCR Master Mix
with UNG. Samples and primers were run on a 96.96 Dynamic Array
per manufacturer’s instructions (Standard Biotools). Ubiquitin levels
were measured in a separate reaction and used to normalize the data
by the D Ct method. Using the mean-cycle threshold value for ubiq-
uitin and the gene of interest for each sample, the Equation 1.8 ^ (Ct
ubiquitin minus Ct gene of interest) � 104 was used to obtain the
normalized values.

Immunohistochemistry

IHC for ICAM-1 was conducted on 5-mm sections of FFPE tissue. In
brief, tissue sections were deparaffinized and rehydrated with serial
passage through changes of xylene and graded ethanols. All slides
were subjected to heat-induced epitope retrieval in Envision FLEX
Target Retrieval Solution, High pH (Dako Corporation, Carpinteria,
12 Molecular Therapy: Oncology Vol. 32 June 2024
CA) in a PT Link unit (Dako). Endogenous peroxidase in tissues was
blocked by incubation of slides in 3% hydrogen peroxide solution
before incubation with primary antibody (anti-ICAM-1 clone
E3Q9N, Cell Signaling Technology, Danvers, MA) for 60 min. Anti-
gen-antibody binding was visualized with the FLEX + polymer system
(Dako) and application of 3,30 diaminobenzidine chromogen (Dako).
Stained slides were counterstained with hematoxylin and coverslip-
ped for review and scoring. Scoring was conducted by a pathologist
using a semiquantitative scale of 0–5, in which positive tumor and im-
mune cell frequency within the tumor region was grouped into the
following categories: 0 indicates negative, 1 indicates rare, 2 indicates
low, 3 indicates moderate, 4 indicates high, and 5 indicates very high.
Humanized mice study

All mouse experiments were conducted according to protocols
approved by the Institutional Animal Care and Use Committee at
Merck Research Labs, South San Francisco, CA. Forty 20-week-
old CD34+ humanized NSG mice (The Jackson Laboratory) which
were engrafted with human cord blood derived CD34+ cells from
three immune donors, confirmed to have engraftment of >25%
hu-CD45+ cells in the peripheral blood. CRC-2 organoids were
cultured in organoid media for 1 week, and the organoids were har-
vested with TrypLE Express (Thermo, 12604013) to obtain a single
cell suspension. Cells were added to the solution of Matrigel (Corn-
ing, 354263) diluted 1:3 in PBS; 100 mL of the cell mixture with
approximately 2 � 106 live cells were implanted subcutaneously
onto the right flank of the 40 CD34+ humanized NSG mice using
26-gauge syringe needles (BD, Cat# 305111). Treatment was initi-
ated when the mean tumor volume reached 80 mm3, 2 weeks
following implant of CRC-2 organoids. The mice, representing three
immune donors, were distributed across four groups: Group 1: PBS/
10 mg/kg isotype hIgG4; Group 2: 108 PFUV937; Group 3: 10 mg/kg
anti-PD-1 pembrolizumab; Group 4: 108 PFU V937 and 10 mg/kg
pembrolizumab. PBS and V937 were administered intratumorally
on days 0, 2, 4, 6, 13, 17, and 20, and isotype control mAb or pem-
brolizumab were administered intraperitoneally on days 0, 7, and
14. Tumor volumes (mm3) were calculated using the following for-
mula: (length � width2)/2.
Statistical analysis

Statistical analysis was performed using Excel (Microsoft) and
GraphPad Prism 6 (Graphpad software, Inc) to determine the statis-
tical significance of differences between means. Unless otherwise
specified, Student’s t test was used for calculating p value.
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