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Ewing sarcoma (EWS) is a rare pediatric malignancy of the 
bone and soft tissue and requires better-tolerated and 
improved therapies. Oncolytic viruses (OVs) preferentially 
replicate in cancer cells, causing oncolysis, and activate both 
innate and adaptive anti-tumor immunity. Thus, OVs have 
the potential to generate long-lasting, systemic anti-cancer ac
tivity. Using a unique panel of patient-derived EWS cultures 
(PDES), recently derived from patient tumors at diagnosis 
and relapse, we have identified oncolytic coxsackievirus A21 
(CVA21) as a candidate therapeutic OV in EWS, due to its 
high oncolytic activity and immune stimulation. PDES, unlike 
established EWS cell lines, expressed intercellular adhesion 
molecule-1 (ICAM-1), the CVA21 viral entry receptor, and 
were sensitive to CVA21-mediated oncolysis. Treatment with 
known ICAM-1 inducers, including tumor necrosis factor 
(TNF) and the clinically deliverable agent all-trans retinoic 
acid (ATRA), increased ICAM-1 expression and enhanced 
CVA21-induced oncolysis. Importantly, while CVA21 replica
tion and oncolysis were inhibited by antiviral type I interferon, 
pre-treatment with ICAM-1 inducers (or CVA21-induced 
immune-mediated cytokines) overcame this inhibition. In 
addition to direct oncolysis, co-culture of CVA21-infected 
PDES with peripheral blood mononuclear cells (PBMCs) stim
ulated significant immune-mediated killing. This study pre
sents pre-clinical evaluation of CVA21 using clinically 
relevant PDES samples and identifies CVA21 as a promising 
candidate for EWS immunotherapy.

INTRODUCTION

Ewing sarcoma (EWS) is a rare malignancy (90 cases/annum in the 
UK) of the bone and soft tissue, typically affecting young people 
aged between 10 and 25 years.1 The 5-year survival for patients 
with localized disease is 50%–70%; however, for patients with met
astatic and/or relapsed disease, this is reduced to only 20%–25%.1

Unfortunately, 30% of patients with EWS have metastatic disease 
at diagnosis, and 25% of those with localized disease will relapse.1

Current EWS treatments include a combination of multimodal 
chemotherapy, surgery, and/or radiotherapy. However, these 

treatments have limited efficacy against metastatic and/or relapsed 
disease1 and are associated with significant morbidity (e.g., limb 
amputation, cardiopulmonary complications, and infertility).2

Therefore, there is a desperate need for novel therapies that are 
less toxic to patients and more effective against metastatic and 
relapsed disease.

EWS is characterized by chromosomal translocations resulting in 
gene fusions between the FET and ETS gene families, most 
commonly (∼85% of cases) between EWS breakpoint region-1 
(EWSR1) and Friend leukemia integration-1 (FLI1), generating an 
aberrant transcription factor, EWSR1::FLI1,3,4 which drives onco
genesis. Critically, fusion oncoprotein expression can vary within 
patient tumors, and within the same cells over time, creating a highly 
heterogeneous tumor.5–7 The importance of the fusion oncoprotein 
in driving tumor progression is highlighted by the low mutational 
burden in EWS. Furthermore, this low mutational burden makes 
EWS weakly immunogenic.8–10 However, despite EWS being immu
nologically cold and immunosuppressive,11 immune cell infiltration 
by natural killer (NK) cells and/or CD8+ T cells is associated with 
improved survival.12

Unfortunately, EWS does not respond well to existing immunother
apies, such as immune checkpoint blockade.13,14 Challenges for the 
success of immunotherapy in EWS include an immunosuppressive 
tumor microenvironment (TME), low immunogenicity,8,15 minimal 
expression of classical immune checkpoints (e.g., programmed cell 
death ligand-1 [PD-L1]16), and limited infiltration of anti-tumor 
immune cells.17 Oncolytic viruses (OVs) are an emerging class of 
immunotherapy. The mechanisms of OVs are 2-fold: first, they cause 
direct cancer cell lysis (oncolysis) by preferentially replicating within 
cancer cells while sparing healthy cells. This releases progeny virus 
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Figure 1. Expression of ICAM-1 in EWS 

(A) Prognostic significance of ICAM1 expression illustrated by Kaplan-Meier event-free survival (EFS) and (B) overall survival (OS) curves from a publicly available EWS dataset 

(GEO: GSE63157; n = 85; high ICAM1 n = 63; low ICAM1 n = 22). (C) Normalized read counts for ICAM1 expression from bulk mRNA sequencing of EWS cell lines (n = 6) and 

PDES (n = 26). Data represents mean normalised read counts (±SD). Differential expression was identified using DESeq2.35 (D) Representative flow cytometry histograms of 

(legend continued on next page) 
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that can infect neighboring cancer cells, leading to further rounds of 
infection, replication, and oncolysis. Second, OVs activate both 
innate and adaptive anti-tumor immune responses. Specifically, 
OVs activate the immune system to (1) stimulate the production 
of pro-inflammatory/cytotoxic cytokines,18 (2) recruit immune cells 
to generate an immunologically “hot” tumor,18 (3) activate innate 
anti-tumor immunity via NK cells, and (4) prime adaptive (i.e., 
long-lasting) tumor-specific cytotoxic T lymphocytes (CTLs).19

OVs have been trialed in various cancers to date, including in a 
handful of patients with EWS as part of broader pediatric cancer 
trials, and were safe and well-tolerated.20–22

Coxsackievirus A21 (CVA21; V937, formerly CAVATAK) is a 
wild-type enterovirus belonging to the Picornaviridae family with 
a single-stranded positive-sense RNA genome.23 In immunocom
petent adults, CVA21 typically causes mild upper respiratory tract 
infections.24 The Kyukendall strain of CVA21 has been widely 
investigated as an OV that preferentially replicates in cancer cells 
due to overexpression of the viral entry receptor, intercellular adhe
sion molecule-1 (ICAM-1)/CD54; by contrast, most healthy tissues 
have low ICAM-1 expression.23 CVA21 lyses cancer cells in an 
ICAM-1-dependent manner, stimulates NK cells to kill cancer cells, 
and primes adaptive T cell-mediated immune responses.19,23 Upon 
clinical evaluation, CVA21 has demonstrated safety and efficacy in 
various cancers.23,25–27

This study aimed to test the efficacy of CVA21 against EWS and 
used patient-derived EWS cultures (PDES), recently isolated from 
patient tissues, including samples from diagnostic biopsy tissue 
and relapsed disease. These PDES have previously been charac
terized28–31 and represent a population of mesenchymal-like, diffi
cult-to-treat cancer cells found in many patient tumors; thus, these 
cells could contribute to disease relapse following primary treat
ment. Crucially, PDES are transcriptionally and phenotypically 
distinct from established EWS cell lines31 and share similarities 
to matched patient tumors in terms of their mutational profile, 
transcriptomics, and response to chemotherapies and radio
therapy.29,31 Unfortunately, no syngeneic EWS mouse models 
exist,32 and patient-derived xenograft (PDX) models have a rela
tively poor (<25%) engraftment rate in immunocompromised 
mice,33 which lack immune function to test CVA21 immuno
therapy. Furthermore, CVA21 requires human ICAM-1,23 high
lighting the importance of human model systems, including 
PDES, to investigate the effectiveness of CVA21 against EWS. 
This study supports the use of CVA21 as a potential immuno
therapy for EWS.

RESULTS

Expression of ICAM-1 in PDES and EWS cell lines

The expression of ICAM-1 has been previously associated with met
astatic phenotypes in EWS cells and poor outcomes in patients.34

We sought to investigate this further using publicly available 
datasets from patients with EWS. Indeed, microarray data (GEO: 
GSE63157) confirmed significantly worse event-free survival (EFS) 
and overall survival (OS) in patients with higher ICAM1 expression 
(Figures 1A and 1B). These findings were supported by additional 
datasets (GEO: GSE17674 and GSE171618; Figures S1A and S1B), 
suggesting that ICAM1 expression is associated with worse outcomes 
in patients with EWS.

The expression of ICAM-1 in EWS is heterogeneous and linked to 
the activity of the EWSR1::FLI1 fusion protein. For example, 
ICAM-1 is upregulated in EWS cells with low EWSR1::FLI1 fusion 
activity (EWSR1::FLI1low) and downregulated in cells with high 
fusion activity (EWSR1::FLI1high).7,34,36–38 While highly proliferative 
EWS cell lines are EWSR1::FLI1high, our unique panel of previously 
characterized PDES display a more mesenchymal-like phenotype, 
indicative of an EWSR1::FLI1low state.31 Given the inverse relation
ship between ICAM-1 expression and EWSR1::FLI1 activity, we 
hypothesized that ICAM-1 expression would be increased in PDES 
compared to the EWS cell lines.37,38 Bulk mRNA sequencing 
confirmed this, showing that EWS cell lines (n = 6) have low 
ICAM1 expression, while PDES (n = 26) express significantly higher 
levels (log2fold change = 4.2; adjusted p = 1.42e− 14), albeit with a 
high degree of variability, reflecting interpatient heterogeneity 
(Figure 1C). Importantly, assessment of ICAM-1 surface protein 
expression on EWS cell lines and PDES using flow cytometry showed 
that five out of seven EWS cell lines lacked surface ICAM-1 
(including A673 cells, in line with previously published find
ings37–39). By contrast, all PDES expressed ICAM-1 to varying de
grees (Figures 1D and 1E), which was overall greater than observed 
in EWS cell lines (Figure 1F). To extend our findings to tumors, we 
subsequently examined the expression of ICAM-1 in EWS tissue by 
immunohistochemistry (IHC) (Figure 1G). As expected, this re
vealed heterogeneous ICAM-1 expression between patients but 
also within tumor sections. Therefore, based on the examined 
EWS tissue sections, it is likely that the EWSR1::FLI1low cells exist 
as a minority population in tumors,3 outnumbered by the more 
proliferative EWSR1::FLI1high cells. Consistent with this, most 
cells within the samples lacked ICAM-1 expression; however, 
ICAM-1 staining was detected in six of eleven tumors, which was 
encouraging for a CVA21-focused strategy (Figures S1C and S1D; 
Table S1).

surface ICAM-1 expression (black line) on PDES and EWS cell lines compared to isotype control (gray line). (E) Relative surface ICAM-1 expression on PDES (n = 7) and EWS 

cell lines (n = 7); PDES and EWS cell lines have been allocated unique symbols, which are used in each figure. Data represent mean ICAM-1 expression (±SD) relative to 

isotype for n ≥ 3 biological repeats. A dotted line at 1 has been added to illustrate the fold change above 1. (F) Direct comparison of mean relative ICAM-1 expression (±SD) in 

EWS cell lines (n = 7) and PDES (n = 7), as shown in (E). A dotted line at 1 has been added to illustrate the fold change above 1, and an unpaired t test was performed. (G) 

Representative examples of ICAM-1 staining in EWS tissue by IHC. Isotype control (IgG2b) was used as a negative control for each sample. Human lymph node tissue was 

used as a positive control, and a cytospin of ICAM-1-negative/low TC-32 cells was used as a negative control. Representative images are shown at 40× magnification. Scale 

bar: 50 μm. Black arrows indicate region of ICAM-1 staining.
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PDES expressing ICAM-1 are sensitive to CVA21 infection and 

oncolysis

CVA21 can infect cancer cells via its entry receptor ICAM-1, result
ing in viral replication and oncolysis. We therefore examined 
whether PDES and EWS cell lines could support CVA21 replication. 
PDES (n = 3) and EWS cell lines (n = 2) were infected with CVA21 
(multiplicity of infection [MOI] 0.5) for 16 h before cell lysates were 
collected and viral replication was measured by plaque assay. All 

PDES tested displayed an approximately 100-fold increase in viral 
output compared to input titers, while CVA21 failed to replicate in 
ICAM-1-negative EWS cell lines (Figure 2A). CVA21 oncolysis 
was then assessed by treating PDES and EWS cell lines with 
increasing MOIs of CVA21 for 48 h before measuring cell viability 
by flow cytometry. Supporting the viral replication data, EWS cell 
lines were insensitive to CVA21, while PDES were killed following 
CVA21 infection (Figure 2B).
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Figure 2. PDES are sensitive to CVA21 replication 

and oncolysis 

(A) Mean fold change in CVA21 viral titer after PDES (n = 3) 

and EWS cell lines (n = 2) were infected with CVA21 (MOI 

0.5). Total cell supernatant and lysates were collected 

16 h post-infection, and CVA21 titers were measured 

via plaque assay. Data are presented as the mean fold 

change in viral titer compared to input virus for each cell 

culture (±SD). (B) Mean percentage of live EWS cell 

lines (n = 4; SK-N-MC, SKES-1, TC-32, and TTC-446) 

and PDES (n = 3; CCRG1-L-017, CCRG1-L-023, and 

CCRG1-L-066) after infection with CVA21 at increasing 

MOI for 48 h. Cell viability was measured using LIVE/ 

DEAD flow cytometry. The bold dotted line represents 

mean cell viability for PDES (red) or EWS cell lines 

(black); faint solid lines represent individual PDES (red) 

or EWS cell lines (black). A two-way ANOVA with 

�Sı́dák’s multiple comparisons test was performed. 

(C) Representative images from Cell Discoverer 7 

(CD7) high-content imaging. CCRG1-L-017 cells were 

infected with CVA21 (MOI 0 or 1; 48 h) before staining 

with DAPI (to identify nuclei; blue) and TOTO-3 (to 

identify cytoplasm; pink). Scale bar: 200 μm. (D) 

Percentage of remaining PDES from diagnostic biopsy 

(n = 5) and relapsed tissue (n = 2) following infection 

with increasing doses of CVA21 for 48 h. Live cells that 

remained adherent were stained as described in (C), 

and the percentage of remaining cells was measured 

using the CD7 high-content imager. Data are presented 

as the mean percentage of PDES remaining (±SD) 

compared to the untreated control. A two-way ANOVA 

with Dunnett’s multiple comparisons test was 

performed. (E) Mean fold change in CVA21 viral titer 

after PDES (n = 3) were treated with or without 2′-C- 

methylcytidine (100 μM; 2 h) before infection with 

CVA21 (MOI 0.1). Total cell supernatant and lysates 

were collected 16 h post-infection, and CVA21 titers 

were measured via plaque assay. Data are presented 

as the mean fold change in viral titer compared to input 

virus for each treatment (±SD). A paired t test was 

performed. (F) Percentage viability of PDES (n = 4) 

following pre-treatment with or without increasing doses 

of 2′-C-methylcytidine (2 h) before infection with CVA21 (MOI 0.1). Cell viability was measured by CellTiter-Glo 48 h post-infection. Data are presented as the mean 

percentage viability of cells relative to the untreated control (±SD). A two-way ANOVA with �Sı́dák’s multiple comparisons test was performed. (G) Correlation analysis of 

relative CVA21 oncolysis (measured by CellTiter-Glo) versus viral replication (measured by plaque assay) of PDES (n = 5) and PDES pre-treated with 2′-C-methylcytidine 

(n = 3; 100 μM) 2 h prior to CVA21 treatment (MOI 0.1). A simple linear regression was performed. (H) Percentage viability of PDES (n = 3) 3D spheroids following 

infection with increasing doses of CVA21. Cell viability was measured by CellTiter-Glo 48 h post-infection. Data are presented as percentage viability relative to the 

untreated control (±SD). A two-way ANOVA with �Sı́dák’s multiple comparisons test was performed. (I) Representative bright-field images of PDES spheroids 48 h after 

treatment with CVA21. Scale bar: 200 μm.

Molecular Therapy: Oncology

4 Molecular Therapy: Oncology Vol. 34 December 2026 



We further assessed the oncolytic ability of CVA21 and expanded 
our study to a wider panel of PDES. Due to the slow doubling 
time of some of the PDES,31 oncolysis was quantified using high- 
content imaging, which required fewer cells than flow cytometry 
(Figure 2C). All PDES tested were highly sensitive to CVA21 oncol
ysis 48 h post-infection, in a dose-dependent manner (Figure 2D). 
Encouragingly, CVA21 was effective at lysing PDES derived from 
both diagnostic biopsy tissues and relapsed samples. Pre-treatment 
with 2′-C-methylcytidine (a nucleoside analog that inhibits viral/ 
CVA21 replication; Figure 2E) prior to CVA21 treatment inhibited 
oncolysis in a dose-dependent manner (Figure 2F), indicating that 
CVA21-induced oncolysis was replication dependent. Further sup
porting the importance of viral replication, a significant positive 
correlation (R2 = 0.6867; p = 0.011) was observed between 
CVA21 oncolysis and viral replication (Figure 2G). Finally, PDES 
(n = 3) were grown as 3D tumor spheroids before CVA21 treatment 
and remained sensitive to CVA21 oncolysis (Figure 2H), demon
strating CVA21-mediated disruption of spheroid integrity 
(Figure 2I). Interestingly, PDES 3D spheroid cultures appeared 
more sensitive to CVA21 oncolysis than in 2D monolayer cultures 
(e.g., at MOI 1, the mean cell viability for CCRG1-L-066 spheroids 
was 29%, while in 2D, cell viability was only reduced to 71%); 
enhanced viral spread is likely due to the close proximity of cells 
within the spheroid. Together, these results demonstrate that 
PDES express sufficient ICAM-1 on their surface to support 
CVA21 infection, replication, and oncolysis, while established 
EWS cell lines do not.

CVA21 induces innate immune responses toward EWS cells

Although traditionally considered to be an immunologically “cold” 
tumor, EWS tissue was recently reported to be more infiltrated 
with immune cells than previously thought,40 containing cell popu
lations including NK cells, T cells, dendritic cells, and immunosup
pressive macrophages. Based on these observations, we adjusted our 
modeling of the TME to explore the role of immune cells (healthy 
donor peripheral blood mononuclear cells [PBMCs]) on OV efficacy 
in PDES. PBMCs contain relevant immune cell subsets identified 
in EWS,6,40 although they have not undergone pre-conditioning 
within the TME. Importantly, PBMCs have the capacity to induce 
pro-inflammatory and antiviral cytokines in response to OVs, which 
could ultimately influence OV efficacy.18

Immune activation and immune-mediated cytotoxicity are critical 
modes of action for OVs, including CVA21. We therefore chose to 
examine the ability of immune cells to kill PDES in the presence or 
absence of CVA21. Firstly, we investigated whether CVA21-stimu
lated PBMCs could kill uninfected PDES. To do this, PBMCs were 
stimulated with CVA21 for 48 h prior to a short-term (5 h) co-cul
ture in suspension with uninfected SK-N-MC, TC-32, and PDES; 
cell viability was then determined by flow cytometry. These data 
demonstrated a significant reduction in SK-N-MC, TC-32, and 
PDES viability (n = 3 PDES; Figures 3A and 3B, respectively) 
upon CVA21 stimulation and suggest that CVA21-stimulated 
PBMCs can kill EWS cells, irrespective of ICAM-1 expression. 

No direct oncolytic effects of CVA21 were observed in PDES 
following 5 h of CVA21 treatment (Figure S2).

Next, we modeled a scenario in which SK-N-MC, TC-32, and PDES 
were treated with a low dose of CVA21 prior to co-culture with 
PBMCs with no prior activation by CVA21, to mimic the initial 
stages of CVA21 infection and immune influx in the TME. Adherent 
SK-N-MC, TC-32, and PDES (n = 5) were infected with an interme
diate dose of CVA21 (MOI 0.5) for 2 h prior to co-culture with un
stimulated PBMCs for a further 48 h, and EWS cell viability was 
measured by flow cytometry. As expected, SK-N-MC and TC-32 
cell line viability was not reduced following CVA21 infection in 
the absence of PBMCs, while co-culture with PBMCs in the absence 
of CVA21 infection decreased EWS cell line viability, which was 
further reduced following CVA21 stimulation (Figure 3C); these 
data are consistent with our previous findings using an alternative 
OV (Maraba virus; MG1).41 By contrast, PDES viability was signifi
cantly decreased following CVA21 infection in the absence of 
PBMCs, demonstrating direct oncolysis for four of five PDES, while 
PBMCs alone caused a mild but significant decrease in PDES 
viability for three of five PDES (Figure 3D); crucially, PDES viability 
was significantly decreased (compared to untreated, CVA21 alone, 
or PBMCs alone) for all five PDES when PBMCs were co-cultured 
with CVA21-infected cells (Figure 3D). To explore the potential 
role for direct oncolysis or immune-mediated killing in PDES, 
plaque assays were performed using one PDES (CCRG1-L-017) in 
the presence or absence of different PBMC donors (n = 7). These 
data revealed a significant decrease in CVA21 viral replication in 
the presence of PBMCs (Figure 3E), indicating that decreased 
PDES viability in CVA21-treated co-cultures was most likely 
due to immune-mediated killing rather than enhanced CVA21 
replication/oncolysis.

Critically, the SK-N-MC and TC-32 cell lines used herein lack 
sufficient ICAM-1 expression (Figure 1E) to support CVA21 infec
tion/oncolysis (Figures 2A and 2B) but displayed a significant 
decrease in cell viability when co-cultured with CVA21-stimulated 
PBMCs, consistent with the ability of CVA21 to activate immune- 
mediated killing and previous findings.19,42 Using this non-permis
sive CVA21 model system, we then investigated the potential 
mechanisms responsible for the immune-mediated killing, 
focusing on the importance of NK cells and/or CVA21-induced 
cytokines in a setting where direct oncolysis was absent. Firstly, 
to explore the role of CVA21-induced cytokines, conditioned 
media from PBMCs that had been left unstimulated (PBMC- 
CMs) or stimulated with CVA21 for 48 h (CVA21-stim PBMC- 
CMs) were used to assess EWS cell line viability. CVA21-stim 
PBMC-CM caused a small (6%) but significant decrease in the 
viability of SK-N-MC cells; this reduction was not observed for 
TC-32 cells, although there was more variation in cytotoxicity 
between PBMC donors for this cell line (Figure 4A). Similar 
findings were also observed using PDES (Figure S3A). Therefore, 
the lack of cytotoxicity observed from CVA21-stim PBMC-CM 
treatment suggested an alternative mechanism of action. Next, 
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the role of NK cells was explored by depleting NK cells from 
PBMCs immediately prior to co-culture with EWS cells; NK 
cell depletion was confirmed (Figure S3B). Using both the 5-h 

short-term killing assay (with prior CVA21 stimulation of 
PBMCs) and the 48-h killing assay (with simultaneous CVA21/ 
PBMC treatment), we confirmed significant immune-mediated 

A B

C D

E

Figure 3. CVA21 stimulates immune-mediated killing of EWS cells 

(A) Percentage of live EWS cell lines (n = 2) and (B) PDES (n = 3) after short-term suspension co-culture (25:1 effector:target ratio; 5 h) with unstimulated or CVA21-stimulated 

PBMCs (MOI 0.1; 48 h). n = 4–6 PBMC donors for each experiment. Cell viability was measured using LIVE/DEAD flow cytometry, and data are presented as the mean 

percentage of live target cells (CD45− ) relative to target cells in the absence of PBMCs. Each line represents a different PBMC donor. A paired t test was performed for each 

EWS cell line or PDES. (C) Percentage of live EWS cells and (D) PDES following CVA21 infection (MOI 0.5) and longer-term adherent co-culture with PBMCs (10:1 effec

tor:target ratio; 48 h). n = 2 EWS cell lines and n = 5 PDES; n ≥ 3 PBMC donors for each EWS cell line or PDES. Cell viability was measured using LIVE/DEAD flow cytometry, 

and data are presented as the mean percentage of live target cells (CD45− ) relative to untreated target cells in the absence of PBMCs; each line represents a different PBMC 

donor. A two-way ANOVA with Fisher’s post hoc test was performed. (E) Fold change in CVA21 viral titer after PDES (n = 1) were infected with CVA21 (MOI 0.1) for 2 h before 

co-culture with or without PBMCs (n = 7 donors) for 16 h. Total cell lysates were harvested, and viral titer was measured by plaque assay. Data are presented as the mean fold 

change in viral titer compared to input virus (±SD).
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killing when CVA21-treated whole PBMCs were used; by contrast, 
significant immune-mediated killing was not observed when 
using NK cell-depleted PBMCs, irrespective of CVA21 activation 
(Figures 4B and 4C). Finally, to confirm the importance of NK cells 
in the immune-mediated killing of PDES (Figure 3B), the 5-h co- 
culture assay was used to exclude direct effects of CVA21 oncolysis; 
these data confirmed the role of NK cells, with PBMC-mediated 
killing reduced in the absence of NK cells (Figure 4D). Although 
the results are more difficult to interpret in the 48-h co-culture 
assay due to CVA21 oncolysis, PDES viability was significantly 
decreased (compared to CVA21 alone) when whole PBMCs were 
co-cultured with CVA21-infected cells; however, the significance 
of this was diminished when NK cells were removed (Figure S3C).

Together, these findings indicate that CVA21 can stimulate NK cell- 
mediated cytotoxicity toward EWS cells, even when cells lack 
ICAM-1 expression and are insensitive to direct CVA21 oncolysis.

CVA21 replication and oncolysis are inhibited by type I interferon

OVs are known to stimulate a pro-inflammatory antiviral immune 
reaction. Indeed, we have previously demonstrated that PBMCs 

A B
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Figure 4. NK cells play a key role in CVA21- 

stimulated immune-mediated cytotoxicity of EWS 

cells 

(A) Percentage of live EWS cell lines (n = 2) after 48 h 

treatment with PBMC-CM or CVA21-stimulated CM (MOI 

0.1; 48 h). Cell viability was measured using LIVE/DEAD 

flow cytometry, and data are presented as the mean 

percentage of live EWS cells relative to untreated cells. 

A paired t test was performed. (B) Percentage of live 

EWS cell lines after short-term suspension co-culture 

(25:1 effector:target ratio; 5 h) with unstimulated/CVA21- 

stimulated whole PBMCs or NK cell-depleted PBMCs 

(MOI 0.1; 48 h). n = 7–8 PBMC donors for each. Cell 

viability was measured using LIVE/DEAD flow cytometry, 

and data are presented as the mean percentage of live 

target cells (CD45− ) relative to untreated target cells in 

the absence of PBMCs. Each line represents a different 

PBMC donor. A paired t test was performed for each 

EWS cell line. (C) Percentage of live EWS cell lines 

after CVA21 infection (MOI 0.5) and longer-term adherent 

co-culture with PBMCs or NK cell-depleted PBMCs (10:1 

effector:target ratio; 48 h). n = 2 EWS cell lines. n = 5 

PBMC donors for each EWS cell line. Cell viability was 

measured using LIVE/DEAD flow cytometry, and data are 

presented as the mean percentage of live EWS cells 

(CD45− ) relative to untreated target cells in the absence 

of PBMCs; each line represents a different PBMC donor. 

A two-way ANOVA with Fisher’s post hoc test was 

performed. (D) Experiment as described in (A) using 

PDES (n = 1). A paired t test was performed

secrete a host of pro-inflammatory and 
antiviral cytokines in response to CVA21, 
including type I interferon α (IFNα)19,43; 
these cytokines are critical for the generation 

of CVA21-mediated innate and adaptive anti-tumor immune 
responses.19

Given the observed decrease in CVA21 replication when PDES 
were co-cultured with PBMCs (Figure 3E), we sought to investigate 
the effects of recombinant IFNα on CVA21 replication and 
oncolysis. Pre-treatment with IFNα effectively inhibited CVA21 
replication at MOI 0.1 and 0.5 (Figure 5A) and caused a significant 
reduction in oncolysis (Figure 5B). However, PDES were incapable 
of producing type I IFN themselves when infected with CVA21 
(Figures S4A and S4B). These findings suggest that PDES would 
respond to exogenous IFNα, produced by CVA21-stimulated 
immune cells within the TME, thus triggering an antiviral state 
that inhibits CVA21 replication and oncolysis. To investigate this 
further, we examined whether recombinant IFNα and PBMC-CM 
collected after CVA21 stimulation could induce phosphorylation 
of STAT1, a critical mediator of the cellular response to IFN and 
the control of viral infection.44 STAT1 phosphorylation was clearly 
evident in two of three PDES following IFNα treatment (Figures 5C 
and 5D) and CVA21-stimulated PBMC-CM (Figure 5E), 
suggesting heterogeneity in the response. However, these data 
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demonstrated the ability of PDES to respond to type I IFNα to vary
ing levels and that exposure to CVA21-induced cytokines also trig
gered a similar response.

Increasing ICAM-1 expression to enhance oncolysis

Given the strong relationship between ICAM-1 expression and CVA21 
sensitivity,19,42 we hypothesized that a further increase in ICAM-1 
expression may sensitize PDES to CVA21 oncolysis even in the 
presence of antiviral immune responses, thus switching the balance 
in favor of viral replication/oncolysis. As a proof-of-principle experi
ment, we used the pro-inflammatory cytokine, tumor necrosis factor 
(TNF), to upregulate ICAM-1. Pre-treatment of n = 7 PDES with 
TNF for 24 h increased surface ICAM-1 expression in all PDES 
(Figures 6A and 6B). This TNF-mediated increase in ICAM-1 expres
sion also enhanced CVA21 viral replication across each PDES tested 
(Figure S5), although this observation was dependent on the MOI 
used for each PDES. Crucially, increased ICAM-1 expression sensitized 
PDES to CVA21 oncolysis (Figure 6C), both in PDES from diagnostic 

biopsies (n = 5) and relapsed tissue (n = 2). Increasing ICAM-1 expres
sion with TNF also conferred a significant enhancement of oncolysis in 
3D spheroid cultures at lower MOIs (Figure 6D).

Next, EWS cell lines lacking ICAM-1 expression were used to inves
tigate whether ICAM-1-negative cells could be sensitized to CVA21 
oncolysis by TNF treatment. Notably, three EWS cell lines exhibited 
a subpopulation of cells that upregulated ICAM-1 expression 
following pre-treatment with TNF (termed responders; ES-5838, 
SK-ES-1, and A673, Figures 6E and 6F). However, other EWS cell 
lines did not upregulate ICAM-1 expression in response to TNF 
(termed non-responders; TC-32, SK-N-MC, TC-71, and TTC-446, 
Figures 6E and 6F). Accordingly, the TNF responder group of 
EWS cell lines became significantly sensitized to CVA21 oncolysis, 
while the non-responder group remained insensitive (Figure 6G).

TNF can, in some instances, directly cause cell death. Therefore, we 
sought to address whether the enhancement of cytotoxicity observed 

A B C

D E

Figure 5. IFNα stimulates antiviral signaling, inhibiting CVA21 replication and oncolysis 

(A) Fold change in CVA21 viral titer after PDES (n = 5) were pre-treated with or without IFNα (5 ng/mL; 24 h) before infection with CVA21 (MOI 0.1 and 0.5). Total cell su

pernatant and lysates were collected 16 h post-infection, and viral titers were measured via plaque assay. Data are presented as the mean fold change in viral titer compared 

to input virus for each PDES (±SD). A paired t test was performed. (B) Percentage viability of PDES (n = 5) following pre-treatment with or without IFNα (5 ng/mL; 24 h) before 

infection with increasing doses of CVA21. Cell viability was measured by CellTiter-Glo 48 h post-infection. Data are presented as the mean percentage viability (±SD) relative 

to the untreated control. A two-way ANOVA with �Sı́dák’s multiple comparisons test was performed. (C) Representative flow cytometry histograms of intracellular phospho- 

STAT1 (pSTAT-1; Y701) on untreated (black lines) and IFNα-treated (red lines; 5 ng/mL; 30 min) and (D) relative pSTAT-1 expression on PDES (n = 3) treated with or without 

IFNα as described in (C). Data represent the mean fold change of MFI relative to untreated (±SD). A paired t test was performed. (E) Relative pSTAT-1 expression on PDES (n = 

3) treated with PBMC-CM or CVA21-stimulated (MOI 0.1; 48 h) PBMC-CM (1:1 RPMI:CM ratio; 30 min). Data represent the mean fold change of MFI relative to untreated for 

each PDES (±SD). Paired t tests were performed.
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Figure 6. TNF pre-treatment increases ICAM-1 expression and enhances CVA21 oncolysis 

(A) Representative flow cytometry histograms of PDES surface ICAM-1 expression on untreated (black line) and TNF-treated (5 ng/mL; 24 h; red line) cells compared to 

isotype control (gray line). (B) Relative surface ICAM-1 expression on PDES (n = 7) after treatment described in (A). ICAM-1 expression was measured by flow cytometry, and 

data represent the mean fold change in ICAM-1 expression relative to the isotype control (±SD). A paired t test was performed. (C) Percentage cell viability of PDES (n = 7) in 

2D culture and (D) 3D spheroids following pre-treatment with or without TNF (5 ng/mL; 24 h) before infection with increasing doses of CVA21. Cell viability was measured 

by CellTiter-Glo 48 h post-infection. Data are presented as the mean percentage viability of cells relative to untreated controls (±SD). A two-way ANOVA with �Sı́dák’s 

multiple comparisons test was performed. (E) Representative flow cytometry histograms of EWS cell line surface ICAM-1 expression on untreated (black line) and 

(legend continued on next page) 
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in Figure 6C was indeed due to increased CVA21 replication/oncol
ysis rather than cytokine-mediated apoptosis (i.e., was CVA21 infec
tion sensitizing PDES to TNF-mediated apoptosis or was TNF sensi
tizing PDES to CVA21 infection and oncolysis). Accordingly, PDES 
were pre-treated with the viral replication inhibitor 2′-C-methylcyti
dine (100 μM) prior to infection with CVA21 (MOI 0.1), followed by 
treatment with TNF 24 h later (to ensure equal levels of ICAM-1 
expression and viral entry). 2′-C-methylcytidine effectively restored 
viability both in the presence and absence of TNF (Figure 7A), con
firming that the increased cytotoxicity was indeed dependent on viral 
replication/oncolysis and not viral sensitization to TNF-mediated 
cytotoxicity.

Based on the observation that increasing ICAM-1 expression can 
enhance CVA21 oncolysis, we assessed the correlation between rela
tive ICAM-1 expression and relative sensitivity to CVA21 oncolysis 
in EWS cell lines (low ICAM-1 expression), PDES (moderate 
ICAM-1 expression), and PDES treated with TNF (high ICAM-1 
expression) (Figure 7B). These data revealed a significant positive 
correlation (R2 = 0.7241; p < 0.0001 and 0.6280; p < 0.0001 at MOI 
0.1 and 1, respectively) between ICAM-1 expression and sensitivity 
to CVA21 oncolysis.

Given that increasing ICAM-1 expression could enhance CVA21 on
colysis, we investigated whether increasing ICAM-1 expression could 
restore oncolysis in the presence of antiviral type I IFNα (Figure 5). 
PDES (n = 6) were pre-treated with recombinant TNF, IFNα, or a 
combination of both prior to infection with CVA21. To observe 
enhancement or inhibition of CVA21-mediated killing, an intermedi
ate dose of CVA21 was used (MOI 0.1). CVA21 infection alone 
reduced viability to ∼77%, with TNF treatment further reducing cell 
viability to ∼39%. As expected, IFNα treatment significantly inhibited 
oncolysis and restored viability to ∼96%. Encouragingly, when PDES 
were pre-treated with both TNF and IFNα, oncolysis was restored 
to levels equivalent to CVA21 alone (∼70%) (Figure 7C). These 
data suggest that TNF increased ICAM-1 expression and enhanced 
CVA21 infection could counteract the inhibitory effects of IFNα. 
This is encouraging, as both TNF and IFNα are released by immune 
cells following CVA21 treatment and are important mediators of 
OV-induced anti-tumor immune responses.19 Moreover, these find
ings support the ability of CVA21 to maintain its oncolytic activity 
while stimulating the immune system.

Increasing ICAM-1 expression and CVA21 oncolysis using all- 

trans retinoic acid

As demonstrated in Figure 7, sensitivity to CVA21 oncolysis is 
strongly correlated with ICAM-1 expression on PDES, making 

ICAM-1 a candidate biomarker of response to CVA21. However, 
TNF is not suitable for direct administration to patients; therefore, 
we sought to identify a clinically relevant means of increasing 
ICAM-1 expression to enhance CVA21 oncolysis in the context of 
an antiviral immune response. All-trans retinoic acid (ATRA) is a 
safe and clinically relevant drug that is commonly used to treat 
skin conditions, including acne,45 and hematological malignancies, 
such as acute promyelocytic leukemia.46 ATRA has also been re
ported to increase ICAM-1 expression.47,48 We initially treated 
PDES (n = 5) with increasing concentrations of ATRA for 72 h 
and observed a significant dose-dependent increase in ICAM-1 
expression (Figure 8A). Following these observations, we pre-treated 
PDES (n = 5) with 1 μM ATRA for 72 h (Figure 8B) before treatment 
with CVA21. Similarly to TNF pre-treatment, ATRA pre-treatment 
also caused a significant increase in CVA21-mediated oncolysis 
(Figure 8C). Furthermore, ICAM-1 expression was also increased 
in the TNF/ICAM-1-responding EWS cell lines (Figures 6E–6G) 
following ATRA pre-treatment (Figures S6A and S6B) and 
were sensitized to CVA21 oncolysis (Figure S6C). By contrast, the 
TNF/ICAM-1-non-responding EWS cell lines did not respond to 
ATRA pre-treatment and accordingly were not sensitized to 
CVA21 oncolysis. Importantly, these data mirror those obtained 
with TNF (Figures 6E–6G) and suggest that some ICAM-1-low/ 
negative EWS cells can be sensitized to CVA21 direct oncolysis, 
but others cannot.

As ATRA can induce cell differentiation and inhibit prolifera
tion,46,49 we next confirmed that ATRA-dependent enhancement 
of cytotoxicity was due to increased CVA21 oncolysis rather than 
cytostatic effects, which could be misrepresented as CVA21-induced 
cytotoxicity using the CellTiter-Glo assay (Figure S7). To do this, we 
repeated the same experiment but also quantified the percentage 
of viable/dead PDES (n = 5) in the total cell population using Live/ 
Dead flow cytometry. These data confirmed that ATRA alone did 
not cause direct cytotoxicity; by contrast, pre-treatment with 
ATRA caused a significant reduction in the number of live cells 
following CVA21 infection (Figure 8D). Furthermore, pre-treatment 
of PDES spheroids (n = 5) with ATRA also significantly enhanced 
CVA21 oncolysis at MOI 0.01, although this increase was not signif
icantly increased at higher MOIs (Figure 8E).

We then explored whether ATRA pre-treatment could simulate the 
effects of TNF and potentially counteract antiviral IFNα effects, as 
observed in Figure 7C. Again, an intermediate dose of CVA21 was 
used (MOI 0.1) to allow detection of enhanced or inhibited 
CVA21-mediated killing. Encouragingly, ATRA was able to restore 
CVA21 oncolysis in the presence of recombinant IFNα in n = 3/5 

TNF⍺-treated (5 ng/mL; 24 h; red line) cells compared to isotype control (gray line). (F) Relative surface ICAM-1 expression on EWS cell lines (n = 7) after treatment described 

in (E). EWS cell lines were grouped as responders (ES-5838, SK-ES-1, and A673) and non-responders (TC-32, SK-N-MC, TC-71, and TTC-446). A two-way ANOVA with 

�Sı́dák’s multiple comparisons test was performed. (G) Percentage cell viability of EWS cell lines (n = 7) following pre-treatment with or without TNF (5 ng/mL; 24 h) before 

infection with increasing doses of CVA21. Cell viability was measured by CellTiter-Glo 48 h post-infection. Data show the mean percentage viability of cells relative to the 

untreated control (±SD); EWS cell lines were grouped as responders and non-responders in terms of ICAM-1 upregulation in (A). A Two-way ANOVA with Dunnett’s multiple 

comparisons test was performed.
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PDES (Figure 8F), suggesting that ATRA could be used clinically in 
some patients with EWS to increase ICAM-1 expression prior to 
CVA21 treatment.

Finally, we investigated whether the increase in ICAM-1 expression 
induced by ATRA could counteract inhibitory antiviral signaling 
induced by CVA21-stimulated PBMCs. To investigate this, PDES 
were pre-treated with 1 μM ATRA for 72 h to increase ICAM-1 
expression. Medium was then replaced with PBMC-CM collected 
from unstimulated (IFNα-low) or CVA21-stimulated (IFNα-high) 
PBMCs,19 before infecting PDES with CVA21. ATRA pre-treatment 
significantly increased oncolysis in the presence of both unstimu
lated and CVA21-treated PBMC-CMs (Figure 8G), thus restoring 

sensitivity in the presence of antiviral IFN. Together, these findings 
suggest that ATRA could be used to increase ICAM-1 expression on 
PDES and enhance CVA21 oncolysis in the presence of antiviral 
immune signaling. These findings provide a potential therapeutic 
approach for EWS using ATRA as an effective combination partner 
to boost CVA21 efficacy.

DISCUSSION

Patients with EWS need kinder and more effective treatments, 
particularly those with relapsed/refractory and metastatic disease. 
ICAM-1 has been identified as a significant risk factor in patients 
with EWS, with higher levels of ICAM-1 associated with metastatic 
disease and reduced survival.34 Our study confirms this finding 

A B

C

Figure 7. TNF-induced increase in ICAM-1 expression boosts CVA21 oncolysis and counterbalances antiviral IFNα 
(A) Percentage cell viability of PDES (n = 1) following co-treatment of 2′-C-methylcytidine (2-MC; 100 μM) and CVA21 (MOI 0.1) for 24 h before further administration of TNF 

(5 ng/mL; 24 h). Cell viability was measured by CellTiter-Glo 48 h post-infection. Data are presented as the mean percentage viability of cells relative to untreated controls 

(±SD). A two-way ANOVA with �Sı́dák’s multiple comparisons test was performed. (B) Correlation analysis of relative CVA21 oncolysis (measured by CellTiter-Glo) versus 

relative ICAM-1 expression (measured by flow cytometry) of EWS cell lines (n = 7), PDES (n = 7), and PDES pre-treated with TNF (5 ng/mL; 24 h) (n = 7) at MOI 0.1 and 0.5. A 

simple linear regression was performed. (C) Percentage cell viability of PDES (n = 6) following pre-treatment with IFNα (5 ng/mL; 24 h) or TNF (5 ng/mL; 24 h) alone or in 

combination, before infection with CVA21 (MOI 0.1). Cell viability was measured by CellTiter-Glo 48 h post-infection. Data are presented as the mean percentage viability 

relative to the untreated controls (±SD). A two-way ANOVA with Fisher’s multiple comparisons test was performed.
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and presents CVA21 as a potential ICAM-1-dependent immuno
therapy for patients with EWS, given its ability to infect and lyse 
ICAM-1-positive EWS cells and activate anti-tumor immune re
sponses. Thus, CVA21 could provide an alternative treatment 
approach aimed at targeting a population of EWS cells associated 
with worse prognosis.

Inter- and intratumoral heterogeneity may arise due to varying 
expression/activity of the EWSR1::FLI1 fusion between cells or fluctu
ations over time within the same cell.7 The expression of ICAM-1 in 

EWS has been previously inversely associated with EWSR1::FLI1 on
coprotein expression.7 For example, EWSR1::FLI1low cells have higher 
ICAM-1 and a more invasive phenotype, while EWSR1::FLI1high cells 
express low ICAM-17 and present with an undifferentiated and rapidly 
proliferating phenotype. Critically, ICAM-1 has been identified as a 
repressed target of EWSR1::FLI1, hence the inverse relationship 
between ICAM-1 expression and EWSR1::FLI1 expression in EWS 
cells.7,36 These data are corroborated by our ICAM-1-related findings, 
as the PDES used in this study have been previously characterized with 
heterogeneous EWSR1::FLI1 activity.31 Importantly, while there was 

A B

C D
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G

Figure 8. All-trans retinoic acid pre-treatment 

increases ICAM-1 expression and enhances CVA21 

oncolysis of PDES 

(A) Surface ICAM-1 expression on PDES (n = 5) following 

treatment with increasing concentrations of all-trans 

retinoic acid (ATRA) (72 h). Surface ICAM-1 expression 

was measured by flow cytometry. Data represent 

the mean fold change in ICAM-1 expression relative to 

the DMSO control (±SD). A one-way ANOVA with 

Dunnett’s multiple comparisons test was performed. 

(B) Representative flow cytometry histograms of surface 

ICAM-1 expression on control- (DMSO; 72 h; black line) 

and ATRA- (1 μM; 72 h; red line) treated PDES 

compared to the isotype control (gray line). (C) 

Percentage cell viability of PDES (n = 5) following 

pre-treatment described in (B) before infection with 

CVA21 at increasing doses. Cell viability was measured 

by CellTiter-Glo 48 h post-infection. Data are presented 

as the mean percentage viability relative to the DMSO- 

or ATRA-alone condition (±SD). A two-way ANOVA 

with �Sı́dák’s multiple comparisons test was performed. 

(D) Percentage of live PDES (n = 5) following 

pre-treatment described in (B) before infection with 

CVA21 (MOI 0.5). PDES were harvested for LIVE/DEAD 

flow cytometry 48 h post-infection. Data represent the 

mean percentage of live cells within the total cell 

population (±SD). A two-way ANOVA with Fisher’s 

multiple comparisons test was performed. (E) As 

described in (C) but assessing the percentage cell 

viability of PDES 3D spheroids (n = 4). (F) Percentage 

cell viability of PDES (n = 5) following pre-treatment with 

IFNα (5 ng/mL; 24 h), TNF (5 ng/mL; 24 h), or ATRA 

(1 μM or DMSO control; 72 h) alone or in combination 

before infection with CVA21 (MOI 0.1). Cell viability was 

measured by CellTiter-Glo post-infection. Data are 

presented as the mean percentage viability relative to 

the DMSO- or ATRA-alone control (±SD). A two-way 

ANOVA with �Sı́dák’s multiple comparisons test was 

performed to determine statistically significant 

differences from the CVA21-alone control. (G) 

Percentage cell viability of PDES (n = 6) following pre- 

treatment with ATRA (1 μM or vehicle control; 72 h) 

before treatment with PBMC-CM or CVA21-stimulated 

PBMC-CM for a further 24 h. PDES were then infected 

with CVA21 (MOI 0.1; 48 h). For PBMC-CM, n = 3 

donors; CVA21 stimulation with MOI 0.1 for 48 h; 1:1 

RPMI:CM. Cell viability was measured by CellTiter-Glo 

48 h post-infection. Data are presented as the mean percentage viability of cells relative to DMSO- or ATRA-alone control (±SD). A two-way ANOVA with �Sı́dák’s 

multiple comparisons test was performed.
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clear heterogeneity in ICAM-1 expression within and between the 
PDES samples, the PDES isolated and used within this study all ex
pressed ICAM-1. Given the relatively low abundance of ICAM-1-pos
itive cells in tumors, but their enrichment within the PDES panel, it is 
possible that subpopulations of cells are enriched during the isolation 
process. For example, ICAM-1 may facilitate better adherence of 
EWSR1::FLI1low EWS cells upon tissue dissociation and culture on tis
sue culture plastic, compared to EWSR1::FLI1high with low/absent 
ICAM-1. Furthermore, the PDES panel generally displays a mesen
chymal-like phenotype with increased expression of other adhesion 
molecules, including neurexin-1 (a synaptic adhesion protein) and 
extracellular matrix (ECM) proteins (fibrillin-1 and collagen), which 
could bias adhesion to tissue culture plastic and better enrichment 
of EWSR1::FLI1low PDES.28 However, it is important to note that 
upon detailed characterization, isolated PDES were consistent with 
their matched tumors for EWSR1 fusion breakpoints, EWSR1 fusion 
target gene expression, and mutational profile (including single- 
nucleotide polymorphisms within ICAM-1 exons). The decreased 
proliferation and Ki67 expression of PDES was also consistent with 
levels of Ki67 in paired tumors, reflecting their inherent resistance 
to doxorubicin, etoposide, vincristine, and ionizing radiation.31

Finally, PDES did not respond to zoledronic acid in accordance 
with the clinical experience of patients.50 Therefore, PDES represent 
a clinically relevant model to support pre-clinical evaluation of candi
date EWS therapies, such as CVA21.

Exposure to pro-inflammatory cytokines can increase ICAM-1 
expression on EWS cell lines via monocyte-secreted factors, including 
TNF,39 and T cell-secreted IFNγ, independently of EWSR1::FLI1.36

These findings align with our data (Figure S8A), whereby PDES 
exposed to cytokine-rich CVA21-stimulated PBMC-CM upregulated 
ICAM-1 expression. This suggests that ICAM-1 expression could be 
increased on EWS cells within the TME following CVA21 infection 
due to the induction of pro-inflammatory antiviral cytokines, thus 
increasing direct CVA21 oncolysis. Moreover, cytokine production 
could also promote immune cell recruitment, increasing immu
nogenicity and immune-mediated killing. As demonstrated herein, 
immune killing was largely NK cell mediated; however, uptake and 
presentation of EWS-specific antigens9,10,51 in the presence of immu
nological danger (e.g., CVA21) could aid priming of EWS-specific 
T cells. Interestingly, CVA21-induced EWS-specific T cells could 
also sensitize EWS to clinically approved immune checkpoint 
inhibitors, as observed previously for other cancers.52–55 Indeed, pre
vious studies have demonstrated that EWSR1::FLI1low cells are more 
resistant to T cell-mediated apoptosis, due to increased immune 
checkpoint expression.36 Therefore, increased ICAM-1 expression36

would enhance direct CVA21 oncolysis, while combination with im
mune checkpoint inhibitors could increase T cell-mediated killing. In 
support of this type of approach in the future, CVA21 has previously 
undergone phase 1/2 clinical testing in combination with pembrolizu
mab for advanced solid cancers.27,56

In contrast to PDES, EWS cell lines (i.e., EWSR1::FLI1high) lack 
sufficient ICAM-1 and remain insensitive to CVA21 without pre- 

treatment with TNF or ATRA. Encouragingly, a subset of cells within 
EWS cell lines were sensitized to CVA21 oncolysis following 
ICAM-1 induction with TNF or ATRA pre-treatment. These find
ings suggest that patients with low ICAM-1 could be sensitized to 
CVA21 with ICAM-1-inducing combination treatments. Addition
ally, oncolytic viro-immunotherapy could be an effective strategy 
for treating EWS tumors despite the presence of populations of 
ICAM-1low cells due to its immunostimulatory properties and ability 
to stimulate NK-mediated killing. We have previously demonstrated 
that oncolytic Maraba virus-stimulated PBMCs can kill EWS cell 
lines and PDES via NK cells.41 Furthermore, the EWSR1::FLI1high 

populations of EWS cells are typically more sensitive to chemo
therapy and radiotherapy compared to the EWSR1::FLI1low cells,28

while EWSR1::FLI1low cells have been reported to be more resistant 
to T cell-mediated killing,36 radiotherapy, and chemotherapy.29,31

Therefore, CVA21 treatment offers an attractive opportunity to 
eradicate these resistant cells (via direct oncolysis and/or NK cell- 
mediated killing), thus reducing disease relapse and metastasis.34

ATRA is a derivative of vitamin A that is well tolerated in patients 
and is frequently administered for skin conditions, such as acne, 
and to induce cellular differentiation in cancer treatment, including 
in acute promyelocytic leukemia.46 Additionally, ATRA could have 
additional benefits to immunotherapy besides increasing ICAM-1 
expression. For example, ATRA can deplete immunosuppressive 
myeloid-derived suppressor cells (MDSCs) in sarcoma xenograft 
models, leading to enhanced chimeric antigen receptor (CAR) 
T cell activity in both osteosarcoma and EWS.36 Therefore, its wide
spread clinical use, availability, and safety indicate that ATRA would 
be suitable for combination therapy alongside CVA21 to induce 
ICAM-1 expression in EWS cells. Furthermore, in addition to 
combination with ATRA, CVA21 could complement existing radio
therapy treatment, as irradiated EWS cells can produce TNF 
following exposure to ionizing radiation.57,58 Given our findings 
that TNF significantly enhances ICAM-1 expression and CVA21 
oncolysis in PDES, local radiotherapy could stimulate intratumoral 
TNF secretion, increase ICAM-1 expression, and enhance CVA21 
sensitivity. Interestingly, in other cancer settings, synergistic re
sponses have been reported for OV in combination with radio
therapy due to increased oncolysis, inhibition of DNA repair, and 
an enhanced immune response.59–61 Systemic delivery of ATRA 
may cause wider upregulation of ICAM-1 beyond the TME, while 
local radiotherapy would upregulate ICAM-1 within the TME and 
restrict CVA21 replication to the tumor and not wider tissues. How
ever, this would limit the use of this combination strategy to localized 
EWS rather than widespread metastatic and/or relapsed disease. 
Further work should investigate CVA21 in combination with radia
tion and explore possible synergistic and/or inhibitory effects 
following combination with standard-of-care chemotherapy and 
second-line treatments, such as those being evaluated in patients 
with relapsed or refractory EWS.

We propose that CVA21, alone or in combination with ICAM-1- 
inducing agents, could provide a much-needed treatment option 
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for patients with EWS with metastatic disease, where increased 
ICAM-1 expression is associated with poor prognostic outcomes.34

However, given the association between ICAM-1 and metastatic 
EWS, it is important to consider whether the ICAM-1-inducing 
agent could promote invasion and metastasis. Critically, the role of 
ICAM-1 in tumor progression is likely to be complex, with dual 
functional roles. For example, ICAM-1 can (1) promote immune 
cell interactions to better eradicate tumor cells36 and (2) increase 
EWS invasion and metastasis.34 Therefore, future work should 
determine whether increased ICAM-1 facilitates more effective im
mune-mediated killing and/or increased EWS migratory capacity. 
Early-phase clinical trials and appropriate in vivo models would 
help us address these remaining questions and determine whether 
the potential benefits of treatment supersede any negative effects. 
Interestingly, radiotherapy is used to treat EWS and can induce 
TNF,57,58 which could ultimately enhance CVA21 susceptibility, 
something we would like to explore in the future. However, the 
induction of TNF (and/or other inflammatory cytokines) following 
radiotherapy has, to our knowledge, not been associated with 
increased metastatic disease. Therefore, potential treatments, such 
as those proposed herein, should be investigated in early-phase 
clinical trials, focusing on patients with metastatic and/or relapsed/ 
refractory disease and a poor prognosis.

Importantly, our previous work in non-malignant cells suggests that 
additional cellular factors, in addition to ICAM-1 expression, are 
required for CVA21 replication/oncolysis, as increased ICAM-1 
expression on naive B cells did not sensitize them to CVA21 direct 
oncolysis.42 Other potential factors could include the expression of 
a decay-accelerating factor (DAF) that helps sequester CVA21 to 
the cell surface.62 Interestingly, RNA sequencing data suggested 
that DAF expression is significantly higher in PDES (log2fold change 
of 3.5, adjusted p = 2.98e− 8; data not shown) compared to EWS cell 
lines, which could facilitate CVA21 sequestration. In addition, it is 
also possible that TNF/ATRA treatment could affect downstream 
antiviral signaling and enhance CVA21 sensitivity. However, prelim
inary investigations exploring this possibility, through assessment of 
STAT1 phosphorylation, suggested that TNF/ATRA treatment did 
not abrogate the antiviral IFN response to promote CVA21 suscep
tibility (Figure S8B). By contrast, the antiviral STAT1 phosphoryla
tion response was significantly enhanced upon TNF treatment, 
opposing the observed enhancement of CVA21 oncolysis in the pres
ence of TNF. Naturally, we cannot exclude additional modulation of 
downstream antiviral IFN signaling; however, these initial observa
tions, and the correlation analysis, suggest that ICAM-1 may be 
the predominant factor responsible for CVA21 sensitivity in EWS.

Our data demonstrate that PDES do not produce type I IFN in 
response to CVA21 infection in vitro, while PBMCs produce an array 
of antiviral cytokines. The production of pro-inflammatory cyto
kines, such as TNF and IFNα, is essential in the generation of robust 
antiviral and anti-tumor immune responses.19,42 Hence, the expres
sion of cytokines in response to CVA21 by PBMCs may not abrogate 
overall anti-tumor efficacy, despite the inhibitory effects on viral 

oncolysis observed herein. Therefore, rather than inhibiting the im
mune action of these cytokines, navigating around the antiviral 
response by pharmacologically upregulating ICAM-1 expression 
could maintain CVA21 oncolytic potency and the induction of 
anti-tumor immune responses.

While CVA21 has not yet been trialed in EWS, a handful of patients 
with EWS have been enrolled in basket pediatric cancer OV trials, 
which have all demonstrated acceptable safety levels. Moreover, 
one patient with EWS showed potential evidence of efficacy after in
tratumoral injection of oncolytic vaccinia virus22; one patient with 
metastatic EWS showed stable disease following intravenous admin
istration of HSV1716,20 while another patient with metastatic EWS 
was given HSV1716 via intratumoral administration directly to a 
lung metastatic site.21 These examples are limited for EWS; however, 
they demonstrate that OVs can be delivered either systemically or 
directly to the tumor, including at some metastatic sites, providing 
a range of delivery options for CVA21. Importantly, CVA21 has 
been safe and well tolerated in patients and has been delivered by 
multiple routes, including intravenously,25,27,63 intravesicularly,55

or intratumorally,64,65 indicating that CVA21 could be administered 
to patients with EWS in a variety of ways. Critically, pre-existing 
CVA21 immunity did not appear to limit its efficacy,65 further sup
porting its therapeutic potential for patients with EWS with or 
without prior CVA21 exposure.

This study provides evidence of CVA21 being an attractive candidate 
therapy targeting ICAM-1-expressing EWS tumor cells, a population 
of cells associated with worse prognoses and metastasis.34 The ability 
of CVA21 to eradicate ICAM-1-expressing EWS cells by direct on
colysis and immune activation makes CVA21 an attractive candidate 
for the treatment of EWS, thus providing an alternative approach to 
treat relapsed or metastatic disease.

MATERIALS AND METHODS

Cell culture and reagents

The procedure of PDES isolation and characterization has been pre
viously described.28,31 Informed consent and ethical approval for the 
collection of the tumors and generation of PDES were obtained 
through GenoEWING (IRAS 167880, EDGE 79301). All EWS cell 
lines contain EWSR1 gene rearrangements and CD99 surface expres
sion. EWS cell lines and PDES were routinely tested for mycoplasma 
using the EZ-PCR mycoplasma test kit (Geneflow, Lichfield, UK). 
EWS cell lines were cultured in Roswell Park Memorial Institute 
(RPMI)-1640 medium (Gibco, Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS; 
Sigma-Aldrich, St. Louis, MO, USA); PDES were cultured in the 
same medium also supplemented with 1% penicillin/streptomycin 
(Gibco, Thermo Fisher Scientific). Mel624 cells were cultured in Dul
becco’s modified Eagle’s medium (DMEM), supplemented with 10% 
FBS. 2′-C-methylcytidine (Thermo Fisher Scientific) was dissolved 
in Hank’s balanced salt solution (HBSS; Thermo Fisher Scientific) 
and used at a final concentration of 100 μM. ATRA (Sigma- 
Aldrich) was dissolved to a concentration of 10 mM in dimethyl 
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sulfoxide (DMSO; Sigma-Aldrich). For pre-treatments, PDES were 
pre-treated with 5 ng/mL recombinant human IFN-α2 (R&D Sys
tems, MN, USA) or recombinant human TNF (R&D Systems) for 
24 h or 1 μM ATRA (Sigma-Aldrich) for 72 h. Cytokines or ATRA 
were removed prior to CVA21 treatment in fresh medium.

PDES and EWS cell lines used throughout this study are identified 
by unique symbols in each graph (Figure 1E). PDES derived 
from diagnostic biopsy tissue (n = 5) are represented as follows: 
CCRG1-L-008, diamond; CCRG1-L-014, inverted triangle; 
CCRG1-L-017, circle; CCRG1-L-023, square; and CCRG1-L-066, 
triangle. PDES derived from relapsed tissue samples (n = 2) are rep
resented as follows: CCRG1-L-087, hollow square, and CCRG1-L- 
088, hollow circle. EWS cell lines are identified by unique symbols: 
TC-32, square with cross; SK-N-MC, diamond with cross; TC-71, 
circle with cross; ES-5838, cross; SK-ES-1, 8-pointed cross; A673, 
plus; and TTC-446, hexagon with cross.

Processing of human PBMCs

PBMCs were obtained from leukocyte apheresis cones supplied by 
the National Health Service (NHS) Blood and Transplant service. 
PBMCs were isolated using Lympholyte (VH Bio, Gateshead, UK) 
and density centrifugation.

ICAM-1 Kaplan-Meier analyses

Kaplan-Meier (KM) survival analyses were performed as previously 
described.28 Briefly, results were linked to clinical outcome data in 
R (v.4.5.1), and the prognostic value of ICAM1 was examined in pub
licly available RNA datasets of diagnostic ES tissues (GEO: 
GSE63157, GSE17618, and GSE17674), using the Cox proportional 
hazards regression model, and the optimal cut point in the data 
was determined using Harrell’s C index.66 The Cox model was 
then performed using the defined cut point, and KM plots were 
generated using Survminer and ggplot.

Flow cytometry analysis

A Cytoflex LX (Beckman Coulter, Brea, CA, USA) was used for data 
acquisition and analyzed using CytExpert v.2.6. Flow cytometry- 
based experiments are described in more detail within the relevant 
section below.

ICAM-1 expression

Total RNA sequencing was performed as previously described.28 For 
ICAM-1 IHC, fresh frozen EWS tissue sections (5 μm) were fixed in 
fresh 4% PFA for 15 min before three washes with PBS. Access to 
EWS and normal tissue was covered under the following ethics: 
(1) IRAS 167880 and EDGE 79301 for tumors with paired PDES 
and (2) VIVO Biobank (23/EM/0130 IRAS 327843) for all other 
tumors and normal tissue. Tissue was stained with the ICAM-1 IH
Ceasy ICAM-1 Ready-To-Use IHC Kit (Proteintech, Manchester, 
UK) according to the manufacturer’s instructions. Mouse IgG2b 
(MPC-11; Proteintech) was used as an isotype control (0.2 μg/mL). 
Images were captured using a Zeiss Axio Imager microscope fitted 
with an ApoTome module and an Axiocam camera (Zeiss, Ger

many). A fresh-frozen healthy human lymph node was used as a 
positive control, and cytospins of TC-32 EWS cells were used as an 
ICAM-1-low/negative control. Relative ICAM-1 staining was 
measured using ImageJ (v.1.54p). ICAM-1 staining was quantified 
using ImageJ analysis; each image was deconvoluted separately 
into RGB for the DAB signal (brown) and hematoxylin nuclear 
counterstain (blue) using brightness/contrast thresholds set based 
on positive and negative control samples. Each image was then con
verted to a binary mask, and the mean intensity for each signal was 
quantified separately on each image. The ICAM-1 staining score was 
calculated as the ratio of DAB signal to nuclear staining signal for 
each image. n ≥ 3 images were taken for each section on 40× magni
fication. ICAM-1 scores were then normalized by subtracting the 
mean staining score from tissue-matched isotype-stained samples.

For ICAM-1 surface protein expression, cells were harvested with 
trypsin:ethylenediaminetetraacetic acid (EDTA) solution (Sigma- 
Aldrich) and stained with mouse anti-human ICAM-1 (CD54)-PE 
antibody at 20 μL per 106 cells (3 μg/mL; clone LB-2, #347977, BD 
Bioscience, UK) or an equivalent concentration of mouse IgG2b- 
PE isotype control (clone 27-35, #555743, BD Bioscience) diluted 
in fluorescence-activated cell sorting (FACS) buffer (PBS supple
mented with 2 mM EDTA and 2% FBS) for 30 min at 4◦C, washed 
with PBS, and fixed with 1% PFA. Expression was quantified by 
flow cytometry, and relative expression was determined as the 
fold change in mean fluorescence intensity (MFI) of ICAM-1 versus 
the isotype control.

CVA21 replication and concentration

Wild-type CVA21 (Kyukendall strain) was propagated in-house 
from stocks purchased from ATCC (ATCC VR-850; ATCC, Man
assas, WA, USA). The virus was propagated by harvesting Mel624 
cell supernatants following infection with CVA21 at 0.001 plaque- 
forming units/cell for 72 h. CVA21 particles were initially pelleted 
from the supernatant by centrifugation at 36,000 rpm for 2 h (SW45 
rotor, Optima L-80 ultracentrifuge, Beckman Coulter) before being 
purified by OptiPrep density gradient centrifugation (35%–15% 
gradient) at 36,000 rpm for 1.5 h (SW41 Ti rotor). Bands containing 
CVA21 were collected, aliquoted, and stored at − 80◦C. To assess 
CVA21 replication in EWS cells, cells were infected with CVA21 
at the stated MOI for 16 h, after which cells and supernatant 
were collected and immediately frozen at − 80◦C. CVA21-contain
ing samples underwent 2 freeze/thaw cycles. Titer of viral stock was 
determined by plaque assay.

CVA21 plaque assays

Mel624 cells were seeded in 6-well plates overnight before infection 
with 1 mL CVA21-containing samples serially diluted 10-fold in 
serum-free DMEM. For EWS CVA21 replication experiments, 
Mel624 cells were also infected with CVA21 stock at the originally 
stated MOI and defined as the “input.” After 2 h of infection, 
virus-containing medium was replaced with overlay medium (1:2 
ratio of 10% DMEM with 1.6% carboxymethylcellulose). Cells 
were cultured for 48–72 h before overlay medium was removed, 
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and cells were washed and fixed in 1% PFA solution. Cells were 
counterstained using 1% (w/v) methylene blue, and viral-induced 
plaques were counted manually. Viral titers were calculated as the 
number of plaques multiplied by the dilution factor. Relative viral ti
ters were measured as fold change in viral titer from experimental 
samples compared to input samples.

CellTiter-Glo viability assays

Cell viability assays were performed by seeding EWS cell lines or 
PDES at 5e3 cells per well in a 96-well plate for 2D monolayers 
and a 96-well ultra-low adherence plate (Corning, NY, USA) for 
3D spheroids. Cell viability was determined using the CellTiter- 
Glo luminescent cell viability assay (Promega, Madison, WI, USA) 
according to the manufacturer’s instructions, and luminescence 
was measured using an Agilent BioTek Cytation 5 plate reader (Agi
lent Technologies, Santa Clara, CA, USA) with a 1 s integration time. 
Relative viability of treated samples was measured as the mean lumi
nescence signal from n ≥ 3 technical repeats relative to untreated or 
DMSO-treated controls. For ATRA experiments, treated samples 
were normalized relative to ATRA alone to demonstrate the effect 
of CVA21, thus normalizing for the cytostatic effects of ATRA.

High-content imaging

PDES culture medium containing floating dead cells was removed, 
and cells were washed with PBS before being fixed with 4% PFA 
for 15 min, permeabilized with 0.1% Triton X, and stained 
with 4′,6-diamidino-2-phenylindole (DAPI; 0.2 μg/mL, Sigma- 
Aldrich) and TOTO-3 Iodide (500 nM; Thermo Fisher Scientific) 
for 30 min. Images were captured using the Cell Discoverer 7 
High-Content Imaging fluorescent microscope (CD7; Carl Zeiss, 
Cambridge, UK). n = 3 fields of view were captured for each well 
at 10× magnification. Cell number was assessed by counting the 
number of DAPI-stained nuclei in each field of view using Zen 
Blue Imaging Software (v.3.6, Zeiss).

NK cell depletion

For NK cell depletion experiments, NK cells were isolated using anti- 
human CD56+ MicroBeads (#130-050-401, Miltenyi Biotech, Bergisch 
Gladbach, Germany) and LS columns (#130-042-401, Miltenyi 
Biotech) according to the manufacturer’s instructions. NK cell deple
tion was confirmed for each PBMC donor by staining whole PBMCs, 
NK-depleted PBMCs, and enriched NK cells with anti-human CD45- 
APC (Miltenyi Biotech), CD56-eF450 (Thermo Fisher Scientific), 
CD3-PerCP (BioLegend, San Diego, CA, USA), and LIVE/DEAD 
Fixable Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific) 
diluted in FACS buffer for 30 min at 4◦C; cells were washed with 
PBS and fixed with 1% PFA prior to flow cytometry analysis.

PBMC-mediated killing assays

For short-term PBMC killing assays, PBMCs were stimulated with 
CVA21 (MOI 0.1), or left untreated, for 48 h. After 48 h, freshly iso
lated PBMCs were co-cultured with PDES stained with CellTracker 
Green CMFDA Dye (Invitrogen, Thermo Fisher Scientific) in a 
96-well round-bottom plate for 5 h; cells were cultured in suspension 

at a 25:1 PBMC:PDES ratio. When NK cell-depleted PBMCs were 
used, NK cells were depleted as described above immediately prior 
to co-culture with target EWS cells. Co-cultures were then stained 
with LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen, Thermo 
Fisher Scientific) for 30 min at 4◦C, washed with PBS, and fixed 
with 1% PFA prior to flow cytometry acquisition and analysis.

For adherent PBMC killing assays, PDES or EWS cell lines were 
seeded and left to adhere overnight in 24-well plates. The following 
day, EWS cells were infected with CVA21 (MOI 0.5), or left un
treated, for 2 h before co-culture with freshly isolated PBMCs at 
a 10:1 PBMC:EWS cell ratio for 48 h. When NK cell-depleted 
PBMCs were used, NK cells were depleted as described above 
immediately prior to co-culture with target EWS cells. Total cell 
co-cultures, including detached dead cells, were then harvested us
ing trypsin:EDTA solution and stained with the LIVE/DEAD 
Fixable Dead Cell Stain Kit and CD45-APC (Miltenyi Biotech) 
for 30 min at 4◦C; cells were washed with PBS and fixed with 1% 
PFA prior to flow cytometry analysis.

PBMC-CMs

To generate PBMC-CMs, PBMCs were either left untreated or stim
ulated with CVA21 (MOI 0.1) for 48 h before cells were harvested 
and pelleted, medium collected, and virus removed by filtration 
through an Amicon Ultra Filter 100 kDa molecular weight cutoff fil
ter (Merck Millipore, Burlington, MA, USA). PBMC-CM was stored 
at − 20◦C. For PBMC-CM pre-treatment, PDES were treated with 
PBMC-CM mixed 1:1 with RPMI-1640 plus 10% FBS for 24 h before 
further treatments.

Phospho-STAT-1 staining

Cells were pre-treated with TNF (5 ng/mL; 24 h) or ATRA (1 μM; or 
DMSO control; 72 h) or left untreated before stimulating with IFNα 
(5 ng/mL), PBMC-CM, or CVA21-stimulated PBMC-CM (1:1 
RPMI:CM) for 30 min. Cells were then immediately dissociated, 
transferred to FACS tubes, and fixed with 1% PFA for 15 min at 
37◦C. Cells were then washed twice with ice-cold FACS buffer, per
meabilized with pre-chilled True-Phos Perm Buffer (#425401 
BioLegend) for 1 h at − 20◦C, washed two more times with FACS 
buffer, and stained with mouse anti-human STAT1 Phospho Y701 
PE antibody at 5 μL per e6 cells (2.5 μg/mL; clone A17012A, 
#666403, BioLegend) or an equivalent concentration of mouse 
IgG1 PE isotype (clone MOPC-21, #400140) diluted in FACS buffer 
for 30 min at 4◦C. Cells were washed twice more with FACS buffer 
before immediate acquisition by flow cytometry. Relative expression 
was determined as fold change in MFI for phospho-STAT-1 versus 
the isotype control.

Statistical analysis

Differential expression of RNAs between cell lines and PDES was 
identified using DESeq2.35 Other statistical analyses were performed 
using GraphPad PRISM 10.5.0 (GraphPad Software, San Diego, CA, 
USA). Paired analyses were used when assessing treatments for 
each PDES, EWS cell line, and individual PBMC donor. For each 
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experiment, figure legends provide the details of (1) the individual 
statistical test (e.g., t test or one-way or two-way analysis of variance 
[ANOVA]) used, (2) the post hoc multiple comparisons test used, 
and (3) the number of biological repeats performed. Error bars 
represent mean ± standard deviation.

DATA AND CODE AVAILABILITY
The FASTQ files of the RNA sequencing data of PDES are available in the Research Data 
Leeds Repository (University of Leeds).67,68
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