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Abstract
Malignant pleural mesothelioma (MPM) is an aggressive solid cancer with a poor 
prognosis, whereas coxsackievirus A11 (CVA11) is a potential oncolytic virus for 
cancer treatment. We here investigated the oncolytic activity of CVA11 with human 
MPM cell lines. CVA11 infection was cytotoxic in all six MPM cell lines examined 
and showed no or minimal cytotoxicity toward normal human normal cell lines. MPM 
cells with a higher surface level of intercellular adhesion molecule-1 (ICAM-1) expres-
sion tended to be more susceptible to CVA11-induced cytotoxicity, and a neutralizing 
antibody to ICAM-1 attenuated such cytotoxicity. CVA11 infection activated signal-
ing by Akt and extracellular signal-regulated kinase (ERK) pathways, and inhibitors 
of such signaling also abrogated CVA11-mediated cytotoxicity. Furthermore, CVA11 
infection-triggered multiple modes of tumor cell death including apoptosis, pyropto-
sis, and necroptosis, and such death was accompanied by the release or exposure of 
the proinflammatory cytokine interleukin-1β and damage-associated molecular pat-
terns such as calreticulin, high-mobility group box-1, annexin A1, and heat shock pro-
tein 70, which are hallmarks of immunogenic cell death. Notably, in vivo treatment 
of human MPM xenografts with intratumoral CVA11 injection resulted in significant 
suppression of tumor growth in SCID mice, and all mice infected with CVA11 showed 
no significant change in body weight. Our findings collectively suggest that the onco-
lytic activity of CVA11 for MPM is dependent on ICAM-1 as a virus receptor, as well 
as on Akt and ERK signaling, and that oncolytic virotherapy with CVA11 is a promising 
treatment modality with immunostimulatory activity for human MPM.

K E Y W O R D S
Enterovirus, immunogenic cell death, intercellular adhesion molecule-1, mesothelioma, 
oncolytic virotherapy
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1  |  INTRODUC TION

Malignant pleural mesothelioma is an aggressive cancer with a 
dismal prognosis. The incidence of the disease appears to have 
peaked in Europe and the USA but is expected to increase in de-
veloping countries.1 Surgery, radiation therapy, and chemother-
apy have been the mainstay of treatment for MPM in the past 
and, recently, with the advent of immune checkpoint inhibitors 
(ICIs), the efficacy of immunotherapy has been proven.2,3 As stan-
dard therapy, first-line treatment with nivolumab and ipilimumab 
and second- and later-line treatment with nivolumab monother-
apy were approved in Japan in 2021. However, these available 
treatments for MPM have had limited efficacy, with there thus 
being an urgent need for new therapeutic strategies. Oncolytic 
virotherapy is a rapidly emerging therapeutic approach, as evi-
denced by the recent approval and initial success of talimogene 
laherparepvec (T-VEC) for the treatment of individuals with ad-
vanced melanoma.4 Oncolytic viruses represent a new class of 
therapeutic agents with a dual mechanism of action dependent 
on their preferential replication in, and consequent direct killing 
of, malignant cells, as well as the induction of secondary systemic 
antitumor immunity.

Using RNA viruses as oncolytic agents appears to be safer than 
using DNA viruses because most single-stranded RNA viruses rep-
licate in the cytoplasm of host cells and lack the potential geno-
toxicity associated with integration of the viral genome into host 
DNA.5 In particular, enteroviruses, a diverse group of small RNA 
viruses belonging to the Picornaviridae family, have been proposed 
as candidates for oncolytic virotherapy that induce immunogenic 
cell death (ICD) of host cells as evidenced by the release or expo-
sure of DAMPs.6,7 Therapeutic advantages to using enteroviruses 
include their rapid induction of cytolytic changes, the absence 
of oncogenes from their genomes, and the relative ease with 
which they can be manipulated by reverse genetics approaches. 
Importantly, most enteroviruses other than poliovirus are preva-
lent and usually associated with asymptomatic infections or mild 
disease.8

We previously showed that the Enterovirus strain of CVA11 
exerts marked oncolytic activity in human colon cancer cell lines 
both in vitro and in vivo, without inducing body weight loss or 
mortality in mice.7 As far as we have searched, there has been no 
previous report on whether CVA11 is cytotoxic to human normal 
cells, and there has been no evidence of serious disease caused 
by CVA11 infection, with aseptic meningitis being the most com-
mon but relatively rare condition associated with such infection,9 
suggestive of a low pathogenicity of CVA11. To develop novel vi-
rotherapy for MPM with an improved safety profile, we here in-
vestigated the oncolytic activity of CVA11 with a panel of human 
MPM cell lines, characterized the modalities of cell death elicited 
by CVA11 infection, and examined the potential effect of the virus 
on tumor immunogenicity.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

Four-week-old female CB-17/Icr-scid/scidJcl mice were purchased 
from CLEA Japan, Inc. All animal experiments (approval number: 
A22-213) were carried out under the Kyushu University Guidelines 
for Animal Experiments and the Japanese government's Law 105 
Notification 6.

2.2  |  Cell lines

Human MPM cell lines H2052, H2452, and MSTO, the human 
normal mesothelial cell line MET-5A, and human non–small-cell 
lung cancer cell line H1299 were obtained from American Type 
Culture Collection. The human MPM cell lines ACC-MESO-1, 
ACC-MESO-4,10 and HMMME were obtained from the RIKEN Cell 
Bank. The normal human epidermal keratinocyte cell line HaCaT 
was kindly provided by T. Yokomizo (Department of Molecular and 
Cellular Biochemistry, Faculty of Medicine, Juntendo University, 
Japan). All cell lines were expanded for at least one passage before 
storage at −80°C until use. Thawed HMMME, HaCaT, MeT-5A, and 
the other cells were resuspended in Ham's F-12 medium, DMEM, 
Tissue Culture Medium-199, and RPMI-1640 medium, respectively. 
Ham's F-12 medium and the other media were supplemented with 
15% and 10% FBS, respectively. All media were supplemented 
with 1% penicillin–streptomycin. All cell lines were confirmed to be 
free of Mycoplasma contamination using a MycoAlert Mycoplasma 
Detection Kit (Lonza).

2.3  |  Production of Enterovirus

CVA11 (prototype Belgium-1 strain) was kindly provided by K. 
Tani (Laboratory of ALA Advanced Medical Research, Institute for 
Quantitative Biosciences, The University of Tokyo) and was propa-
gated in H1299 cells. The median tissue culture infectious dose 
(TCID50) per milliliter was determined using a HeLa cell monolayer, 
as previously described.11

2.4  |  Crystal violet staining

Cells cultured in 24-well plates were gently washed twice with PBS, 
fixed for 10 min with 0.5% glutaraldehyde in PBS, washed again with 
PBS, and stained with 0.1% crystal violet (Sigma-Aldrich) in a solu-
tion of 2% ethanol in distilled water. The cells were then washed 
twice with distilled water, air dried, and photographed under a BZ-
X800 digital microscope (Keyence). The area of staining in each cul-
ture well was quantitated using BZ-H4A software (Keyence).
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    |  3OKAMURA et al.

2.5  |  Flow cytometric analysis

Cells were stained with phycoerythrin-conjugated antibodies to 
human DAF (BD Biosciences, Franklin Lakes, NJ), fluorescein isothio-
cyanate (FITC)-conjugated antibodies to human ICAM-1 (Biolegend), 
allophycocyanin-conjugated antibodies to human CD274 (B7-H1, 
PD-L1; Biolegend), phycoerythrin (PE)-conjugated antibodies to 
human CD273 (B7-DC, PD-L2; Biolegend), primary antibodies to 
human calreticulin (Abcam), or Alexa Fluor 647-conjugated second-
ary antibodies (Abcam) for examination of surface expression of 
the corresponding antigens. For detection of apoptosis, cells were 
stained with FITC-labeled annexin V (Biolegend) at 0.45 μg/ml and 
with propidium iodide (PI) (Biolegend) at 5 μg/ml.12 Data were ob-
tained with a FACSverse instrument (BD Biosciences), and analyzed 
using FlowJo software version 10.5.3 (FlowJo, LLC).

2.6  |  MTS assay of cell viability

The MTS assay was performed using a CellTiter 96 AQueous One 
Solution Cell Proliferation Assay Kit (Promega).

2.7  |  Inhibitor treatment

Cells were exposed for 1 h before CVA11 infection to the PI3K inhibitor 
LY294002 (Santa Cruz Biotechnology), the MEK inhibitor PD0325901 
(Wako), the pan-caspase inhibitor Z-VAD-FMK (R&D Systems), the 
caspase-3 inhibitor Z-DEVD-FMK (Selleck, Houston, TX), the cas-
pase-8 inhibitor Z-IETD-FMK (Selleck), the caspase-1 inhibitor Ac-
YVAD-CMK (Bachem), the caspase-12 inhibitor Z-ATAD-FMK (R&D 
Systems), or the RIPK1 inhibitor necrostatin-1 (Chemscene).

2.8  |  Neutralization

Cells were exposed for 1 h before CVA11 infection to anti-human 
CD54 monoclonal antibody clone HCD54 (Biolegend).

2.9  |  ELISAs

The concentrations of HMGB1, HSP70, annexin A1, and IL-1β in cul-
ture supernatants were measured using an HMGB1 ELISA Kit Exp 
(Shino-Test), an HSP70 ELISA Kit (Proteintech), a Human Annexin A1 
ELISA Kit (Abcam), and a Human IL-1β ELISA Kit (Abcam), respectively.

2.10  |  Immunoblot analysis

Cell lysates were fractionated using SDS-PAGE and subjected to 
immunoblot analysis, as described previously.13 Primary antibodies 

included those to S473-phosphorylated Akt, to Akt, to T202/Y204-
phosphorylated ERK1/2, to ERK1/2, to S358-phosphorylated MLKL, 
to MLKL, to cleaved caspase-3, to PARP, and to β-actin (all from Cell 
Signaling Technology).

2.11  |  Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.4.3 
software (GraphPad Software). Data are presented as means + SD 
values as indicated and were compared with the unpaired t-test. A 
p-value of <0.05 was considered statistically significant. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.

3  |  RESULTS

3.1  |  Cytotoxicity of CVA11 infection in human 
MPM cell lines

To evaluate the potential oncolytic activity of CVA11 infection for 
MPM, we exposed various human MPM cell lines, a normal human 
mesothelial cell line (MeT-5A), and a normal human skin epidermal 
keratinocyte cell line (HaCaT) to CVA11 at a multiplicity of infec-
tion (MOI) of 0.1, 1, or 10 and measured cell viability after 72 h by 
staining with crystal violet. Infection with CVA11 manifested MOI-
dependent oncolytic activity in all six MPM cell lines examined, 
whereas cytotoxicity was less in MeT-5A cells and absent in HaCaT 
cells (Figure 1A; Figure S1A). Quantitative analysis with the MTS cell 
viability assay confirmed, for entry of CVA11, the oncolytic effect 
of CVA11 infection in all six cell lines, and proved that CVA11 had 
less or no cytotoxicity compared with normal cell lines (Figure 1B; 
Figure S1B).

3.2  |  ICAM-1 as a putative cell surface receptor for 
CVA11 infection in human MPM cell lines

The receptor for entry of CVA11 into host cells has not been iden-
tified definitively. We investigated the relationship between the 
surface expression level of intercellular adhesion molecule-1 (ICAM-
1) or DAF, both of which are candidate receptors for CVA11 infec-
tion,14,15 and CVA11-mediated cytotoxicity in human MPM cell lines. 
The surface expression levels of ICAM-1 and DAF varied among the 
six human MPM cell lines examined (Figure  2A; Figure  S2A). We 
found that cell lines with a higher ICAM-1 level tended to be more 
susceptible to CVA11-mediated cytotoxicity (Table 1). Furthermore, 
crystal violet staining revealed that neutralizing antibodies to human 
ICAM-1 markedly attenuated CVA11-dependent cytotoxicity in all 
six MPM cell lines (Figure 2B; Figure S2B). Together, these results 
thus implicated ICAM-1 as a primary receptor for CVA11 entry into 
host cells.
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4  |    OKAMURA et al.

3.3  |  Contribution of MEK/ERK and PI3K/Akt 
signaling pathways to CVA11-mediated cytotoxicity in 
human MPM cell lines

The replication and cytotoxicity of enteroviruses are dependent on 
the ERK kinase (MEK)/extracellular signal-regulated kinase (ERK) and 

phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways.16–18 
We therefore investigated whether CVA11 infection induced the 
phosphorylation (activation) of ERK and Akt in human MPM cell 
lines. CVA11 infection induced marked phosphorylation of ERK and 
Akt in all four MPM cell lines examined (Figure  3A). We next ex-
amined the effects of the MEK inhibitor PD0325901 and the PI3K 

F I G U R E  1  CVA11 preferentially destroys human MPM cell lines but leaves normal human skin cells unharmed. The indicated human 
MPM and normal cell lines were infected with CVA11 or mock for 72 h, after which cytotoxicity was evaluated by crystal violet staining (A), 
or the MTS cell viability assay (B). Quantitative data are expressed relative to the viability of mock-infected cells and are means + SD from 
three independent experiments.
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    |  5OKAMURA et al.

inhibitor LY294002 on CVA11-mediated cytotoxicity in H2052 
cells. Both PD0325901 and LY294002 significantly inhibited the 
cytotoxicity of CVA11 infection in these cells and also reduced the 
viral titer of CVA11 released from H2052 cells at 36 h post-infection 
(Figure 3B; Figure S3), revealing that activation of both MEK/ERK 
and PI3K/Akt pathways was associated with replication of CVA11 
in these MPM cells.

3.4  |  Contribution of apoptosis, pyroptosis, and 
necroptosis to CVA11-mediated cytotoxicity in 
human MPM cell lines

Oncolytic viruses have been found to kill cancer cells through the 
induction of various types of cell death, including apoptosis, necrop-
tosis, and pyroptosis.19 We evaluated whether CVA11 infection 

F I G U R E  2  Identification of ICAM-1 as a putative cell surface receptor for CVA11 infection in human MPM cell lines. (A) Flow cytometric 
analysis of surface expression of ICAM-1 and DAF in various human MPM and normal cell lines. Histograms represent fluorescence of 
cells stained with isotype control (blue) or specific (red) antibodies. (B) The indicated human MPM cell lines were incubated for 1 h with or 
without neutralizing antibodies to ICAM-1 (20 μg/ml) or isotype control antibodies in RPMI-1640 medium and were then infected (or not) 
with CVA11 (MOI = 10) for 72 h. CVA11-induced cell lysis was then evaluated by staining with crystal violet. All data are representative of 
three independent experiments.
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6  |    OKAMURA et al.

might induce these modes of cell death in human MPM cell lines. 
Flow cytometric analysis revealed that all three human MPM cell 
lines examined manifested a substantial proportion of both early 
apoptotic (annexin V+PI−) and late apoptotic (annexin V+PI+) cells 

after infection with CVA11 (MOI = 10) (Figure 4A). In addition, im-
munoblot analysis showed that the abundance of cleaved forms of 
caspase-3 and PARP, both of which are hallmarks of apoptosis, was 
increased in CVA11-infected H2052 cells (Figure 4B). Furthermore, 

Cell line

CVA11-mediated cytotoxicity
Surface expression 
(%)

MOI = 0.1 MOI = 1 MOI = 10 ICAM-1 DAF

H2052 ++ +++ +++ 97.5 99.0

H2452 − +++ +++ 100 71.0

MESO-1 + ++ ++ 19.3 98.6

MSTO − − + 48.0 99.7

Note: CVA11-mediated cytotoxicity was determined 3 days post-infection by crystal violet staining 
and was classified as − (0%–25% decrease in staining intensity), + (26%–50%), ++ (51%–75%), or 
+++ (76%–100%). The surface expression of ICAM-1 and DAF was quantified by flow cytometry 
for the same batches of cells assessed for CVA11 cytotoxicity.

TA B L E  1  Relationship between 
CVA11-mediated cytotoxicity and surface 
expression of ICAM-1 or DAF in human 
MPM cell lines

F I G U R E  3  Roles of MEK/ERK and 
PI3K/Akt pathways in CVA11-mediated 
cytotoxicity in human MPM cell lines. (A) 
The indicated human MPM cell lines were 
infected (or not) with CVA11 (MOI = 10) 
for 24 h, after which cell lysates were 
subjected to immunoblot analysis with 
antibodies to T202/Y204-phosphorylated 
(P-) or total forms of ERK1/2, to S473-
phosphorylated (P-) or total forms of Akt, 
or to β-actin (loading control). (B) H2052 
cells were incubated in the absence 
or presence of MEK or PI3K inhibitors 
for 1 h, infected (or not) with CVA11 
(MOI = 10) for 36 h, and then subjected 
to the MTS cell viability assay. Data are 
expressed relative to the value for mock-
infected cells not exposed to inhibitor 
(control) and are means + SD from three 
independent experiments. See also 
Figure S3.

F I G U R E  4  CVA11 induces apoptosis, pyroptosis, and necroptosis in human MPM cell lines. (A) Flow cytometric analysis of apoptosis in 
human MPM cells at 24 h after infection with CVA11 (MOI = 10). Annexin V+PI− and annexin V+PI+ cells represent early and late apoptotic 
cells, respectively. (B) H2052 cells infected (or not) with CVA11 (MOI = 10) for 36 h were subjected to immunoblot analysis with antibodies 
to cleaved caspase-3 and to PARP. (C) Human MPM cells were infected with CVA11 or mock for 24 h, after which the concentration of 
IL-1β in the culture supernatant was measured with an ELISA. (D–G) H2052 cells were incubated in the absence or presence of various 
concentrations of caspase inhibitors for 1 h and then infected with CVA11 (MOI = 10) for 36 h, after which cell viability was assessed with 
the MTS assay (D, F) and the CVA11 titer in the supernatant was measured (E, G). (H) H2052 cells infected (or not) with CVA11 (MOI = 10) 
for 36 h were subjected to immunoblot analysis with antibodies to S358-phosphorylated (P-) or total forms of MLKL. (I, J) H2052 cells 
were incubated with the indicated concentrations of necrostatin-1 (RIPK1 inhibitor) for 1 h and then infected with CVA11 (MOI = 10) 
for 36 h, after which cell viability was assessed with the MTS assay (I) and the CVA11 titer in the supernatant was measured (J). Data are 
representative of three independent experiments (A, B, H). Quantitative data are expressed relative to the data of mock-infected cells (C) or 
nontreated infected cells (D–F, I), and are means + SD from three independent experiments.
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    |  7OKAMURA et al.

an enzyme-linked immunosorbent assay (ELISA) showed that infec-
tion of human MPM cells with CVA11 induced a significant increase 
in the extracellular level of the proinflammatory cytokine interleukin 
(IL)-1β, a hallmark of pyroptosis (Figure 4C).

We next evaluated the effect of Z-VAD-FMK, a pan-caspase in-
hibitor, on CVA11-mediated cytotoxicity in H2052 cells. Z-VAD-FMK 
attenuated the cytotoxicity of CVA11 in a concentration-dependent 
manner, reducing the viral titer of CVA11 released into the culture 
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8  |    OKAMURA et al.

supernatant (Figure 4D,E). To identify caspases that contributed to 
CVA11-mediated cytotoxicity, we further evaluated the effects of 
the caspase-3 inhibitor Z-DEVD-FMK and the caspase-8 inhibitor 
Z-IETD-FMK, both of which prevent apoptosis; the caspase-1 inhib-
itor Ac-YVAD-CMK, which prevents pyroptosis; and the caspase-12 
inhibitor Z-ATAD-FMK, which prevents endoplasmic reticulum (ER) 
stress-induced apoptosis. Among these agents, only the caspase-1 
inhibitor Ac-YVAD-CMK attenuated CVA11-mediated cytotoxic-
ity in a concentration-dependent manner, and reduced the titer of 
CVA11 released into the culture supernatant (Figure 4F,G).

To evaluate whether CVA11 infection also induced necropto-
sis in human MPM cells, we examined the possible effect of such 
infection on the phosphorylation of MLKL in H2052 cells. CVA11 
infection indeed induced MLKL phosphorylation in these cells 
(Figure  4H). We therefore assessed the effect of necrostatin-1, a 
RIPK1 inhibitor that prevents necroptosis, on CVA11-mediated cy-
totoxicity. Necrostatin-1 attenuated the cytotoxicity of CVA11 in-
fection in H2052 cells with a reduction in the CVA11 titer in the 
culture supernatant (Figure 4I,J). Together, these various data thus 
indicated that CVA11 induces multiple modes of cell death, including 
apoptosis, pyroptosis, and necroptosis in human MPM cells.

3.5  |  CVA11 infection elicits ICD as evidenced by 
DAMP induction in human MPM cell lines

ICD is a type of regulated cell death in tumor cells that activates 
secondary adaptive immune responses specific for tumor-associated 
antigens.20 ICD has been defined by exposure on the cell surface or 
the release of a group of molecules known as DAMPs and include 
calreticulin, HMGB1, annexin A1, and HSP70. These molecules are 
components of the innate immune response and are exposed on, or 
released from, damaged or dying cells due to trauma or infection 
with a pathogen.21–23 We investigated whether CVA11 infection 
induces ICD in MPM cells. Flow cytometry showed that infection 
of human MPM cell lines with CVA11 (MOI = 10) induced marked 
exposure of calreticulin on the cell surface (Figure 5A). Furthermore, 
ELISAs revealed that CVA11 infection induced significant release of 
HMGB1, annexin A1, or HSP70 in an MOI-dependent manner from 
all five human MPM cell lines examined (Figures 5B–D).

Programmed cell death-ligand 1 has been implicated in the sup-
pression of the adaptive immune system.24 We therefore investi-
gated the effect of CVA11 infection on the surface expression of 
PD-L1 and the related molecule PD-L2 in human MPM cell lines. 
Infection with CVA11 resulted in a marked increase in surface 

expression of PD-L1 but not of PD-L2 in H2052, H2452, or MESO-4 
cells (Figure 5E).

3.6  |  Serial intratumoral administrations of CVA11 
result in robust tumor regression in xenograft 
models of human MPM cells

We determined the in vivo oncolytic effect and tolerability of five 
consecutive intratumoral CVA11 injections on severe combined im-
munodeficiency (SCID) mice bearing pre-established subcutaneous 
H2052 MPM xenografts (4 mm in diameter) (Figure  6A). The mice 
treated with consecutive injections of CVA11 showed a significant 
regression in tumor volume compared with the untreated mice on 
day 54 (p < 0.001; Figure 6B), and we observed complete tumor re-
gression in four of the five mice (80%) treated with CVA11, whereas 
none of the untreated mice rejected the tumor. In addition, none 
of the mice treated with CVA11 showed significant weight loss 
(Figure 6C), nor died from side effects.

4  |  DISCUSSION

We have here revealed robust cytotoxicity of CVA11 infection in 
numerous human MPM cell lines, even at an MOI as low as 0.1, sug-
gesting that tumor cells of mesothelial origin are highly susceptible 
to such infection. Furthermore, we found that intratumoral CVA11 
administration into the subcutaneous xenografts elicited significant 
suppression of tumor growth without serious side effects in the 
CVA11-treated mice. The reason for the marked in vivo antitumor 
activity of CVA11 in which 80% of mice manifested complete regres-
sion could stem from the abundant expression of ICAM-1 in H2052 
cells, suggesting that expression levels of ICAM-1 in tumors might be 
a predictive biomarker for efficacy of CVA11 treatment.

Coxsackieviruses of the same Enterovirus cluster as CVA11 
have been found to target ICAM-1 as their primary receptor for at-
tachment and internalization, as well as DAF as a coreceptor for a 
secondary site of virus attachment.25 Our results now suggest that 
ICAM-1 might also serve as a primary receptor for CVA11 entry 
into cancer cells, with neutralizing antibodies to human ICAM-1 
being shown to inhibit CVA11-mediated cytotoxicity in human 
MPM cells. Among the human MPM cell lines we used, MESO-1 
and MSTO are non-epithelial, and the others are epithelial ac-
cording to the product information of the suppliers. Figure 1 and 
Figure  S1 show that CVA11 infection tends to be less cytotoxic 

F I G U R E  5  ICD-related DAMP induction by CVA11 infection in human MPM cell lines. (A) Flow cytometric analysis of calreticulin 
expression at the surface of human MPM cells at 10 h after infection with CVA11 (MOI = 10). MFI, mean fluorescence intensity. (B–D) 
The indicated human MPM cell lines were infected with CVA11 or mock for 24 h, after which the concentrations of HMGB1 (B), annexin 
A1 (C), and HSP70 (D) in the supernatant were measured with ELISAs. Data are means + SD from three independent experiments. (E) Flow 
cytometric analysis of PD-L1 and PD-L2 expression at the surface of human MPM cells infected (or not) with CVA11 (MOI = 10) for 18 h. 
Histograms represent the measured fluorescence of cells incubated with isotype control (blue) or specific (red) antibodies, and data are 
representative of three independent experiments (A, E).
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to normal human cells and non-epithelial human cancer cells, 
whereas it shows high cytotoxicity in epithelial cancer cells. The 
different sensitivity between human epithelial and non-epithelial 
mesothelioma cell lines to CVA11 infection may be partially ex-
plained by the ICAM-1 expression levels on cellular membranes 
(Figure 2; Figure S2). ICAM-1 has previously been implicated in the 
progression, prognosis, and metastasis of solid tumors,26–28 as well 
as been shown to express at a high level on human malignant me-
sothelioma cells.29 These various observations provide a plausible 
basis for the use of CVA11 treatment of individuals with advanced 
MPM expressing ICAM-1 at a high level.

The MEK/ERK and PI3K/Akt signaling pathways play key roles 
in the regulation of cell proliferation, growth, differentiation, and 
survival.30,31 These pathways are activated in many solid tumors, 
including MPM.32–34 We have now found that CVA11 infection in-
creased the activity of both ERK and Akt and that inhibitors of MEK 
and PI3K attenuated CVA11-mediated cytotoxicity in human MPM 
cells. These inhibitors also attenuated the release of CVA11 virions 
from infected MPM cells, highlighting an interplay of CVA11 repli-
cation with cellular components that might be exploited to improve 
the antitumor efficacy of CVA11 infection. Furthermore, the sys-
temic administration of MEK or PI3K inhibitors might block unde-
sired CVA11 replication and thereby mitigate adverse events in the 
clinical setting.

We found that CVA11 infection induced the death of human 
MPM cells via apoptosis, pyroptosis, and necroptosis. A caspase-1 
inhibitor was proven to significantly attenuate CVA11-mediated 
cytotoxicity and viral replication, whereas inhibitors of caspases 
3, 8, or 12 had no such effects. Caspase-1 was previously shown 

to mediate not only pyroptotic, but also apoptotic, cell death.35 
Our results thus suggest that caspase-1 activity is a key mediator 
of CVA11-dependent cytotoxicity and viral replication in human 
MPM cells, and that release of the proinflammatory cytokine IL-
1β associated with such cytotoxicity might promote innate cellular 
immune responses to MPM tumors. We also found that CVA11 in-
fection increased the phosphorylation of MLKL and that a RIPK1 
inhibitor significantly attenuated CVA11-mediated cytotoxicity 
and viral replication, implicating necroptosis in the CVA11-induced 
death of human MPM cells. Treatment with inhibitors of caspase-3 
or caspase-8 actually enhanced CVA11-mediated cytotoxicity in 
human MPM cells. Given that inhibition of caspase-3 or caspase-8 
has previously been shown to abrogate apoptosis but to promote 
necroptosis,36,37 our results might be explained by the promotion 
of necroptosis by the caspase-3 and caspase-8 inhibitors in human 
MPM cells. The simultaneous induction of apoptosis, pyroptosis, 
and necroptosis in MPM cells may prevent the development of re-
sistance to CVA11 infection due to the acquisition of mutations that 
block any one pathway,38 leading to robust inflammatory cell death 
and activation of the immune system. Indeed, the induction of apop-
tosis, pyroptosis, or necroptosis in cancer cells has attracted recent 
attention as a potential new treatment strategy for cancer.39–41 The 
induction of multiple modes of cancer cell death accompanied by 
proinflammatory cytokine release thus makes CVA11 a promising 
oncolytic agent capable of eradicating tumor cells resistant to stan-
dard anticancer treatments.

In addition to direct cytolysis, another important component 
of the sustained therapeutic effect of oncolytic viruses is their 
ability to elicit secondary antitumor immune responses.42,43 Such 

F I G U R E  6  In vivo therapeutic effect of intratumoral CVA11 administration on subcutaneous human MPM xenografts. (A) Schedule of 
CVA11 treatment: H2052 cells were injected subcutaneously into the right flanks of SCID mice (n = 10). When the diameter of transplanted 
tumors reached 4 mm, H2052 xenograft-bearing mice were assigned to either of two groups (n = 5/group): untreated and treated with five 
serial intratumoral CVA11 injections every 2 days. (B) Graph depicts the tumor volumes in the two groups measured on 54 days after tumor 
challenge. (C) Body weights were measured on the indicated days. Arrows indicate the timing of intratumoral injection of CVA11 (2 × 106 
TCID50) or vehicle control. Representative data from two independent in vivo experiments with similar results are shown.
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secondary antitumor immunity is likely to depend on both the qual-
ity and quantity of inflammatory DAMPs induced within targeted 
tumors.16 It is therefore important to determine whether oncolytic 
viruses can elicit ICD.44 We found that CVA11 infection induced im-
munogenic changes, including calreticulin exposure and the release 
of HMGB1, annexin A1, and HSP70 in human MPM cells. These im-
munostimulatory properties of CVA11 may prime the generation of 
adaptive immunity that synergizes with its direct oncolytic activity.

A high level of PD-L1 expression in tumors has been associated 
with a better clinical outcome of PD-1 blockade therapy.45,46 The 
abundance of PD-L1 at the tumor cell surface has also been found 
to be increased by infection with oncolytic viruses,47–49 and combi-
nation therapy with an oncolytic virus and an immune checkpoint 
inhibitor has proven to be effective for human head and neck squa-
mous cell carcinoma.50 We have now shown that CVA11 infection 
upregulated the surface expression of PD-L1 in human MPM cell 
lines, suggesting that CVA11 can remodel the tumor microenviron-
ment and that the combination of CVA11 treatment with antibod-
ies to PD-1 or to PD-L1 might overcome the resistance to immune 
checkpoint therapy and promote the recruitment of cytotoxic T cells 
specific for tumor-associated antigens to tumor beds.

With regard to safety, clinical data have revealed that CVA11 is 
rarely detected in the cerebrospinal fluid of infected adults or chil-
dren,51 suggesting that it can be considered a nonpathogenic virus. 
Indeed, as we previously showed with human colon cancer cell xe-
nografts in nude mice,7 serial intratumoral administration of CVA11 
into human MPM xenografts in SCID mice did not demonstrate loss 
of body weight, indicative of its high tolerability. However, further pre-
clinical studies, including biochemical and pathological analyses in mice 
and nonhuman primates, are needed to confirm the safety of CVA11.

We propose a model for the life cycle of CVA11 and its relation-
ship to the killing of human MPM cells by the induction of various 
types of regulated cell death and the associated exposure or release 

of immunostimulatory DAMPs (Figure 7). Our results suggest that 
CVA11 is a promising oncolytic virus for the treatment of individuals 
with MPM. Its cytotoxicity for human MPM cells and ability to elicit 
multiple modes of cell death and induce immunostimulatory DAMPs 
provide a robust basis for future preclinical and clinical development.
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F I G U R E  7  Model for the life cycle of CVA11 and its relationship to oncolytic efficacy for ICAM-1-expressing human MPM cells. The 
internalization of CVA11 particles due to their interaction with ICAM-1 on the surface of human MPM cells is followed by activation of Akt 
and ERK signaling and the induction of multiple modes of cancer cell death accompanied by the release of the proinflammatory cytokine 
IL-1β. Viral replication also elicits ICD associated with the induction of DAMPs that trigger an antitumor immune response mediated by 
cytotoxic T lymphocytes specific for tumor-associated antigens. CRT, calreticulin.
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