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Preface

Next to osteosarcoma, Ewing sarcoma is the second most common primary bone tumor in
children, adolescents, and young adults (AYAs), with ~1.5 cases per million children and AYAs
globally and a male excess of ~1.5. Substantial incidence variation across populations ranges from
~1 per million in predominantly African 10-to-19 year-old boys to ~8 per million in predominantly
European boys in the same age range. This highly malignant cancer is characterized by unique
ews/ets translocations, which constitute prototypic oncogenic drivers. However, these oncofusions
do not determine clinical biology and outcome. Patient fate is mostly determined by metastasis; both
the high propensity and the complex spreading process are far from being completely understood.
In addition, prognostic parameters for localized disease are limited. Ewing sarcomas are amongst
the childhood cancers with a low mutational rate, rendering reliable biomarkers elusive. However,
mutation rates increase with relapses and cumulative mutagenic therapy exposure. That said, a silent
tumor genome generally limits targeted therapy approaches, which applies particularly to Ewing
sarcoma. Nevertheless, precision oncology approaches aim at enhancing the therapeutic index of
conventional chemotherapy with novel small molecules targeting epigenetics, metabolism, and stress
responses. This all constitutes an urgent medical need in relation to Ewing sarcoma, given the risk
of secondary malignancies after treatment with chemotherapy and radiotherapy. While the risk of
secondary malignancies after Ewing sarcoma is considerable, the occurrence of Ewing sarcoma as a

secondary malignant neoplasm is rare.

Although their genome is generally silent, Ewing sarcomas may reactivate endogenous
retro-elements. Their activation is linked to a particular inflammatory response and a prometastatic
modulation of the microenvironment. Inflammation is a characteristic feature of Ewing sarcoma
and confers inferior prognosis. On the other hand, these tumors are characterized, at least
in most cases, by immune inertia, i.e.,, a scarcity of T cell infiltrates and a predominance
of immunosuppressive myeloid signatures (M0/M2), resulting in the antagonistic processes of
inflammation and immunosuppression. What seems to be an oxymoron at first glance turns
out to be an immunoregulatory escape by turning the tumor’s periphery into an immune
desert. Mechanistically, chronic inflammation induces suppressive myeloid cells to shield the
tumor against adaptive immune attack, hampering the efficacy of chimeric antigen receptor
or T cell receptor transgenic T cells. Overcoming these immunosuppressive mechanisms may
enhance immunotherapeutic efficacy. Several approaches have been pursued in this regard. The
manipulation of inflammatory agents and mechanisms can neutralize the immunosuppressive tumor
microenvironment. The utilization of oncolytic viruses, genetically engineered to depend on their
lytic cycle, on metastatic drivers can induce immunogenic cell death and, particularly when in
combination with cell cycle inhibitors, also have the potential to overcome barriers to immunotherapy
in Ewing sarcoma. Several approaches have been pursued to increase the longevity of genetically
engineered therapeutic T cells, including the use of orthotopic instead of retroviral TCR replacement
by transgenic TCRs or CARs.

This series of 10 articles (7 original Articles, 1 Communication, and 2 Reviews) is presented by

international leaders in the field of Ewing sarcoma research.

The article “Correlation of Transcriptomics and FDG-PET SUVmax Indicates Reciprocal
Expression of Stemness-Related Transcription Factor and Neuropeptide Signaling Pathways in
Glucose Metabolism of Ewing Sarcoma” uses artificial intelligence and sophisticated computer

algorithms to integrate functional genomics, which are assessed by gene expression, and functional



imaging, which are assessed by FDG-PET, in order to better characterize these highly malignant
tumors and to provide additional biomarkers, as well as prognostic parameters, for both localized and
metastatic disease. The identified genes and pathways might serve as a starting point for prospective
experimental and clinical studies of new therapeutic interventions. Thus, this study provides new
opportunities for future research to improve the outcome of patients with poor survival rates, which
will hopefully become a reality in the near future.

The article “Exploiting the Stemness and Chemoresistance Transcriptome of Ewing Sarcoma
to Identify Candidate Therapeutic Targets and Drug-Repurposing Candidates” revealed ABCGI1 as
an additional potential cell surface marker of progression. The authors used functional assays and
transcriptomic analyses to characterize the cells that are responsible for progression and relapse. They
explored a data bank to find known drugs that bind to these targets. This approach may, at least in
part, overcome some limits of targeted therapy. In the future, after the preclinical validation of efficacy
and specificity in Ewing sarcoma, some of these drugs may be assessed as combination treatments in
clinical trials, with the goal of improving outcomes.

The article “Identification of Factors Driving Doxorubicin-Resistant Ewing Tumor Cells to
Survival” identified biomarkers of resistance to doxorubicin in primary cultures of Ewing sarcoma
cells using single-cell transcriptomic and proteomic analyses. Through this investigation, it was
confirmed that MGST1 and tCOL6A2 are both produced by doxorubicin-resistant cells. This
constitutes an interesting contribution to precision oncology, aimed at enhancing the therapeutic
index of conventional chemotherapy.

The article “Secondary Malignancies after Ewing Sarcoma” shows a cumulative incidence (CI)
of 14% at 30 years. While the CI for hematologic secondary malignant neoplasms (SMNs) remained
stable during this time, solid SMNs increased over time and were higher for metastatic patients than
in localized EwS patients. The use of radiation doses > 60 Gy correlated with the occurrence of SMNs.

In contrast, the article “Ewing Sarcoma as Secondary Malignant Neoplasm” shows EwS as an
SMN in 1.1% of all patients with EwS. Survival is similar to that of primary EwS.

The review “Ewing Sarcoma Meets Epigenetics, Immunology, and Nanomedicine” addresses
the long-term toxicities and failures of conventional cytotoxic treatment with recent advances in
nanomedicine to provide novel delivery drug systems. In addition, it bridges the topics of epigenetic
and immunologic therapeutic strategies.

The article “C-Reactive Protein Pretreatment-Level Evaluation for Ewing’s Sarcoma Prognosis”
shows that a CRP pretreatment value >0.5 mg/dL represents a sensitive prognostic risk factor for
distant metastasis and poor prognosis, as well as confirming inflammation as a characteristic feature
of Ewing sarcoma, conferring inferior prognosis.

The communication “Routine EWS Fusion Analysis in the Oncology Clinic to Identify
Cancer-Specific Peptide Sequence Patterns That Span Breakpoints in Ewing Sarcoma and DSRCT”
reports amino acid fusion sequences from the EWS gene and the fusion partner gene (FLI1, ERG,
FEV, and WT1) to obtain fusion neoantigen data used in cancer vaccine trials. These findings might
help to overcome immune inertia.

The article “T Cells Directed against the Metastatic Driver Chondromodulin-1 in Ewing Sarcoma:
Comparative Engineering with CRISPR/Cas9 vs. Retroviral Gene Transfer for Adoptive Transfer”
assessed the feasibility of endogenous TCR orthotopic replacement with a TCR containing a CHM1
targeting sequence via CRISPR/Cas9, evaluating the tumor recognition and cytotoxicity function of
CRISPR/Cas9-engineered T cells and comparing the prevention of endogenous TCR expression in
CRISPR/Cas9 vs. retrovirally engineered T cells. It shows that both engineered T cell products

specifically recognize tumor cells and elicit cytotoxicity in vitro, with CRISPR/Cas9-engineered T



cells providing a more prolonged cytotoxic activity. Thus, orthotopic TCR replacement may increase
the longevity of genetically engineered therapeutic T cells.

Finally, the review “Current State of Immunotherapy and Mechanisms of Immune Evasion
in Ewing Sarcoma” assesses the commonalities that EwS shares with other immunologically cold
solid malignancies. It is of interest that EwS and osteosarcoma (OS) were among the first
tumors treated with immunotherapy. While OS exhibits recurrent somatic copy-number alterations,
EwS possesses one of the lowest mutation rates among cancers, as it is driven by a single
oncogenic fusion protein. In spite of these differences, both EwS and OS are allied with low
immunogenicity. The article discusses the mechanisms of immune escape in these tumors, including
the low presentation of tumor-specific antigens, low expression levels of MHC-I antigen-presenting
molecules, the accumulation of immunosuppressive M2 macrophages and myeloid proinflammatory
cells, and the release of extracellular vesicles (EVs) that are capable of reprogramming the tumor
microenvironment.

The editors are most grateful to the authors of this series of unique articles, which represent a
collaborative, international effort that reflects the scope and spirit of the Ewing Sarcoma Research
Community by merging basic and clinical biology with diagnostic and therapeutic approaches in a

truly translational approach.

Stefan Burdach, Uta Dirksen, and Poul H. Sorensen
Guest Editors
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Simple Summary: Ewing Sarcoma treatment is traditionally based on chemotherapy, surgery, and
radiotherapy. Although these standard of care regimens are efficient at early disease stages, many
patients fail to respond appropriately, which has prompted the search for more efficacious and specific
treatments. A deeper understanding of the basic molecular mechanisms underlying the biology of
both tumor cells and the tumor microenvironment, as well as advances in drug delivery, has led
to the development of different approaches to improve the treatment in Ewing Sarcoma patients.
Thus, epigenetic, and immunotherapy-based drugs, along with nanotechnology delivery strategies,
represent novel preclinical and clinical studies in the treatment of Ewing Sarcoma. In this review,
we provide a comprehensive overview of these emerging therapeutic strategies and summarize the
potential of the latest preclinical and clinical trials in Ewing Sarcoma research. Finally, we underline
the value and future directions of these new treatments.

Abstract: Ewing Sarcoma (EWS) is an aggressive bone and soft tissue tumor that mainly affects
children, adolescents, and young adults. The standard therapy, including chemotherapy, surgery,
and radiotherapy, has substantially improved the survival of EWS patients with localized disease.
Unfortunately, this multimodal treatment remains elusive in clinics for those patients with recurrent
or metastatic disease who have an unfavorable prognosis. Consistently, there is an urgent need to
find new strategies for patients that fail to respond to standard therapies. In this regard, in the last
decade, treatments targeting epigenetic dependencies in tumor cells and the immune system have
emerged into the clinical scenario. Additionally, recent advances in nanomedicine provide novel
delivery drug systems, which may address challenges such as side effects and toxicity. Therefore,
therapeutic strategies stemming from epigenetics, immunology, and nanomedicine yield promising
alternatives for treating these patients. In this review, we highlight the most relevant EWS preclinical
and clinical studies in epigenetics, immunotherapy, and nanotherapy conducted in the last five years.

Cancers 2022, 14, 5473. https:/ /doi.org/10.3390/ cancers14215473 1
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1. Introduction

Ewing Sarcoma (EWS) is a rare and highly aggressive bone and soft tissue tumor that
affects children, adolescents, and young adults with a peak of incidence in the second
decade of life. The prognosis of EWS has improved considerably, with current multimodal
therapy including chemotherapy, surgery, and radiation, with a 65-70% cure rate for
localized disease. However, older patients (>18 years), metastatic patients at diagnosis,
and patients with early relapsing tumors still have a poor prognosis, with a 5-year survival
rate of less than 30% [1,2]. Therefore, the higher therapeutic challenge remains on how to
control the systemic disease and improve the survival rates, especially in those patients
with worse prognosis.

EWS tumor cells are characterized by a fusion gene involving one member of the FET
family of genes and one of the ETS family of transcription factors, EWSR1-FLI1 being the
most common [1,3]. Fusion genes have been demonstrated to be essential for tumorigenesis
and, therefore, are attractive therapeutic targets that can be addressed through direct and
indirect molecular targeted approaches [4]. Nevertheless, the lack of specific enzymatic
activity of EWSR1-FLI1 challenges a direct targeted pharmacological inhibition. Moreover,
indirect inhibition of oncogene activity by the perturbation of downstream targets, although
it has presented successful integration in preclinical models, remains elusive in clinics [5].

Advances in the molecular mechanisms underlying the epigenetic remodeling of
chromatin mediated by the fusion oncogene and the immune system have led to the
development of novel therapeutic approaches. Epigenetic changes driven by EWSR1-FLI1
have been reported in the tumorigenesis of EWS. Indeed, EWSR1-FLI1 rewires chromatin
and reprograms gene expression causing both induction and repression of selected gene
pathways [6-8]. Therefore, epigenetic-based treatments provide a prominent option for
treating this aggressive tumor by reversing the effect in the epigenome induced by the
fusion gene. Moreover, based on the experience gained from adult cancer, immunotherapy
studies have been translated to pediatric tumors including EWS.

There is a pressing requirement to develop targeted therapies or drug carriers that can
deliver therapeutic agents with higher efficiency to lower the dosage needed and minimize
side effects. On this basis, nanotechnology plays a prominent role in modern medicine,
by potentially overcoming the deficiencies of conventional methods of administering
chemotherapy and ultimately improving clinical outcomes [9].

In this article, we will revise the ongoing preclinical and clinical studies of the last five
years focusing on epigenetics, immunotherapy and nanotherapy in EWS.

2. Epigenetic and Immunotherapy-Based Treatments in EWS: Moving Forward in
Targeted Therapies

The ultimate knowledge of the basic aspects of the epigenetics and immunotherapy
of cancer has made significant strides, leading to the development of a wide variety of
new therapeutic agents. Here, we summarize the newest epigenetic and immune-based
treatments in EWS.

2.1. Epigenetic Therapy

Epigenetics encompasses the reversible molecular processes affecting chromatin that
define cellular identity by maintaining on and off states of transcription without alterations
in the DNA sequence. Upon sequencing studies, different groups reported EWS as a
tumor with paucity in the mutational rate, implicating epigenetics behind EWSR1-FLI1
as a tumorigenic factor [10]. As a result, many publications have shed light on the role of
the EWS epigenome both in the understanding of the molecular mechanisms involved in
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tumor development and in the identification of novel targets for new and combinational
therapies [11].

Epigenetics is critical to induce the proper environment for EWSR1-FLI1 establishment,
as cells with higher plasticity will provide more significant opportunities for reprogram-
ming by the oncogene [12,13]. Besides, the oncogene that interacts directly with DNA
presents scaffolding properties that mediate protein—protein interactions with important
epigenetic regulators of chromatin structure, rewiring the complete epigenome and, ulti-
mately, their expression programs [14]. EWSR1-FLI1 behaves as a pioneer factor by directly
recruiting chromatin remodelers to GGAA microsatellites, where it induces the formation
of de novo active super-enhancers in regions that were previously repressed [11]. Finally,
the repressive role of the oncogene is described by its capability to displace endogenous
transcription factors [7]. Understanding the epigenetic mechanisms that permit cancer cells
to quickly adapt, and their reversibility, therefore, constitutes a great opportunity for the
development of new strategies to treat cancer [15]. The following sections will focus on
those epigenetic drugs that can be translated into the clinics, which include targeting DNA
methylation, nucleosome remodelers, histone post-translational modifications and their
modifiers (Table 1).

Table 1. Summarizing the open clinical trials (last 5 years) targeting epigenetic factors. Source:
ClinicalTrials.gov (accessed on 1 September 2022).

Molecular
Mechanism

Molecular Clinical Trial

Target

Drug Identifier Patients Phase Status/Ref

DNA
methylation

IDH

Advanced Solid
Tumors, Lymphoma, or
Histiocytic disorders
with IDH1 mutations

Ivodesinib NCT04195555 T Recruiting

Nucleosome
remodeling

Ewing Sarcoma (EWS);
Myxoid Liposarcoma;
NCT03600649 Sarcomas with I Recruiting
FET-family
translocation

EWS; Myxoid
Liposarcoma;
Desmoplastic Small
Round Cell Tumor;
Extraskeletal Myxoid

Seclidemstat
+ topotecan and
cyclophos-
phamide

LSD1/NURD Chondrosarcoma;

Angiomatoid Fibrous
Histiocytoma; Clear
Cell Sarcoma;
Myoepithelial Tumor;
Low Grade
Fibromyxoid Sarcoma;
Sclerosing Epithelioid
Fibrosarcoma

Seclidemstat NCT05266196 /1 Enrolling

Refractory or relapsed

EWS Ib Terminated

INCB059872 NCT03514407

Solid Tumors and
INCB059872 NCT02712905 Hematologic I/11 Terminated
Malignancy
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Table 1. Cont.

Molecular

Mechanism Target

Molecular

Clinical Trial

Drug Identifier

Patients

Phase

Status/Ref

SWI/
SNF

Trabectedin +

o NCT05131386
radiation

Osteosarcoma;
Chondrosarcoma;
EWS;
Rhabdomyosarcoma;
Desmoplastic Small
Round Cell Tumor

I

Recruiting

Trabectedin +

.. NCT04067115
irinotecan

EWS

Recruiting

Lurbinectedin
with or without
irinotecan

NCT05042934

Metastatic and
recurrent EWS

I/11

Withdrawn

Lurbinectedin +

.. NCT02611024
irinotecan

Advanced Solid
Tumors; Glioblastoma;
Soft Tissue Sarcoma
(Excluding GIST)
Endometrial
Carcinoma;
Epithelial Ovarian;
Carcinoma;
Mesothelioma; Gas-
troenteropancreatic
Neuroendocrine
Tumor;

SCLC; Gastric
Carcinoma;
Pancreatic
Adenocarcinoma;
Colorectal Carcinoma;
Neuroendocrine
Tumors

I/1

Recruiting

Histone writer EZH2

Tazemetostat NCT03213665

Relapsed or refractory:
Brain tumors; Solid
Tumors; non-Hodgkin
Lymphoma; histiocytic
disorders with EZH2,
SMARCB], or
SMARCA4 gene
mutations

I

Active, not
recruiting

Histone eraser HDAC

Vorinostat +

chemotherapy NCT04308330

EWS;
Rhabdomyosarcoma;
Wilms Tumor;
Neuroblastoma;
Hepatoblastoma; Germ
Cell Tumor

Recruiting

Histone reader BET

BMS-986158
and NCT03936465
BMS-986378

Pediatric Cancer

Recruiting

2.1.1. DNA Methylation

DNA methylation at cytosine (5-methylcytosine, 5mC) is an essential process in em-
bryonic development and cell differentiation [16]. Disruption of the DNA methylation
pattern is a common trait of different cancers, including EWS, where hypermethylation of
key genes correlates with more aggressive behavior and hypomethylation was reported in
active enhancers [17,18]. DNA methyltransferases (DNMT) and ten-eleven translocation
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(TET) methylcytosine dioxygenases, responsible for DNA demethylation, have been major
targets for epigenetic drug development. Despite their high efficiency, DNMT inhibitors
(DNMTi), such as azacitidine and decitabine, presented toxicity in phase I clinical trials
and low doses in combination with other agents were further tested [19]. Recently, the
novel non-nucleoside DNMTi MC3343 has been described to induce a specific depletion of
DNMT1 that induces DNA damage without alterations in DNA methylation [20].

Besides, non-epigenetic drugs were reported to affect TET enzymes and histone
demethylases. Mutations that disrupt isocitrate dehydrogenase IDH1/2 enzymatic func-
tion produce a reduction in a-ketoglutarate (¢KG) and an increase in the oncometabolite
2-hydroxyglutarate (2HG). In particular, 2HG inhibits TET enzymes resulting in DNA
hypermethylation; thus, drugs inhibiting mutant IDH1/2 reactivate «KG and restore
methylation levels [6]. On this basis, ivodesinib, an inhibitor of mutated IDH1, is actu-
ally in phase II clinical trial for refractory and recurrent pediatric solid tumors including
EWS (NCT04195555).

2.1.2. Nucleosome Remodeling

Nucleosome remodeling refers to the ATP-dependent multiprotein complexes that
affect nucleosome positioning and structure, influencing transcription regulation. Among
these complexes, EWSR1-FLI1 recruits the nucleosome remodeling and deacetylase (NuRD)
complex. This complex contains histone deacetylases (HDAC), lysine specific demethylase
1 (LSD1) and chromodomain-helicase-DNA-binding protein 3/4 (CHD3/4) and directly
binds to EWSR1-FLI1 promoting transcriptional repression in EWS [21]. The inhibition of
LSD1 with the non-competitive reversible LSD1 inhibitors HCI-2509 and HCI-2528 was
effective in targeting EWS cell lines, while their efficiency was dependent on EWSR1-FLI1
expression [21]. HCI-2509 delayed tumor growth in monotherapy [22] and its efficiency
was not altered by the previous inhibition of EWS cell lines with the irreversible inhibitor
GSK-LSD1, suggesting that HCI-2509 disrupts the LSD1 interaction with EWSR1-FLI1 [23].
Nevertheless, the latest studies have reported LSD1 colocalization at EWSR1-FLI1 active
super-enhancers, correlating with HCI-2509 disruption not only of repression but also gene
activation [24]. SP-2577 (seclidemstat), another LSD1 inhibitor, inhibited the growth of
three out of eight EWS xenograft models [25]. At present, there are four clinical trials: (i) a
phase I evaluating the safety-dose escalation and expansion of seclidemstat with topotecan
and cyclophosphamide in patients with relapsed or refractory EWS (NCT03600649); (ii) a
phase I/1I as a continuation of a previous one, which allows the patient continued access
to the drug (NCT05266196); (iii) a phase I study evaluating the safety and preliminary
antitumor activity of INCB059872, another selective and oral LDS1 inhibitor, in refractory
or relapsed EWS patients (NCT03514407); and (iv) a dose-escalation and dose-expansion
study of INCB059872 in advanced solid malignancies including EWS (NCT02712905).

Among a panel of pediatric sarcoma cell lines, EWS cells were the most sensitive
to trabectedin, an antitumor drug derived from the sea squirt that binds to the minor
groove of DNA, reversing the gene signature of EWSR1-FLI1 by interference with its tran-
scription factor activity [26]. EWSR1-FLI1 can also recruit the mammalian switch/sucrose
non-fermenting (SWI/SNF) nucleosome remodeler to enhancers containing GGAA mi-
crosatellites facilitating chromatin opening and activation of EWSR1-FLI1-targets [27].
Later studies demonstrated that trabectedin evicted the SWI/SNF complex from chromatin
and redistributed EWSR1-FLI1 within the nucleus, disrupting its function as a pioneer
factor [28]. Although the phase I clinical trial in children with refractory solid tumors
concluded that trabectedin was safe, a phase II study was unsuccessful [29,30]. A new
phase II clinical trial combines trabectedin with radiation in advanced and metastatic EWS
(NCTO05131386), and another three evaluate the combination of trabectedin or its deriva-
tive lurbinectedin with irinotecan based on their synergy (NCT04067115, NCT05042934,
NCT02611024 and [31]).
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2.1.3. Histone Modifications and Modifiers

Histone tails undergo a variety of post-translational covalent modifications that affect
their interaction with DNA. The different histone modifications constitute a code where
synergistic or antagonistic interactions determine chromatin accessibility to transcription
factors and ultimately transcription activation or repression [32]. The enzymatic activities
behind this histone code involve writers that settle these modifications (including histone
acetyltransferases (HAT) or histone methyltransferases (HMT)), erasers, which eliminate
them (including histone demethylases (HDM) or HDAC), and finally, readers that recognize
and mediate an epigenetic signal.

Histone Writers: Polycomb Group and G9a Methyltransferase

The polycomb group (PcG) proteins segregate in two transcriptional repressive com-
plexes, PRC1 and PRC2. PRC1 contains the E3 ubiquitin ligase enzyme RING1A or RING1B,
while PRC2 consists of HMT activity from EZH1 or EZH2. Despite the repressive role
of PRC1, RING1B has been described to be a transcriptional activator in various cancer
entities [33,34]. In EWS, RING1B is highly expressed and is necessary for the expression
of critical EWSR1-FLI1 targets by facilitating oncogene recruitment to active enhancers.
Inhibition of aurora kinase (AURK) B by AZD1152 has been proposed as an excellent
strategy to impair RING1B activity at active enhancers [35]. Moreover, EWS cells were
highly sensitive to both AURKA and B inhibitors and their combination with focal adhesion
kinase (FAK) inhibitors reduced the tumor growth in EWS mouse models [36].

The PRC2 subunit EZH2 is overexpressed in EWS and its knockdown inhibited tu-
mor growth and metastasis in vivo [37,38]. Consequently, different EZH2 inhibitors have
been evaluated in EWS in order to target PCR2 activity, such as the non-specific inhibitor
3-deazaneplanocin A (DZNep) and the specific inhibitor tazemetostat. DZNep treatment
produced a cell cycle arrest in vitro and growth suppression in EWS mice [39]. The tolera-
bility of tazemetostat is being evaluated in a phase II clinical trial in pediatric patients with
gain of function mutations of EZH2 including EWS (NCT03213665). Nevertheless, tazeme-
tostat showed no activity in four xenograft models of EWS [40]. Besides, EZH2 inhibitors
combined with immunotherapy might offer a new therapeutic opportunity. It has been
observed that GSK126, another selective EZH2 inhibitor, as well as tazemetostat, enhance
the surface expression of disialoganglioside (GD2) in EWS cell lines, which sensitizes EWS
cells to cytolysis by GD2-specific chimeric antigen receptor (CAR) T-cell immune therapy
(see next chapter) [41].

Finally, G9a, an HMT that dimethylates H3K9, has been found to be overexpressed
in different cancer types. Specifically, its overexpression in EWS correlated with poor
prognosis and metastasis [42]. Indeed, the G9a inhibition with BIX01294 was proved
effective in disrupting migration, invasion, adhesion, colony formation, and vasculogenic
mimicry via the upregulation of NEU1. Decrease in metastasis and tumor growth with
BIX01294 was proven in two in vivo models of EWS metastasis [42].

Histone Erasers: Deacetylases and Demethylases

HDAC antagonize the enzymatic activity of HAT by removing histone acetylation.
EWSR1-FLI1 was shown to globally repress HAT activity while stimulating HDAC [43].
Consistently, several HDAC inhibitors (HDACi) were screened in EWS, including FK228
(romidepsin) and MS-275 (entinostat), which presented antitumor activity in vitro and
in vivo in EWS, as well as vorinostat (SAHA) and sodium butyrate (NaB) [43-45]. Lessnick
et al., showed that both vorinostat and depletion of HDAC2/3 reversed expression patterns
of EWSR1-FLI1-repressed targets, indicating that the oncogene relies on HDAC for its
repressive role in transcription [21]. Nevertheless, the first initial preclinical testing of
vorinostat retrieved no objective responses for any of the solid tumors tested, including
EWS [46]. Besides, entinostat, a selective HDAC1 and HDACS3 inhibitor, significantly
reduced tumor burden and increased survival in preclinical xenograft models inducing cell
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cycle arrest and apoptosis. However, only the knockdown of HDAC3 was critical for EWS
survival [47].

Further studies have revealed the potential of HDACi in combination with other drugs.
A screening of 43 epigenetic drugs revealed that the most sensitive agents in EWS cell lines
were related to HDAC inhibition, being BML-281, a specific inhibitor of HDAC6, the drug
with the lower IC50. BML-281 increased acetylation levels of specificity protein 1 (SP1),
reducing its binding to the EWSRI-FLI1 promoter and causing repression of the oncogene
and its associated targets [48]. Furthermore, the combination of the HDACS6 inhibitor
ACY-1215 with doxorubicin reduced tumor growth in EWS xenografts [48]. On the other
hand, HDAC1 and HDAC2 knockouts demonstrated a reduction in invasiveness and tumor
growth in xenografts [49]. Since the effect in tumor growth resembled EZH?2 inhibition [37],
the HDACi romidepsin was combined with the embryonic ectoderm development (EED)
inhibitor (A-395), which inactivates the PRC2 complex. This combination treatment was
superior to monotherapy blocking the proliferation and tumor growth of SK-N-MC or EW7
xenograft models [49]. In addition, the combination of SAHA with HCI-2509 decreased cell
proliferation, triggering cell cycle arrest and apoptosis, reducing EWSRI-FLI1 expression
by regulation of the EWSR1 promoter and altering tumor growth [50]. Along the same
line, the combination of romidepsin with HCI-2509 has also proved to be synergistic [51].
Currently, a phase I clinical trial combining vorinostat with chemotherapy in refractory or
relapsed solid tumors is open (NCT04308330). Interestingly, HDACi could be chemically
modified to have a second pharmacophore, like fimepinostat, which is a hybrid inhibitor
of phosphatidylinositol 3-kinase (PI3K) and HDACs. This drug not only reduced EWSR1-
FLI1 protein by affecting its stability but also cell viability and tumor growth in sarcoma
xenograft models [52].

Regarding histone demethylation, the Jumonji-domain HDM KDM3B demethylates
H3K9me2, and has been described as a novel oncogene downstream of EWSR1-FLI1 [53].
KDM3B and its direct target, the cell adhesion molecule MCAM, were positively implicated
in cell migration and invasion, and their knockout reduced metastasis in vivo [54]. Indeed,
EWS cell lines were sensitive to the pan-selective Jumonji HDM inhibitor JIB-04, which in-
creased methylation levels of H3K4me3, H3K9me2, and H3K27me3 and affected the whole
EWSRI1-FLI1 transcriptome. JIB-04 induced DNA damage via CDKN1A and decreased
tumor growth in xenograft models [55]. Besides, a drug screening revealed that EWS cell
lines were sensitive to the H3K27me3 demethylase inhibitor GSK-J4. This drug sensitized
EWS cell lines to chemotherapy and synergized in vivo with the cyclin-dependent kinase
(CDK) 7/12/13 inhibitor THZ1 [56]. Nevertheless, these new epigenetic drugs have not yet
reached into the clinics.

Histone Readers: Bromodomains

The bromodomain and extra-terminal (BET) family consists of four conserved mam-
malian members (BRD containing 2 (BRD2), BRD3, BRD4, and BRDT) that interact through
bromodomains with acetylated lysine residues [57,58]. The first BET inhibitor described
was JQ1, a molecule that competitively binds to bromodomains, preventing the interac-
tion between BET proteins and acetylated histones. In EWS, both JQ1 and depleted BRD
proteins suppressed the EWSR1-FLI1 gene signature. Besides, JQ1 compromised cell prolif-
eration, angiogenesis, and tumor growth in EWS xenograft models [59,60]. BMS-986158 and
BMS-986378, another two BET inhibitors, have now entered clinical trials as investigational
drugs for evaluating their efficacy for pediatric brain and solid tumors (NCT03936465).

2.2. Immunotherapy

Immunotherapy is a treatment that boosts the immune system response against cancer
or blocks any mechanism that prevents antitumor immunity. The local tumor microenvi-
ronment (TME) and the host immune system define the tumor immunophenotype, which
is generally divided into hot and cold tumors. Whereas hot tumors resemble an immune-
inflamed phenotype characterized by infiltration of T lymphocytes, cold tumors present
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an immune-desert or immune-excluded phenotype with the absence or exclusion of T-
cells [61]. EWS exemplifies an immune cold tumor with very poor infiltration of immune
cells or inflammatory infiltrates due to immune escape, immune privilege, or immune
inhibition by the TME. Tumor cells resemble a deficient expression of human leukocyte
antigens (HLA) that prevents recognition of tumor-associated antigens by effector T-cells
and antigen presenting cells. Consistently, self or tumor-reactive T-cells extracted from EWS
patients show an exhausted phenotype that failed to activate despite the presence of high
doses of antigen [62]. In the same lines, immune-inhibitory ligands, such as HLA-G were
found locally expressed on tumor cells and on infiltrating lymphocytes, which promote
direct inhibition of the immune response by natural killer (NK) cells as well as the induction
and expansion of myeloid-derived suppressor cells (MDSCs) [63,64]. Besides, large popula-
tions of MDSCs were shown to inhibit EWS immune responses to therapy [65]. While a
better understanding of the interplay between EWS and TME is being developed, novel
immunotherapy strategies are focused on increasing the number of T-cells driving them
into the tumor and reversing the immunosuppressive TME [66]. These therapies include
immune checkpoint inhibitors, adoptive cell therapy, antibody-based immunotherapy, and
cancer vaccines, which are addressed below (Figure 1).
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Figure 1. Immune therapies currently explored in EWS. (A) Immune checkpoint inhibitors block
the interaction of immune checkpoint molecules (e.g., PD-1 or CTLA-4) with its inhibitory ligands
to stimulate the immune response. (B) Adoptive cell therapy involves the infusion of modified
autologous T-cells or allogenic NK cells. T-cells can be genetically modified to express a chimeric
antigen receptor (CAR) specific of a tumor-associated antigen (e.g., EGFR) that can be recognized
by major histocompatibility complex (MHC)-independent mechanisms. In contrast, T-cells isolated
from tumors can be stimulated with an oncolytic peptide (e.g., LTX-315) and reinfusioned back
to mediate an antitumoral MHC-dependent response. Transfer of NK cells from healthy donors
is based on the innate ability of NK cells to kill tumor cells through various mechanisms such as
granzyme B release. (C) Antibody-based therapies involve the use of specific antibodies targeting
tumor-associated antigens (e.g., GD2). (D) Cancer vaccines stimulate the immune system response
of the host through various mechanisms. The VIGIL vaccine in EWS is based on the tumor cells
engineered to express GM-CSF and a bifunctional shRNA that prevents immunosuppression by
TGFR1-2 release. Reinfusion of these tumor cells, thus, promotes antigen-presentation and the
adaptive immune response.
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2.2.1. Immune Checkpoint Inhibitors

Immune checkpoint molecules are inhibitory and stimulatory ligand-receptor pairs
that exert an inhibitory or stimulatory effect on immune responses. They are usually
expressed in T-cells to maintain self-tolerance and regulate the magnitude of the immune
response. Additionally, these molecules have been described as participating in immune
evasion in cancer [67]. Blocking the interaction of checkpoint molecules by immune
checkpoint inhibitors (ICI) is currently under research to increase T-cell activation and
proliferation, causing T-cell cytotoxicity towards tumor cells. ICI treatment typically targets
PD1 or CTLA4 immune checkpoint molecules, which have shown promising clinical
efficacy in various solid tumors, including melanoma [68,69]. Three trials have studied
the efficacy of ICI in pediatric sarcomas showing no benefit for EWS patients. In a phase I
trial, ipilimumab (anti-CTLA4) was evaluated in children and adolescents with sarcoma,
however, it showed no remarkable benefit considering the small sample size [70]. Next, a
multicentric study evaluated pembrolizumab (anti-PD1) in advanced sarcomas, reporting
an objective response in only 18 and 5% of soft tissue and bone sarcoma, respectively,
although no response in the 13 EWS patients was observed [71]. The last trial studied
the combination of both anti-PD1 and anti-CTLA4 and confirmed the limited efficacy of
anti-PD1 in monotherapy, while reporting modest benefits of the combination in some
sarcoma subtypes beyond EWS (5% and 16% overall response rate, respectively) [72].
The tumor mutation burden contributes to the immune recognition of cancer cells and,
together with the expression of both PD-1 and PD-L1, seem to predict the response to ICI
treatment [73,74]. On this basis, the low mutation rates of EWS and the fact that these
tumors have a low expression of PD1 or its ligands (25.7% and 19.2%, respectively) might
explain the poor response of these tumors to ICI. Moreover, another study reported PD-L1
expression in 33% of EWS, which significantly anticorrelated with survival [75,76].

New therapeutic strategies beyond ICI focus on combining these agents. VEGF pro-
motes an immunosuppressive microenvironment and contributes to ICI resistance in can-
cer [77]. Consistently, clinical trials are combining pembrolizumab with VEGEFR inhibitors
(NCT02636725, NCT05182164). The combination of pembrolizumab with the VEGFR in-
hibitor axitinib has shown low toxicity and preliminary activity in a phase II trial, although
no remarkable response was reported for EWS patients [78] (NCT02636725). Another phase
I study is assessing the efficacy of combining pembrolizumab with cabozantinib, a receptor
tyrosine kinase inhibitor, in patients with advanced sarcomas (NCT05182164). Additionally,
a phase I/1I trial with sequential administration of nivolumab (anti-PD1) and escalating
doses of the mTOR-inhibitor ABI-009 has been conducted with EWS patients in which the
efficacy and safety of the treatment will be evaluated (NCT03190174). The last results of
this study showed no dose-limiting toxicities [79]. NKTR-214 is an engineered version of
the interleukin 2 receptor (IL-2R) with a polyethylene glycol chain (bempegaldesleukin
or BEMPEG) that reduces IL-2 binding to CD25 over CD122. Consequently, a sustained
activation of antitumor CD8* T-cells and NK cells, which is associated with tumor regres-
sion, is promoted [80]. Novel studies indicate the benefit of combining this therapy with
ICI [81]. On this basis, a non-randomized two part open-label trial is evaluating the safety,
tolerability, and dose level of the combinatory treatment of nivolumab with BEMPEG, as
well as the efficacy of the combination in children and young adults with recurrent or
refractory tumors including EWS (NCT04730349). However, trials with this combination
have been discontinued recently.

Finally, B7 homolog 3 (B7-H3) is a checkpoint inhibitory protein of the B7-CD28 family
that is overexpressed in multiple cancer types including osteosarcoma, whose expression is
associated with poor survival [82]. Enoblituzumab (MGA271) is a humanized IgG1 mono-
clonal antibody targeting B7-H3 that is being trialed in children with relapsed or refractory
malignant solid tumors with high expression of B7-H3, including osteosarcoma, EWS, neu-
roblastoma, rhabdomyosarcoma, Wilms Tumor and desmoplastic small round cell tumors
(NCT02982941). This phase I trial will determine its safety, tolerability, immunogenicity,
and preliminary antitumor activity in these tumor entities.
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2.2.2. Adoptive Cell Therapy

In contrast to ICI therapy, which is intended to reinvigorate a suppressed or poor
immune response against tumor, adoptive cell therapy (ACT) or cellular immunotherapy
evades T-cell activation steps. On this basis, ACT involves the infusion of tumor-resident or
peripheral blood-modified immune cells to promote an antitumor response, which includes
the transfer of modified T-cells and NK cells.

Transfer of T-Cells

Tumor-infiltrating lymphocytes (TIL) are T-cells found in malignant tissues whose
function and localization are critical to eventual tumor control or progression [83]. Consis-
tent with the immune cold phenotype of EWS, a poor number of TILs are closely associated
with deficient HLA expression in tumor cells that protects against immune recognition.
Moreover, low expression of HLA-I is associated with poor survival in EWS patients [75,84].
Consequently, ACT therapies are seeking reinvigorating strategies, such as the infiltration
of pre-stimulated TILs or genetically modified T-cells, for the patient. TILs’ collection and
expansion from tumors is feasible, and reinfusion has shown cytotoxic responses against
tumor [85]. Nevertheless, the pre-treatment conditioning of T-cells is important to enhance
engraftment and persistence of transferred cell populations. This strategy is currently
being explored in phase I/1II clinical trials with advanced and metastatic sarcomas, in
which TILs” reinfusion to the patient is co-administered with or without a high dose of
IL-2 (NCT04052334, NCT03449108). A phase II trial investigated the treatment of TILs
with an oncolytic peptide (LTX-315), resulting in a feasible and tolerable combination with
manageable toxicity in various metastatic sarcomas [86]. Other strategies focus on the
infusion of T cells with a genetically modified T cell receptor (TCR) recognizing HLA-I
restricted antigens uniquely expressed by tumor cells, which permits to identify intracel-
lular antigens. The first clinical use of TCR transgenic T cells recognizing EWS-derived
peptides (allorestricted) in EWS patients was directed against chondromodulin-1 (CHM1),
a transmembrane glycoprotein directly activated by EWSR1-FLI1 that promotes metastatic
spread [87]. Transfer of the HLA-A*02:01/CHM13!° TCR transgenic CD8" T cells to three
refractory EWS patients was well tolerated and was associated with disease regression,
although this has not gone into clinical trials yet [88]. Furthermore, transferred T cells
home into the affected bone marrow and persist, which gives hope to those patients with
bone marrow metastasis that do not survive irrespective of therapy [89]. Other TCR-based
therapies targeting the tumor-restricted expression of cancer testis antigens like NY-ESO-1
has been extensively studied in the context of sarcomas, with promising clinical results in
synovial sarcoma [90,91]. Two phase I clinical trials with NY-ESO-1-based TCR therapies
are currently ongoing in bone and soft tissue sarcomas (NCT03462316 and NCT03240861).

On the other hand, CAR therapies are based on the engineering of T-cells expressing
a novel receptor designed to combine the effector properties of T-cells and the ability
of antibodies to recognize pre-defined surface antigens of cancer cells with a high de-
gree of specificity [92]. CAR-based therapies have been highly efficient for hematologic
malignancies and around 470 clinical trials are now running [93,94]. However, multiple
facts constraint its success in solid tumors, which includes T-cell limited survival and
expansion, activation-induced cell death, T-cell exhaustion, trogocytosis, antigen loss, and
unintended gene transduction of tumor cells [95,96]. Furthermore, designing CAR thera-
pies is challenging in heterogeneous tumors such as EWS, where minimal “universally”
membrane-expressed targets exist. GD2, aforementioned, has a 40-90% expression in
primary EWS and thus has been used as a CAR-based target [97,98]. GD2-specific CAR
T-cells were highly effective in patients with high-risk neuroblastoma [99], although no
antitumor effect against GD2-positive EWS xenograft models was reported. However,
investigators found MDSCs inhibited human CAR T cell responses in sarcomas and treat-
ment with retinoic acid reduced the immunosuppressive capacity of MDSCs. These results
suggested that retinoids enhanced the clinical efficacy of CAR therapies in sarcomas [65].
Novel therapies in tumors expressing high GD2, including EWS, explore the clinical effect

10



Cancers 2022, 14, 5473

of a GD2-CAR therapy in combination with chemotherapy with or without a previous
lymphodepletion regimen (NCT03373097 and NCT03635632, respectively). Moreover, the
combinatory effect of CAR-T-cells (targeting multiple markers like GD2), with low dose
chemotherapy followed by maintenance with sarcoma vaccines is in a phase I/1II trial
(NCT04433221). Further approaches have designed CARs against the ICI molecule B7-H3,
which has shown potent antitumor activity in EWS xenograft models [100]. Consistently,
B7-H3-based CARs are now in phase I clinical trials in pediatric solid tumors including
EWS (NCT04897321, NCT04483778). Finally, the epithelial growth factor receptor (EGFR)
is another target for CAR therapy in EWS and its inhibition has an antitumor activity
in vitro [101]. A phase I trial using EGFR-CAR (EGFR806) is recruiting relapsed patients
with preliminary data indicating acceptable toxicity and antitumor activity in children and
young adults (NCT03618381) [102].

Challenging clinical aspects of CAR therapies is the high toxicity reported, partially
explained by the expression of CAR-targeting antigens in healthy tissues. The design of
new generation CARs might overcome this issue. In this regard, larger phase I/1I clinical
trials are being conducted to study the safety and efficacy of 4th generation CAR T-cell
therapies in various tumors, including EWS (NCT03356782).

Transfer of Natural Killer Cells

NK cells were named for their ability to kill cancer cells autonomously without antigen
presentation. These cells express numerous inhibitory, activating, adhesion, and cytokine
receptors that permit the direct recognition of cell-stress signals or foreign antigens to
self-activate or suppress its cytolytic activity [103]. Considering the lack of neoepitopes in
pediatric tumors, the innate ability of NK cells to recognize activating ligands on tumors is
beneficial. A preclinical study showed that chemoresistant sarcoma cell lines, including
EWS, were sensitive to NK cell killing in vitro and in vivo [104]. Moreover, investigators
showed that EWS cells and primary tumors were susceptible to NK cytotoxicity through
the expression of ligands for the activating NK cell receptors NKG2D and DNAM-1 and the
use of cytokines increased the effectivity [105]. Additionally, transduced NK cells with a
GD2-specific CAR has shown to enhance their ability to lyse cells in EWS in vitro [106]. On
this basis, a phase I clinical trial explores this antitumor strategy by transplanting allogenic
(donated) and previously stimulated NK cells in pediatric patients with solid tumors or
leukemia (NCT01287104). NK cells usually are infused from a histocompatible donor. A
phase I trial including EWS patients proposes using NK cells from unmatched healthy
donors stimulated with the interleukin 15 agonist ALT-803, an experimental procedure
that has not yet been approved by FDA (NCT02890758). Finally, results from a phase
IT clinical trial with the infusion of autologous NK cells in combination with sirolimus
(mTOR inhibitor) maintenance strategy in relapsed patients have shown good tolerance
with 45% 2-year overall survival (OS) and 25% of progression-free survival (PES) in EWS
patients [107]. The technical improvements of the last years in the expansion of NK cells ex
vivo as well as the development of new platforms (like CARs or bispecific NK-cell engagers)
that increase target specificity of NK cells makes this a promising immunotherapy strategy
not only in sarcomas but in other pediatric tumors [108,109].

2.2.3. Antibody-Based Immunotherapy

Treatment based on the usage of monoclonal antibodies (mAbs) emerged at least
30 years ago and are standard-of-care treatment nowadays for malignancies like breast
cancer [110]. These therapies are based on the specific binding of mAbs targeting tumor-
specific antigens, including the TME, which produces the killing of tumor cells through
various mechanisms, as reviewed by Weiner [111]. Many studies aimed to use mAbs-based
therapies in EWS clinical trials, as summarized in Table 2. For instance, mAbs targeting the
insulin growth factor 1 (IGF-1) pathway have been explored extensively. The IGF-1 path-
way is pivotal in EWS pathogenesis with studies showing that inhibition of IGF-1R reduced
cell migration and tumor growth in vitro and in vivo [112-115]. However, clinical trials
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with anti-IGF-1 have shown an overall response rate of only 10-14% and a median PFS of
less than 2 years [116-118]. Moreover, a randomized phase III clinical trial (NCT02306161)
evaluated the use of ganitumab (targeting IGF-1R) with interval-compressed conventional
chemotherapy in metastatic EWS patients, but this study was closed due to increased
toxicities and lack of clinical benefit [119]. Further trials with ganitumab include its combi-
nation with palbociclib (NCT04129151), although lack of clinical benefit was reported [120].
Other mAbs targeting the IGF pathway have been analyzed in preclinical and clinical
studies with relatively low response rates, as reviewed by Casey et al. [121]. Apart from
IGF-1, mAbs targeting the VEGF pathway alone or in combination with chemotherapy
have also been explored in sarcomas like EWS. Consistently, a randomized phase II clinical
trial evaluated whether the addition of bevacizumab (targeting VEGF-R) to vincristine,
cyclophosphamide and topototecan chemotherapy regimens could improve survival. How-
ever, the benefit to add bevacizumab was unclear [122]. Recent studies with the anti-murine
DC101 targeting VEGF-R2 further support the rationale to target this pathway in EWS.
They showed the administration of DC101 caused a delay in tumor growth of sarcoma
PDX like EWS and its addition to chemotherapy resulted in an improvement of the anti-
tumoral response [123]. A phase I clinical trial with the humanized version of DC101,
ramucirumab, has been conducted in a range of pediatric patients with recurrent or refrac-
tory solid tumors, whose results are still missing (NCT02564198). Olaratumab (IMC-3G3)
exemplifies another mAb-based therapy clinically explored in EWS, which targets the
plateled-derived growth factor receptor (PDGFR). A phase I and randomized phase II study
in patients with unresectable or metastatic soft tissue sarcoma reported to improve OS
nearly 12 months when received olaratumab with doxorubicin compared to doxorubicin
alone (NCT01185964) [124]. However, this was not confirmed in the following phase III trial
(NCT02451943, ANNOUNCE) [125]. Subsequent trials evaluating the second-line addition
of olaratumab to gemcitabine and docetaxel in advanced soft tissue sarcomas indicated
no statistical significant improvement in the OS between the two arms (NCT02659020).
However, the combination resulted favorable in the PFS and an objective response in both
cohorts [126]. Additional studies have reported olaratumab combined with pembrolizumab
is safe and well tolerated in patients with advanced soft tissue sarcomas, although further
studies with an increased sample size are needed to evaluate the efficacy of these regimens
(NCT03126591) [127].

Dinutuximab is a humanized GD2-mAb that was proved to benefit the survival of
high-risk neuroblastoma patients and is now used for maintenance therapy. Hu14.18K322A
is a derivative of dinutuximab developed to reduce allogeneic reactions. NCT02159443 trial
will evaluate the presence of pretreatment anti-therapeutic antibodies that might influence
Hu14.18K322A response in EWS and other malignancies.
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Table 2. Summarizing the novel mAb-based therapies in EWS that are in clinical trials. Source:
ClinicalTrials.gov (accessed on 1 Septembre 2022).

Molecular Clinical Trial .
Molecular Target Mechanism Drug Identifier Patients Phase Status/Ref
Ganitumab + . .
mA':h;::rgeted Palbociclib (targets NCT04129151 EWS'EI&[IS*‘PSEd 1 regcf‘t‘.’: IE’EO]
Py CDK4 and CDK6) witing
. Ganitumab + Metastatic EWS;
variouschemotherapy .
. P Metastatic Bone
IGF1R regimens (vincristine, Malignant
vincristine sulfate, neop%asm'
mAb + 1fosfam1§1e, etoposide, NCT02306161 Metastatic I Act'l\'/e, not
chemotherapy etoposide sulphate, li 1 recruiting [119]
doxorubicin, malignant lung
doxorubicin neoplgsm,
hydrochloride Metastatic and
4 .' peripheral PNET
cyclophosphamide)
EWS; Melanoma;
mAb Hul4.18K322A NCT02159443 Neuroblastoma; 1 Completed
Osteosarcoma
Brain and CNS
tumors;
Intraocular
GD2 melanoma and
melanoma; Lung
ADC 1317358 NCT00445965 cancer; Metastatic o ACth? not
Cancer; recruiting
Neuroblastoma;
Ovarian Cancer;
Sarcoma; Small
intestine cancer;
Retinoblastoma
Sarcomas and
BA3011 refractory
. ; EWS;
ADC with or (CAB-AXL-ADC) sereomas; B . .
AXL without ICI with or without PD-1 NCT03425279 I\{on small ce'll /1 Active, recruiting
inhibitor ung cancer;
Melanoma; Solid
Tumor
131 Brain and CNS Active, recruiting
B7-H3 ADC 211-8H9 NCT00089245 tumors; Sarcoma; I [128]
Neuroblastoma
Ontuxizumab
Endosialin mADb + (MORAb-004) + NCT01574716 Metastasic soft I Completed [129]
chemotherapy gemcitabine and tissue sarcomas
docetaxel
Olaratumab
(LY3012207) + Soft Tissue Active, not
mAD +ICT Pembrolizumab NCT03126591 Sarcoma I recruiting [127]
(MK3475)
PDGFR Olaratumab
(LY3012207) + i
mADb + gemcitabine and NCT02659020 Soft Tissue /1 Completed [126]
chemotherapy d Sarcoma
ocetaxel
(ANNOUNCE 2)

In the last decades, mAb technology has improved by conjugating antibodies with
various antitumor effector molecules, including cytotoxic drugs (named antibody-drug
conjugates or ADC) and radioconjugates (RIC). ADCs are comprised of a mAb bound
to a cytotoxic drug that selectively binds to target cells and directly delivers the toxic
payload [130]. Endoglin (CD105) is a coreceptor of the TGF( family associated with poor
prognosis in EWS [131]. Targeting endoglin with a first-in-class ADC conjugated to a tubu-
lin polymerization inhibitor showed potent preclinical activity in EWS, although this has
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not been explored clinically [132]. AXL has a high expression in EWS and was associated
with worse OS. Moreover, its inhibition chemosensitized EWS cell lines to vincristine or
doxorubicin [133]. Now a phase II clinical trial with EWS patients is exploring usage of
AXL-mAb (BA3011) conjugated with monomethyl auristatin E (MMAE), a chemotherapy
agent that blocks tubulin polymerization (NCT03425279). On the other hand, RIC is a
combination of mAbs to radioisotopes that can be used for both radioimaging of tumor
cells and pharmacologically targeting tumor cells [134]. Endosialin (TEM-1) is a cell surface
glycoprotein expressed in advanced sarcomas that promotes tumor growth through the
platelet-derived growth factor (PDGF) signaling [135]. Ontuxizumab (MORADb-004), a mAb
that targets endosialin and blocks PDGF signaling, has been studied in phase I/1I trials in
EWS; however, no objective response was observed [129,136]. Recently, the endosialin-RIC
[''"In] CHX-DTPA-scFv78-Fc (with indium-111) has been evaluated preclinically in EWS
cell lines showing potential to translate into clinics [137]. Finally, two phase I/1I clinical
studies with GD2 or B7-H3- targeting RIC are explored in sarcoma patients with dissemina-
tion in the central nervous system or leptomeningeal space (NCT00445965, NCT00089245).
The B7-H3 study, including 9 pediatric sarcoma patients, has shown that intraventricular
administration of the RIC mAb-therapy was safe and had a favorable dosimetry in the
central nervous system, suggesting this might have clinical utility in patients with this type
of dissemination [128].

2.2.4. Cancer Vaccines

Cancer vaccines stimulate the immune system typically by recognizing tumor-
associated antigens and include peptide or dendritic cell vaccines loaded with tumor
lysate or pulsed with antigenic peptides. On this basis, a vaccine made of patient-derived
dendritic immune cells loaded with autologous tumor lysate or tumor antigens ex vivo
has been shown to activate an antitumor response, although poor response in phase I/II
studies in EWS and other soft tissue sarcomas [138]. New efforts are focused on combin-
ing these vaccines with chemotherapeutic regimens. Vigil (formally known as FANG) is
an autologous cancer cell vaccine that is engineered to express granulocyte-macrophage
colony-stimulating factor (GM-CSF), which stimulates antigen-presentation in combination
with a bifunctional shRNA-furin that prevents cleavage of TGF-3 and reduces its local im-
munosuppressive effect. A prospective non-randomized study of advanced EWS patients
reported 1-year survival of 73% for Vigil-treated patients compared to 23% in the control
group historically treated with conventional therapy [139]. Given the very low toxicity
reported, a randomized phase III clinical trial combining temozolomide and irinotecan with
or without Vigil in relapsed EWS patients is currently under investigation, representing
one of the few phase III trials for these patients (NCT03495921).

3. Nanotherapy: A Refined Target-Specific Drug Delivery System

Nanomedicine is a novel therapeutic strategy based on the application of nanotech-
nology to medicine through the development and use of nanoparticles (NPS). NPS have
nanoscale dimensions (ranging from 1 to 100 nm in diameter) [140] with specific nanomate-
rial properties, which include surface charge, size, morphology, and area that compromise
their activities and effects [141]. Considering all these variables, NPS can be classified
based on (i) structure (flat, spherical, crystalline, etc.); (ii) dimensionality (one-, two- and
three-dimensional NPS) [142]; (iii) porosity (porous and non-porous materials) [143]; and,
(iv) chemical composition (organic, inorganic, carbon-based nanomaterials and hybrid
nanostructures [142].

Among the fundamental advantages of nanomedicine usage is the improvement of
diagnostic sensitivity, imaging, and radiation therapy, as well as a more precise and efficacy
delivery of pharmaceutical agents to the targeted tissue [144,145]. Therefore, its main
application in cancer is the delivery of chemotherapeutic drugs reducing side effects to
the minimum and getting the maximum clinical benefit. For this reason, the number of
preclinical and clinical studies has considerably increased in recent years.
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3.1. Ewing Sarcoma Nano-Systems

The side effects associated with the administration of chemotherapy drugs and the
innate and/or acquired chemotherapy resistance in EWS cells remain challenging. On
this basis, drug delivery systems involving NPS refine some of these aspects, although the
number of studies is still limited. The following sections describe novel preclinical and
clinical studies in EWS based on the chemical composition of NPS (Figure 2 and Table 3).

\

Organic Inorganic
Nanoparticles Nanoparticles
Oligonucleotides delivery Metal based
systems
- Au NPs with SN-38
Polyisobutylcyanoacrylate - AgCI-NPs
nanocapsules carry - Ag/AgCI-NPs
phosphorothioate \ J
N —

oligonucleotides, siRNA or
AON against EWSR1-FLI1

Nanospheres deliver Carbon-based

phosphodiester AON Nanomaterials
NPs deliver

phosphorothioate AON - siRNA (anti EWSR1-
Cationic liposome FLI1) delivery system

using diamond NPs
Drug delivery systems

ML111-NPs

hGM-based amphiphilic NPs Hybrid
High-density lipoprotein NPs Nanoparticles
NanoTLZ

Onivyde (nanoliposomal - CD99-HPLN with
irinotecan) irinotecan encapsulate
Nab-paclitaxel - HPLN has been used
Doxil (liposomal to deliver siRNA, ASO
doxorubicin) or functional CRISPR-

Lyso-thermosensitive Cas9 systems against
liposomal doxorubicin EWSR1-FLI1

Figure 2. Summarizing the Nanoparticles and nanomaterials used in EWS studies.

3.1.1. Organic NPS

Organic NPS, also named polymers, are the most widely used NPS in biomedicine,
including cancer, due to their biodegradable and non-toxic properties. They include
micelles, dendrimers, liposomes, hydrogels, among others [146]. EWS studies carried
out to date with organic NPS can be divided into two groups: oligonucleotide and drug
delivery systems.

Oligonucleotide Delivery Systems

On this basis, polyisobutylcyanoacrylate nanocapsules have demonstrated their ability
to inhibit EWSRI-FLI1. These NPS allow to carry phosphorothioate oligonucleotides [147]
or small interfering RNAs (siRNAs) against EWSR1-FLI1 [148], which inhibited tumor
growth on EWS mice xenografts, and EWSR1-FLIT expression [147,148]. Furthermore, phos-
phorotionate NPS and phosphodiester nanospheres carrying antisense oligonucleotides
(AON) against EWSR1-FLI1 were also used, showing both a reduction of EWS tumor
growth in vivo when injected intratumorally [149]. Rao et al., have developed a bifunc-
tional shRNA (bi-shRNA) target sequence against the EWSRI-FLI1 fusion gene that was
complexed with a cationic liposome (PBI-shRNA EWSR1-FLI1 LPX), resulting in 85-92% of
EWSRI1-FLI1 knockdown (protein and RNA) in vitro. PBI-shRNA EWSR1-FLI1 LPX was
used in EWS xenograft mice, confirming its efficacy and safety. However, side effects were
observed including temperature elevation on the first day, transient liver enzyme elevation
at high doses and occasional limited hypertension [150]. Considering the results of the bi-
shRNA LPX system in EWS and a previous clinical trial in lung cancer (NCT00059605) [151],
a phase I active clinical trial was developed that involves pediatric patients (over 8 years
old) with advanced EWS (NCT02736565).
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Table 3. Summary of NPS used in clinical trials (last 5 years) in EWS. Source

(accessed on 1 September 2022).

: ClinicalTrials.gov

I\I/\I/[e 21;:::;:; Interventions Clll;‘el;iif};r ;al Patients Phase Status
Oncogene driver Biological: pbi-shRNA™ Active, not
inhibition EWS/FLI1 Type 1 LPX NCT02736565 EWS I recruiting
Recurrent Solid Tumors: EWS;
Hepatoblastoma;
Neuroblastoma; Osteosarcoma;
Rhabdomyosarcoma; Wilms
Tumor. Refractory Solid
Onivyde + Talazoparib Tumors: EWS; Hepatoblastoma; Active. not
DNA damage by (Arm A) or Temozolomide NCT04901702 Malignant Germ Cell Tumor; 1/11 recrui;in
topoisomerase (Arm B) Malignant Solid Neoplasm; 8
inhibition Neuroblastoma; Osteosarcoma;
Peripheral Primitive
Neuroectodermal Tumor;
Rhabdoid Tumor;
Rhabdomyosarcoma
MM-398 (Irinotecan Recurrent or Re'fracto'ry Solid
Sucrosofate Liposome) + NCT02013336 Tumors: EWS; . 1 Recruiting
cyclophosphamide Rhabdomyosarcoma;
Neuroblastoma; Osteosarcoma
Desmoplastic Small Round Cell,
Nab-paclitaxel NCT03275818 Rﬁiﬁ&fg‘\’ﬁéﬁ‘; d‘frgs\l}s; I Completed
Desmoid
Neuroblastoma;
Rhabdomyosarcoma; EWS;
Epitheliod
Depolymerization of Sarcoma, Soft Tissue Completed
: Nab-paclitaxel NCT01962103 Sarcoma, Spindle Cell /11
microtubules [152]
(paclitaxel) Melanoma; Mglgnoma;
Osteosarcoma; Histiocytoma;
Fibrosarcoma;
Dermatofibrosarcoma
Nab-pacitaxel + NCT03507491 Cancer I Recruiting
emcitabine
Nab-Paclitaxel + Osteosarcoma; EWS;
Gemcitabi NCT02945800 Rhabdomyosarcoma; Soft I Recruiting
emcitabine :
Tissue Sarcoma
Disulfiram + Copper . .
Gluconate and Liposomal NCT05210374 Relapsed Sarcomas (including I Not yet
Doxorubicin ) recruiting
EWS; Rhabdomyosarcoma;
Liposomal Doxorubicin + Wilms Tumor; Neuroblastoma; .
MR-HIFU Hyperthermia NCT02557854 Hepatoblastoma; Germ Cell I Withdrawn
Tumor
DNA damage b . :
intercalatiin, Y Tems“‘;hmus ;.h.P"s"mal NCT00949325 Sarcoma (including EWS) /1 C"“Iglfted
disruption of oxorubicm [153]
topoisomerase-II and L - EWS; Malignant Epithelial
. yso-thermosensitive !
generation of free liposomal doxorubicin Neoplasm; Not yet
radicals I()LTLD) + MR-HIFU NCT04791228 Rhabdomyosarcoma; Wilms I recrui}tlin
(doxorubicin) H . Tumor; Hepatic Tumor; Germ &
yperthermia Cell T
ell Tumor
-Lyso—thermosensi-tiYe Rhabdomyosarcoma; EWS;
liposomal doxorubicin + Osteosarcoma; Neuroblastoma;
Magnetic resonance high NCT02536183 4 4 1 Recruiting

intensity focused
ultrasound

Wilms Tumor; Hepatic Tumor;
Germ Cell Tumors
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Drug Delivery Systems

Several studies have used NPS to carry anticancer drugs in order to improve drug
kinetics and achieve better therapeutic results. On this basis, a small molecule uncharac-
terized compound ML111 was found to inhibit in vitro the proliferation of six established
EWS cell lines with nanomolar potency [154]. Sabei et al., have reported that ML111
encapsulated into a hydrophobic core of PEG-PCL-based polymeric NPS (ML111-NPS)
was able to internalize into EWS cell lines and specifically inhibit their viability without
altering nonmalignant human cell lines [155]. Moreover, a synergistic effect on the viability
of EWS cells resulted from combining ML111-NPS with vincristine in vitro, compared to
nonmalignant cells. Moreover, a regression of EWS tumors was observed when using
ML111-NPS in vivo, both in monotherapy and in combination with vincristine. No toxicity
effects were identified in mice organs with ML111-NPS alone, and with the combination
there was a reduction of side effects associated with vincristine [155]. Besides, the use of
a hydrolyzed galactomannan (hGM)-based amphiphilic NPS for selective intratumoral
accumulation in pediatric sarcoma was also investigated [156]. Coupling of these NPS with
the tyrosine kinase inhibitor imatinib could target glucose transporter-1 (GLUT-1), both in
rhabdomyosarcoma cells and in EWS PDX with different GLUT-1 expression levels with
a 7.5% of efficiency [157], which make them a potential tool against GLUT-1-expressing
tumors. Furthermore, Bell et al., employed biomimetic high-density lipoprotein (HDL)
NPS. These HDL NPS were able to bind both HDL receptors and scavenger receptor type
B-1 (SCARB1), depriving tumor cells HDL and cholesterol, and blocking proliferation in
hedgehog-driven EWS cells and medulloblastoma [158].

PARP inhibitors such as talazoparib (TLZ) or olaparib did not show activity in
EWS [159,160], although they potentiate the treatment with the DNA alkylating agent
temozolomide (TMZ). A nanoformulation of TLZ (NanoTLZ) was reported to be more
effective and well tolerated in vivo, while its combination with TMZ elicited an increase
in the maximum tolerated dose of TMZ for EWS treatment [159]. Nevertheless, another
study showed that the TC71 TLZ-resistant EWS cell line was not affected by frequently
administered oral TLZ nor affected by the long-acting PEGylated TLZ [161].

Onivyde (MM-398 or PEP02) is a nanoliposomal formulation of the DNA topoiso-
merase I inhibitor irinotecan, which is used to treat several solid tumors, although it
has a complex pharmacokinetics [162]. Onivyde showed an improvement on the antitu-
mor activity, biodistribution, and a reduction of toxicity in EWS xenografts compared to
the current clinical formulation of irinotecan [162]. Currently, a recruiting phase I clin-
ical trial studies the highest dose of MM-398 that can be given safely when combined
with cyclophosphamide in patients with recurrent or refractory pediatric solid tumors
(NCT02013336). Indeed, an active phase I trial is being conducted with combinations of
onivyde with TLZ or TMZ (NCT04901702) to determine the highest tolerable doses of the
two combinations (NCT04901702).

A recent work evaluated the albumin-bound (nab)-paclitaxel NPS in PDXs of EWS,
rhabdomyosarcoma, and osteosarcoma [163]. These NPS bind to tumor cells that express
SPARC, a secreted acidic protein and rich in cysteine that shows a high affinity to bind
albumin. Nab-paclitaxel was less bound in SPARC-knocked down (SPARC-KD) compared
to SPARC-WT cells [163]. EWS PDX with high expression of SPARC was associated
to accumulation of nab-paclitaxel showing better drug responses compared to tumors
with lower SPARC levels. Consistently, pediatric tumors that express SPARC were able
to accumulate nab-paclitaxel for more extended periods of time [163]. Nab-paclitaxel
is being evaluated in several clinical trials including an active phase II clinical trial in
monotherapy for patients with EWS and other tumors (NCT03275818). A completed
phase I/II multicenter trial (NCT01962103, [152]) showed in EWS patients that the overall
response rate was 0%, the disease control rate was 30.8% (4 stable disease), the median PFS
was 13.0; and the 1-year OS rate was 48%. The safety of nab-paclitaxel in pediatric patients
was confirmed; however, limited activity was observed [164]. Finally, two clinical trials
are recruiting patients with pediatric relapsed and refractory solid tumors (NCT03507491);
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and patients with recurrent/refractory sarcoma (NCT02945800), in which nab-paclitaxel
and gemcitabine will be given. However, the results for the EWS arm of NCT02945800
have been published. This clinical trial of nab-paclitaxel and gemcitabine displayed limited
activity in a small cohort of EWS patients confirming only one partial response. Moreover,
two partial responses after two cycles was observed, but due to the side effects or the
progression of the disease, these two patients were withdrawn [165]. The response rate of
9% was similar to other study in EWS patients treated with gemcitabine and docetaxel [165].

Liposomal doxorubicin was designed to increase its therapeutic efficacy while de-
creasing toxicity. A phase I clinical trial (not yet recruiting) purpose to evaluate disulfi-
ram with copper gluconate and liposomal doxorubicin in treatment-refractory sarcomas
(NCT05210374). Another phase I trial is currently running to determine whether delivery
of a liposomal doxorubicin called doxil prior to MR-HIFU (magnetic resonance-guided
high intensity focused ultrasound) hyperthermia will be safe for the treatment of pediatric
and young adult patients with recurrent and refractory solid tumors. Unfortunately, this
trial is withdrawn because of the lack of enrollment (NCT02557854). Also-thermosensitive
liposomal doxorubicin (LTLD) is the first heat-activated formulation of a liposomal drug
carrier to be utilized in human clinical trials. There are two clinical trials with EWS patients.
A phase I, recruiting trial that combined LTLD and MR-HIFU in pediatric refractory solid
tumors (NCT02536183); and a phase II trial, in which LTLD with MR-HIFU hyperthermia
followed by ablation will be studied in subjects with refractory/relapsed solid tumors
(NCT04791228).

Finally, complete phase I and II clinical trials showed that combinations of liposomal
doxorubicin and temsirolimus were safe and showed efficacy for patients with recurrent
sarcoma (NCT00949325 and [153,166]).

3.1.2. Inorganic NPS

Inorganic NPS are metal-based (gold, iron, lead, silver) and metal oxide-based (alu-
minum oxide, zinc oxide, etc.) particles [146]. Metal-based NPS of gold and silver (Au and
Ag NPS, respectively) have been reported to have antitumor effects [156,167,168]; however,
Ag NPS can induce general toxicity in non-target organs [169]. These NPS have been also
evaluated in the context of EWS at preclinical level. Naumann et al., have developed
Au-NPS where selective SN-38 activation in cancer cells is mediated by the EWS specific
mRNAs BIRCS5 (survivin) and EWSR1-FLII. In this system, the gold particle is conjugated
to the specific nNRNA where the complementary SN38-conjugated oligonucleotide anneals.
SN38 release will be dependent on the presence of the EWS specific nRNA. The viability of
EWS cells treated with SN38-survivin Au-NPS and SN38-EWS/FLI1 Au-NPS was signifi-
cantly reduced in four EWS cell lines and in murine xenografts [170]. The antitumor activity
of silver chloride and silver/silver chloride NPS (AgCl and Ag/AgCl NPS, respectively)
has been also investigated in EWS. Treatment of EWS cell lines and a non-tumor cell line
with Ag NPS caused a reduction in cell viability specific for tumor cells. Both AgCl and
Ag/Ag-NPS increased the percentage of apoptotic cells and ROS production, accompanied
with a loss of mitochondrial membrane potential, and lysosomal damage. These effects
were specific for tumor cells with minimal effects shown on healthy cells [171].

3.1.3. Carbon-Based Nanomaterials

Carbon-based NPS include fullerenes, carbon nanofibers, diamonds, carbon nanotubes,
and graphene. These NPS display multiple properties that make them suitable for drug
delivery systems and cancer therapy, as well as imaging, biosensing, or diagnosis [156]. Al-
haddad et al., investigated the ability of a siRNA delivery system using diamond NPS [172].
These diamond NPS were coated with a cationic polymer and encapsulated siRNA to
inhibit EWSRI-FLI1. Because diamond NPS have intrinsic fluorescent properties its inter-
nalization into EWS cell lines was efficacious and could be observed directly. Following the
internalization, EWSRI-FLI1 inhibition was observed at mRNA and protein levels in vitro.
Finally, cell toxicity was low after treatment with diamond NPS [172].
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3.1.4. Hybrid NPS

Hybrid NPS are formed by polymer and organic- or inorganic-based NPS systems that
combine the properties of single systems. Consistently, they have lower circulation time
and bioavailability, more stability and therapeutic efficacy, being a viable alternative when
compared to single systems [173,174].

Hybrid polymerization liposomal NPS (HPLNs) has been developed antibody encap-
sulated with irinotecan (CD99-HPLN/Ir). Low doses of this hybrid system have shown
reduced EWS tumors in xenograft mice and complete tumor ablation, which was more effi-
cacious compared to onivyde and doxil NPS systems. Drug bioavailability was improved
six-fold with HPLN and encapsulated irinotecan without CD99 and twelve-fold with
CD99-HPLN/Ir in respect to onivyde. Consistently, irinotecan toxic side effects were mini-
mized [173]. Along the same lines, HPLN has been used to deliver siRNA, ASO, or func-
tional CRISPR-Cas9 systems against the fusion oncogene EWSR1-FLI1. In vitro experiments
resulted in an efficient EWSR1-FLI1 reduction being the most effective HPLN /CRISPR-Cas9
system. Moreover, CD99-HPLN with CRISPR-Cas9 against encapsulated EWSR1-FLI1,
reduced EWS tumor growth in vivo [175]. Although promising preclinical results, the
potential of these hybrid NPS systems remains to be further evaluated in clinical studies.

4. Conclusions and Future Perspectives

The standard therapy for EWS patients based on cytotoxic chemotherapy and radio-
therapy has reached a plateau, especially for that subgroup of patients with the worst
prognosis. Moreover, patients who survive face debilitating and often life-threatening
health consequences as a result of the high toxicity of these therapies. Therefore, and espe-
cially considering the young age and potential lifespan of the patients, there is urgent need
for finding new therapies to improve the outcome of these patients [176]. Epigenetic-based
therapies have changed the targeting focus from extracellular and intracellular signaling
to chromatin, where these pathways integrate regulating gene expression in a reversible
manner that offers the opportunity for phenotype conversion. The inhibition of epigenetic
complexes that regulate the expression and protein stability of the oncogene itself, as well as
those cofactors that participate in the modulation of its activity, shows significant achieve-
ments in the control of the disease in preclinical studies. Nevertheless, the epigenetic
drugs used in clinics have reported modest antitumor efficacy in monotherapy leading to
the development of new epigenetic approaches based on the usage of second generation
drugs and combinatorial strategies that promote synergistic effects. Further mechanistic
approaches should explore differences in drug efficiency between targeting specific enzy-
matic domains and the effects of depleting the whole protein or inducing its degradation.
Immunotherapy, unlike other approaches, induces a therapeutic response not only limited
to disrupt a single oncogenic event. Despite promising results of immunotherapy in adult
tumors, their application in EWS and other sarcomas has demonstrated poor therapeutic
activity due to the immune-cold nature of these tumors. However, different immune strate-
gies are being developed searching for efficient combinations with standard or new targeted
therapies, including epigenetic drugs. Besides, other research strategies are focused on the
development of more targeted approaches and the reversion of the cold immune landscape
of EWS into a hot phenotype. Indeed, our understanding of the crosstalk between the
tumor and the tissue microenvironment as well as the basic aspects of the vasculature
and hypoxia of EWS would help future direction in immunomodulation therapies [177].
Both for epigenetics and immunotherapy, the introduction of CRISPR screenings to define
novel targetable tumor dependencies will postulate promising combinatorial strategies
to explore in clinical trials. On the other hand, nanomedicine has evolved to face the lack
of specificity, drug resistance and high toxicity rates of both standard regimens and these
new therapeutic alternatives. Consistently, NPS as drug delivery systems have reduced
both the toxicity associated with cytotoxic drugs and the tolerated dose. This fact raises the
possibility to rescue the usage of effective drugs that were discarded in clinics for their side
effects by coupling them to novel NPS systems.
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Finally, the highly heterogeneity in EWS tumors promote more limitations that also
affects the treatment. Firstly, the possibility of developing an appropriate in vivo model,
which could contribute to the discrepancy between preclinical and clinical results. However,
latest research in patient derived organoid, which recapitulate genetic and phenotypic
characteristics of their tissue of origin, support the inclusion of this models in preclinical
validation as predictors of response [178]. Secondly, the necessity on finding specific and
universally expressed membrane biomarkers that might improve treatment specificity. The
discovery of new biomarkers with prognostic value and response to treatment with a more
accurate classification of patients, would benefit the creation of a specific treatment plan,
also referred to as personalized medicine, that might benefit survival of EWS patients.
Taken together, these new therapeutic alternatives and the more effective delivery of drugs
by NPS represent a new horizon in treating EWS patients, which is expected to benefit
patient survival.
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Simple Summary: The canonical methods of TCR gene delivery in pre-clinical and clinical applica-
tions are based on viral transduction of full-coding sequences, including - and (3-chains recognizing
tumor-specific antigens and tumor-associated antigens. As the transduced «- and 3-chains may
mispair with the endogenous «- and p-chains, the resultant new antigen specificities may cause
auto-reactivity, potentially leading to graft-versus-host disease. The mispaired TCRs may also lose
their function. We assessed the feasibility of endogenous TCR orthotopic replacement with a TCR
containing a CHMI targeting sequence via CRISPR/Cas9, evaluated tumor recognition and cyto-
toxicity function of the CRISPR/Cas9-engineered T cells; compared the prevention of endogenous
TCR expression in CRISPR/Cas9 vs. retrovirally engineered T cells. We show that both engineered
T cell products specifically recognize tumor cells and elicit cytotoxicity in vitro, with CRISPR/Cas9
engineered T cells providing a more prolonged cytotoxic activity.

Abstract: Ewing sarcoma (EwS) is a highly malignant sarcoma of bone and soft tissue with early
metastatic spread and an age peak in early puberty. The prognosis in advanced stages is still dismal,
and the long-term effects of established therapies are severe. Efficacious targeted therapies are ur-
gently needed. Our previous work has provided preliminary safety and efficacy data utilizing T cell
receptor (TCR) transgenic T cells, generated by retroviral gene transfer, targeting HLA-restricted
peptides on the tumor cell derived from metastatic drivers. Here, we compared T cells engineered
with either CRISPR/Cas9 or retroviral gene transfer. Firstly, we confirmed the feasibility of the
orthotopic replacement of the endogenous TCR by CRISPR/Cas9 with a TCR targeting our canonical
metastatic driver chondromodulin-1 (CHM1). CRISPR/Cas9-engineered T cell products specifi-
cally recognized and killed HLA-A*02:01+ EwS cell lines. The efficiency of retroviral transduction
was higher compared to CRISPR/Cas9 gene editing. Both engineered T cell products specifically
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recognized tumor cells and elicited cytotoxicity, with CRISPR/Cas9 engineered T cells providing
prolonged cytotoxic activity. In conclusion, T cells engineered with CRISPR/Cas9 could be feasible
for immunotherapy of EwS and may have the advantage of more prolonged cytotoxic activity, as
compared to T cells engineered with retroviral gene transfer.

Keywords: Ewing sarcoma; chondromodulin-1; immunotherapy; orthotopic TCR replacement;
CRISPR /Cas9; retroviral transduction

1. Introduction

Ewing sarcoma (EwS) is a highly malignant bone and soft tissue cancer in children and
adolescents characterized by early metastasis [1,2]. Primary EwS is treated by a combination
of chemotherapy and surgery and/or radiation [3]. Patients with metastatic and refractory
disease have been treated with extended radiation and high-dose chemotherapy, which
is efficacious only in subgroups [4-6]. Moreover, current therapies are associated with
acute and chronic adverse effects that compromise the quality of life in survivors [1] by
chemotherapy-associated myeloid dysplastic syndrome, leukemia, and radiation-associated
sarcoma. At the age of 50 years, 60% of childhood cancer survivors either died of long-
term treatment effects or suffer from life threatening conditions [7]. No novel therapeutic
modalities have been successfully introduced into the standard care of advanced EwS in
the last 40 years. The overall survival, thus, remains unsatisfactory, especially in patients
suffering metastasis or early relapse who have a 5-year overall survival < 30% [8]; novel
therapeutic approaches are in urgent need.

The T cell receptor (TCR) can recognize peptide antigens presented on the cell mem-
brane of the host cells by the histocompatibility complex (MHC)/human leukocyte anti-
gen (HLA) system [9]. TCR is a heterodimer comprised most commonly of an «- and
a f-chain [10], or alternatively of a v and a & chain [11]. TCR-based adoptive therapy
allows the genetic redirection of the T cell specificity. Transduction with viral vectors is the
conventional method of antigen-specific TCR insertion by either retro- or the lentivirus par-
ticles [12]. However, the random insertion of viruses into the genome raised safety concerns
about insertional mutations and tumorigenesis, albeit the latter has been mainly observed in
stem cells [13]. An unusual case has been described in T cells, where CAR-T cells originated
from a single clone in which lentiviral vector-mediated insertion of the CAR transgene
disrupted the TET2 gene and improved the expansion of the therapeutic clone to cause
leukemia remission [14].

CRISPR/Cas9 engineered orthotopic TCR replacement leads to accurate & and 3 chain
pairing, and regulation of the transgenic TCR is similar to that of physiological T cells [15].
The canonical methods of TCR gene delivery in pre-clinical and clinical applications are
based on viral transduction of full-coding sequences, including «- and 3-chains recognizing
tumor-specific antigens (TSA) and tumor-associated antigens (TAA) [16,17]. As the trans-
duced «- and p-chains may mispair with the endogenous «- and (3-chains, the resultant
new antigen specificities may cause auto-reactivity, potentially leading to graft-versus-host
disease (GvHD). The mispaired TCRs may also lose their function. Albeit, we did not
see relevant GVHD in our patients up to now, the number of patients is low [18], and the
mechanisms are not fully understood. Schober et al. [15] at our university established
a non-viral TRBC knock-out/TRAC knock-in model, which displayed a TCR regulation
pattern very similar to that of a physiological T cell population [19-21].

The study reported here was initiated to compare T cells against the metastatic driver
of EwS CHMI1 engineered with CRISPR/Cas9 vs. retroviral gene transfer. In general, we
asked whether CRISPR/Cas9 engineered T cell receptor insertion to the TRAC locus of
CD3+ T cells preserves physiological properties and yields a therapeutic product that is at
least as efficacious in immunotherapy of EwS as the product generated by retroviral gene
transfer. Specifically, we assessed (1) the feasibility of an orthotopic replacement of the
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endogenous TCR with a TCR containing a CHM1 targeting sequence, (2) TCR expression,
as well as tumor recognition and cytotoxicity function of CRISPR/Cas9-engineered T cells,
(3) comparative prevention of endogenous TCR expression in CRISPR/Cas9 vs. retrovirally
engineered T cells, and finally (4) characterization of CHM1 as a unique target. Figure 1 is
a graphical abstract; the workflow of the study is depicted in Supplementary Figure S1.

W][IIM g | endogenous chains \1 g | endogenous TCR . S ok
DAL o ltransduced chains a
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4. CD3 recruitment by prevalent transgenic TCR

Figure 1. Graphical abstract illustrating the comparison of CRISPR/Cas9-engineered orthotopic TCR
replacement or retrovirus transduced random TCR insertion into the T cell genome.

2. Materials and Methods
2.1. Cell Lines

The cell lines used in this work were described previously [22,23]. EwS cell lines and
K562 were cultured in RPMI 1640 medium (Life Technologies Limited, Paisley, UK) with
10% fetal bovine serum (FBS) (Life Technologies Limited, Paisley, UK) and serum contain-
ing 100 U/mL penicillin and 100 ug/mL streptomycin (Life Technologies Corporation,
Grand Island, NY, USA). For LCL and T2 cells, 1 mM Na-pyruvate and 1 mM non-essential
amino acids (Life Technologies Limited, Paisley, UK) were also added into the medium. The
293Vec-RD114 packaging cells were cultured in DMEM (Life Technologies Limited, Paisley,
UK) with 10% fetal bovine serum (FBS) (Life Technologies Limited, Paisley, UK) containing
100 U/mL penicillin and 100 ug/mL streptomycin (Life Technologies Corporation, Grand
Island, NY, USA), and 1 mM Na-pyruvate and 1 mM non-essential amino acids (Life Tech-
nologies Limited, Paisley, UK). T cells were cultured in AIM-V (Life Technologies Limited,
Darmstadt, Germany) medium with 5% human-AB serum (SIGMA-ALDRICH CHEMIE
GmbH, Steinheim, Germany) containing 100 U/mL penicillin and 100 ug/mL streptomycin
(Life Technologies Corporation, Grand Island, NY, USA). PBMCs were isolated by density-
gradient centrifugation with Ficoll-Paque (GE Healthcare, Uppsala, Sweden), according to
supplier’s instructions from healthy donor, as described previously [24]. Healthy donor
blood samples were purchased from DRK-Blutspendedienst (Baden-Wuerttemberg-Hessen,
Ulm, Germany; obtained after IRB approval and informed consent).

2.2. Expansion of TCR-Transgenic T Cells

After being purified with anti-PE magnetic beads (Miltenyi Biotec, Bergisch Gladbach,
Germany) coupled to PE-mTCR antibody (Biolegend, San Diego, CA, USA), CHM131°-TCR-
transgenic T cells were cultured in 25 cm? cell culture flasks (TPP, Trasasingen, Switzerland).
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Cells were cultured with 25 mL T cell medium supplemented with OKT3 (50 ng/mL,
Biolegend, San Diego, CA, USA), IL-2 (100 IU/mL, R&D Systems, Minneapolis, MI, USA),
IL-7 (5 ng/mL, R&D Systems, Minneapolis, MI, USA), and IL-15 (2 ng/mL, R&D Systems,
Minneapolis, MI, USA). Interleukins were added every other day. Irradiated LCL (100 Gy,
5 x 10°) and PBMCs (peripheral blood mononuclear cells) (30 Gy, 2.5 x 107) pooled from
at least three different donors are added as feeder cells.

2.3. Functional Characterization of CHM131/HLA-A*02:01-Specific TCR Transgenic T Cells

T cell specificity was confirmed with interferon-y (IFNYy)-Elispot assay (Mabtech AB,
Nacka Strand, Sweden), according to the manufacturer’s information. A variable of 500
to 1 x 10* T cells were used targeting 2 x 10* EwS; K562 or T2 cells co-cultured for 20 h
at 37 °C, 5% CO,, Elispot Reader (machine and software version 5.0; Advanced Imaging
Devices GmbH, Strafsberg, Germany) were used for detection.

T cell-mediated cytotoxicity was monitored with the impedance xCELLigence assay
(Roche Diagnostics, Penzberg, Germany), allowing continuous measurement of T cell
activity against target cell lines, including A673 and SK-N-MC. The 1 x 10* A673 or 3 x 10*
SK-N-MC cells were plated 48 h before the addition of 5 x 103 T cells.

2.4. Western Blot

After being washed once with PBS, the product was harvested and solubilized in
RIPA lysis buffer (Abcam, ab156034, Waltham, MA USA) with protease inhibitor (Com-
plete mini, Roche Diagnostic, Mannheim, Germany). Protein concentration was de-
termined by BCA (Thermo Fisher Scientific, Ulm, Germany). Ten to fifty micrograms
of protein extract were resolved on 10% SDS-PAGE and transferred onto PVDF mem-
brane (Thermo Fisher Scientific, Dreieich, Germany). Primary antibody included PARP
(Cell Signaling Technology, Danvers, MA, USA). GAPDH (Santa Cruz Biotechnology,
Dallas, TX, USA) served as control. Second antibody used Anti-Rabbit (Santa Cruz
Biotechnology, Dallas, TX, USA) and Anti-Mouse antibodies (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA). Detection was performed with ECL chemiluminescence reagent
(Amersham Biosciences, Little Chalfont, UK).

2.5. TCR DNA Template Design

DNA template was synthesized by GeneArt (Life Technologies, Thermo Fisher Sci-
entific, Dreieich, Germany). The DNA structure of CRISPR/Cas9-mediated HDR had 5/
homology arm (300400 bp pairs), P2A, TCR-, T2A, TCR-e, and bGHpaA tail, as described
previously [15]. The related sequences are available as Supplementary Table S1.

2.6. CRISPR/Cas9 Mediated TCR KI and Retrovirus Transduction

For fresh PBMC from buffy coat, CRISPR/Cas9-engineered endogenous TCR KO
with or without exogenous TCR insertion was performed two days after T cell activation
with CD3/28 DynabeadsTM (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and
100 IU/mL IL-2, 5 ng/mL IL-7, and 5 ng/mL IL-15 for 2 days. For frozen PBMC, thaw the
cells and culture them with T cell medium plus 50 IU/mL IL-2 for one day before activation.
The murinized and codon-optimized TCR construct (pMP71_CHM1_mu_opt) in retrovirus
group was used, as it was previously [22]. The packaging cell line 293Vec-RD114™ was
seeded 24 h before transfection into six well plates. Transfection of plasmid for the produc-
tion of retrovirus was performed using TransIT-293 (Mirus Bio LLC, Maison, WI, USA).

2.7. Analysis of Published Chip-Sequence Data and Microarray

ChIP-sequence data (GSE61944: GSM1517546, GSM1517547, GSM1517555, GSM1517556,
GSM1517569, GSM1517570, GSM15175472, GSM1517573, GSM1517577, GSM1517581) were
downloaded from the GEO database, and processed and displayed in the IGV browser [25].
Expression of CHM1 in EwS and bone marrow mesenchymal stem cell was mined from
GEO database (GSE17618 and GSE6691), CCLE [26], and ProteomicsDB [27].
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2.8. Statistical Analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to calculate
mean and standard deviation of the mean (SD). Differences between groups were deter-
mined using the unpaired two-tailed Student’s t-test with p-values < 0.05 being considered
statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results

3.1. Feasibility of Orthotopic Replacement of the Endogenous T Cell Receptor with a T Cell
Receptor Containing Chondromodulin-1 Targeting Sequence

3.1.1. CRISPR/Cas9-Engineered Orthotopic TCR Replacement

Based on our previous work [18] on immunotherapy of EwS, we focused on targeting
the chondromodulin-1 peptide 319 (CHM13Y) VIMPCSWWYV. The T cell receptor (TCR)
DNA template containing the sequence targeting the CHM13!? peptide [22] was established
for homology-directed repair (HDR) (Supplementary Figure S2A). We performed PCR to
amplify the knock-in (KI) fragment from the right homology arm to the left homology arm
(Supplementary Figure S2B) to generate an abundant PCR product.

Next, we accomplished CRISPR/Cas9-engineered knock-out (KO) of the endoge-
nous T cell receptor (hTCR), combined with or without CHM1319-TCR insertion into
lymphocytes from peripheral blood mononuclear cells (PBMC). Single - or 3-strand,
as well as double-strand KO, result in the loss of endogenous TCR surface expression
(Figure 2A). Endogenous TCR KO combined with CHMT13-TCR insertion leads to a T cell
population containing a murinized TCR (mTCR), which is hTCR negative, indicating
successful CRISPR/Cas9-engineered gene editing. The KO efficacy was approximately
98.5%. In contrast, the KI efficacy in T cells from thawed T cells ranged between 11-23%
(21% in Figure 1A, corresponding isotype staining is shown in Supplementary Figure S3A),
while the efficiency of KI in fresh T cells reached 45% (Figure 2B, corresponding isotype
staining is shown in Supplementary Figure S3B).

The CD3 complex is a heterodimeric glycoprotein cooperating with the TCR to convey
signal transduction upon interactions with the antigenic peptides [28]. Upon combined
TCR KO and KI, we see CD3 surface expression only in the population, where KI was
successful, as indicated by V323 (V(323-PE, Figure 2C, right panel, Q2) while the KI negative
population remains CD3 negative (Figure 2C, right panel, Q4, corresponding isotype is
shown in Supplementary Figure S3C). This indicates that CD3 expression is linked to TCR
expression, which reversely indicates a successful CRISPR/Cas9-engineered gene editing.

3.1.2. Tumor Recognition and Cytotoxicity by CRISPR/Cas9-Engineered T Cells

For functional analysis of CRISPR/Cas9-engineered T cells, we assessed T cell ac-
tivation by IFNy-Elispot and tumor cell apoptosis (cleaved-PARP) by Western blot. Se-
lection of engineered T cells from six donors was initiated utilizing anti-murine TCR
antibody coupled beads. The expression of the murinized TCR sequence (mTCR) was
assessed by FACS analysis, yielding a 92.7% homogenous transgenic product in a repre-
sentative experiment. (Figure 2D, right panel, Q2). CHM13"-restricted TCR transgenic
T cells, specifically recognized T2 cells loaded with CHM13Y peptide, while T2 cells
loaded with an HLA-A*02:0- binding influenza control peptide (FLU) were not recognized
(Figure 2E, left panel). CI-PARP as a parameter of apoptosis was specifically induced by
T cells with orthotopic TCR replacement in HLA-A*02:01+ A673 but not in the HLA-
A*02:01- SK-N-MC line (Figure 2E, right panel and Supplementary Figure S3D). Some
marginal and variable cl-PARP was still seen after co-culture with TCR KO cells.

CRISPR/Cas9-engineered T cells secreted IFNy when co-cultured with the HLA-
A*02:01+ A673 and TC-71 EwS cell lines. In contrast, when co-cultured with HLA-
A*02:01- cell lines SB-KMS-KS or SK-N-MC, only marginal IFNYy release was observed
(Figure 2F). These findings indicate that CRISPR /Cas9-engineered T cells caused specific
HLA-restricted EwS cell line recognition.
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Figure 2. Feasibility of orthotopic TCR replacement by CRISPR/Cas9. (A) After knock-out (KO) of
either a-chain (TRAC KO) or 3-chain (TRBC KO) or of both chains, the endogenous TCR (hTCR)
is undetectable by FACS analysis. After KO of both endogenous chains combined with knock-in
(KI) of the CHM1319—specific TCR, mTCR is detectable (the TRBC constant chain of the CHM131%-
specific TCR was murinized). Thawed T cells, KI efficiency: 21.3% (thawed T cells). Non-engineered:
electroporation of CRISPR/Cas9 but without guide RNA. (B) KO of both chains combined with
transgenic TCR knock-in: mTCR positive T cells are hTCR negative. Fresh T cells, KI efficiency:
45.5%. (C) Pentamer staining confirms transgenic TCR expression as panel B. (D) CHM13-TCR
expression in the final product of CHM1%1°-TCR insertion after enrichment. (E) Donor 1: IFNy
release with dose-dependent manner (500, 1000, and 2000) of transgenic T cells after exposure to
T2 cells loaded with either CHM13!%-peptide or with control-peptide (FLU) for 20 h in donor 1; PARP
cleavage (cI-PARP) analyzed by SDS-PAGE after co-culture of A673 (HLA-A*0201+) or SK-N-MC
(HLA-A*0201-) with either no T cells (Mock), non-engineered T cells with TCR-KO, or T cells with
orthotopic TCR replacement with CHM131° TCR (CHM1-specific), all from donor 1. (F) Donor 2:
IFNY release to assess the specific reactivity against several tumor cell lines after co-culture with
1000 CHM131-TCR transgenic T cells in donor 2 (A673 and TC-71: HLA-A*0201+ EwS, SK-N-MC,
and SB-KMS-KS: HLA-A*0201- EwS, K562: MHC- NK cell control). IFNYy release transgenic T cells
after exposure to T2 cells loaded with either CHM1%1-peptide or with control-peptide (FLU) serving
as positive or negative control. Error bars represent standard deviation of triplicates experiments.
** means p < 0.01, *** means p < 0.001.
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3.2. Higher Efficiency of Retroviral Transduction Compared to Gene Editing by CRISPR/Cas9
3.2.1. TCR Transgenic T Cells Engineered by CRISPR/cas9 vs. Retroviral Gene Transduction

The experimental design is described in detail in the method section, as well as
Supplementary Figure S1. In brief, after isolating PBMC from buffy coat, we stimulated
T cells with CD3/CD28 Dynabeads for two days. Meanwhile, we amplified the KI-IDNA
fragment for CRISPR/Cas9 transduction and transfected 293Vec-RD114 packaging cells
with the pMP71-CHM1-TCR plasmid for retrovirus production. Subsequently, we purified
the KI-DNA fragment for CRISPR/Cas9 or harvested the retrovirus for transduction. Next,
we isolated the transgenic T cells with anti-mTCR antibody (mTCR-PE) and expanded the
transgenic T cells for further functional analysis and in vivo experiments.

3.2.2. Higher Efficiency of Retroviral Transduction Compared to Gene Editing by CRISPR/Cas9

We first assessed retroviral transduction efficacy. After transduction of T cells from two
donors with GFP-containing control vector pMP71-GFP, we checked the GFP expression
by fluorescence microscopy (Figure 3A) and by FACS analysis (Figure 3B). The cells from
donor 1 were thawed, whereas cells from donor 2 were fresh. The transduction rate
of thawed T cells was 78% (Figure 3B, upper panel), while fresh T cells reached 90%
(Figure 3B, lower panel).

When comparing CRISPR/Cas9 orthotopic single gene replacement and multiple
random insertions by retroviral transduction, we found retroviral transduction to be consis-
tently higher. The efficacy of endogenous TCR orthotopic replacement with CHM131°-TCR
ranged from 11% to 45%, whereas efficacy of retroviral transduction mainly ranged from
70% to 90%. Figure 3C,D depict the results of non-engineered CRISPR/Cas9 and retrovirus
transduced T cells derived from the same donor. Retrovirus transduction efficacy was
77% (Figure 3C, lower panel Q2 plus Q3), whereas CRISPR/Cas9 transduction efficacy
was only 19% (Figure 3C, middle panel Q2 plus Q3). As expected, the replacement of
the endogenous TCR was more efficient in the CRISPR/Cas9 (Figure 3D, middle panel
Q5 plus Q6), as compared to the retrovirus (Figure 3D, lower panel Q5 plus Q6) group.
Corresponding isotype staining is shown in Supplementary Figure S4A. Figure 3E shows
the transduction efficacy via CRISPR/Cas9 or retrovirus. Although there is biological
variability, possibly donor-dependent, the efficacy is significantly higher for retrovirus, as
compared CRISPR/Cas9 (p < 0.0001).

3.3. Prevention of Endogenous TCR Expression in CRISPR/Cas9 vs. Retrovirally Engineered T Cells
3.3.1. Requirement of High Retroviral Gene Transduction Efficacy and High CRISPR/Cas9
KO Efficacy for Prevention of Endogenous TCR Expression and TCR Chain Mispairing
One of the advantages of orthotopic TCR replacement by CRISPR/Cas9 is that it avoids
the mispairing of endogenous and exogenous TCR chains, and thus averts the generation of
promiscuous TCRs recognizing off-target antigens. To gauge this postulated advantage of
CRISPR/Cas9 vs. retroviral engineering, we compared the expression of endogenous TCR
after CRISPR/Cas9 gene editing vs. retroviral transduction. We found that the decrease in
endogenous TCR surface expression in the retrovirus group was similar to the expression in
the CRISPR/Cas9 group (Figure 4A and Supplementary Figure S4B). After CHM131°-TCR
transduction via retrovirus, the transgene positive population (red curve, Figure 4B) shows
less endogenous TCR transgene, as compared to the negative population (blue curve, Figure 4B).
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Figure 3. Efficacy of gene editing by CRISPR/Cas9 vs. retroviral transduction, as well as the
phenotype of the T cell products. (A) A GFP sequence containing pMP71 vector was used to assess
transduction efficiency of T cells in general. Transduction is performed twice at day 1 and day 2 of
culture. Four days after the first transduction, representative fluorescence microscopy was performed
to assess the transduction efficacy of GFP in T cells. Although the colony size is different between the
two donors, transduction rates are comparable. Material from donor 1 was thawed; material from
donor 2 was fresh. Scale bar: 200 um. (B) The CHM1-TCR sequence containing the pMP71-CHM1-
TCR vector was used to transfect T cells. Four days after the first transduction, representative FACS
analysis was performed to access the transduction rates. FACS analysis of donor 1 was performed
on a Becton Dickinson FACS while analysis of donor 2 was performed on a FACS from Miltenyi.
This is the reason for the shift in gating used for donor 1 vs. donor 2. (C) T cells were stained with
anti-CD8 (CD8-APC) and anti-mTCR (mTCR-PE) after culture to assess the efficacy of transduction.
(D) T cells were stained with anti-endogenous TCR (hTCR-FITC) and anti-mTCR (mTCR-PE) after
culture to assess the efficacy of transduction, the constant domain of the transgenic TCR beta chain
being murinized. CRISPR/Cas9 and retrovirus (Retrovirus) transduced T cells from the same donor.
(E) Transduction efficacy via CRISPR/Cas9 or retrovirus in T cells. **** means p < 0.0001.
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Figure 4. Endogenous TCR expression after gene editing by CRISPR/Cas9 vs. retroviral transduction.
(A) FACS analysis of expression of endogenous TCR expression (hTCR) from a representative donor:
“Non-engineered” designates a control non-engineered T cells; “CRISPR/Cas9 Control” designates a
control containing T cells transduced by electroporation of CRISPR/Cas9 but without guide RNA;
“Retrovirus Control” designates a control containing T cells exposed to centrifugation only with no
retrovirus added; “CRISPR/Cas9” designates T cells with TCR replacement by CRISPR/Cas9, and
“Retrovirus” designates T cells with TCR transfer by retrovirus. The “CRISPR/Cas9” and “Retrovirus”
groups were analyzed after isolation with anti-mTCR antibody. (B) FACS analysis of expression of
endogenous TCR expression (hTCR) after retrovirus-mediated TCR transfer (T cells were analyzed
before isolation with anti-mTCR antibody). (C) FACS determines the expression of endogenous TCR
expression (hTCR) on cell membrane after retrovirus-mediated TCR transfer with low efficiency (T
cells were analyzed before isolation with mTCR antibody). (D) CD3 expression in non-engineered T
cells, engineered T cells with orthotopic TCR replacement (CRISPR/Cas9), and engineered T cells
retroviral transduction (Retrovirus). (E) CRISPR/Cas9-engineered transgenic T cells from thawed
donor: left panel, non-engineered T cells; middle panel: CRISPR/Cas9-engineered transgenic T cells
before mTCR selection with an anti-mTCR antibody (CRISPR/Cas9); right panel, CRISPR/Cas9-
engineered transgenic T cells after mTCR selection with an anti-mTCR antibody. The red cloud in Q6
indicates the transgenic T cell products with a failure KO of endogenous 3 chain (CRISPR/Cas9).
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We also noted that repression of the endogenous receptor after retroviral transduction
depends on transduction efficacy (Figure 4C). In this experiment, the retroviral transduction
efficacy was only 42%. In the setting of this low transduction efficacy, we can identify two
distinct subpopulations (Figure 4C, left panel): the upper cloud represents a subpopulation
with high mTCR expression, i.e., the transduced subpopulation, whereas the lower cloud
represents a population with a low mTCR expression. The high mTCR expressing subpop-
ulation has a lower hTCR expression, as compared to the subpopulation represented by the
lower cloud, which is characterized by low mTCR and higher hTCR expression. This low
mTCR/high hTCR subpopulation is comprised of non-transduced cells, as indicated by low
mTCR expression. Although there is some overlap between both subpopulations, the peaks
of transduced and non-transduced subpopulations are distinct (Figure 4C, right panel).
Isotype control is depicted in Supplementary Figure S4D. This finding implicates that a
low retroviral transduction efficacy will yield a heterogenous product containing a large
subpopulation at risk for mispairing and causing autoimmune side effects. Moreover, retro-
virally transduced T cells express slightly more TCR, as documented by CD3 expression
(Figure 4D and Supplementary Figure S4E), due to multiple gene copies, possibly because
CD3 and TCR work as a protein complex for intracellular signaling transduction.

3.3.2. Failure in KO of Endogenous {3 Chain Generates a Subpopulation with TCR Misparing

For clinical application, we have to ensure the KO of both endogenous TCR chains.
Failure of 3 chain KO constitutes a risk of mispairing the transduced « with the endogenous
{3 chain. The ratio of « to 3 chains in a single CRISPR/Cas9-engineered cell, where TRBC
KO did not work, would be 2:1, since both transgenic chains are expressed from the « locus,
in addition to the endogenous {3 chain expressed from the TRBC locus. When comparing
the transduction efficacy of both procedures, in retrovirally transduced T cells the amount
of transduced TCRs per cell are, by definition and by observation, higher (1 > 1) than the
single endogenous TCR (2 = 1). On the other hand, if CRISPR/Cas9 KO is suboptimal, the
risk of mispairing between the exogenous o with the endogenous 3 chains in a single cell,
where TRBC KO did not work, would be X:1, with X being > 1. This implies that the risk of
mispairing may be higher in CRISPR/Cas9, as compared to retrovirally transduced T cells,
in case the KO is incomplete (Figure 4E). Failure in the knockout of the endogenous 3 chain
leads to a subgroup of T cells expressing both the transgenic TCR and a mixed TCR with
the endogenous f chain and the transgenic « chain. This is most likely the reason why we
see some cells besides the main population in Figure 4E. We can also see this phenomenon
in the right panel of Figure 2A. In Q2, we see a 0.76 population of the whole engineered
T cells expressing both “mTCR"” and “hTCR”; these cells are also a result of the failure of
the knockout of the endogenous 3 chain.

3.4. Specific Tumor Cell Recognition and Cytotoxicity In Vitro by Both T Cell Products with Better
Prolonged Activity of CRISPR/Cas9-Engineered T Cells

We next assessed the cytotoxic effects on and specific recognition of EwS cell lines by
transgenic T cells obtained with either orthotopic TCR replacement by CRISPR/Cas9 or
random TCR placement by retroviral transfer. After isolation of the transgenic T cell with
mTCR antibody, we co-cultured the T cells with HLA-A*02:01+ A673. Here, we identified
an increase in the cl-PARP in A673 after co-culture with both transgenic T cell products.
Furthermore, cI-PARP1 was observed with retrovirally transduced T cells, compared to
CRISPR/Cas9-engineered T cells (Figure 5A and Supplementary Figure S5). Of note,
there was also an effect of the non-engineered T cells, probably due to non-specific allo-
response. Non-engineered cells retain their endogenous HLA TCR, recognizing the tumor
HLA-disparate haplotype.
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Figure 5. Adoptive transfer of CHM131°-TCR transgenic T cells-treated tumor-bearing Rag2-/-yC-/-
mice. (A) Determination of cI-PARP in A673 (HLA-A*02:01+/CHM1+) cells by SDS-PAGE after co-
culture of A673 cells with either no T cells, non-engineered T cells, engineered T cells with orthotopic
TCR replacement, or retroviral transduction. (B) Evaluation of activation of T cells by IFNy-ELISpot
assay after co-culture with T2 cells plus CHMI1 peptide on 35 days (left) and 54 days (right) after
T cell isolation from PBMC. A total of 1000 T cells were used in the experiments. (C) xCELLigence
detachment assays were performed with a different donor to compare the cytotoxic effect of T cells
on HLA-A*02:01+/CHMI1- SK-N-MC and HLA-A*02:01+/CHM1+ A673 cells. Treatment groups
include T cells without CRISPR/Cas9 engineering but otherwise undergoing an identical procedure,
including electroporation (CRISPR control_mock), T cells with CRISPR/Cas9-engineered TCR KO
only (CRISPR control_KO), T cells with CRISPR/Cas9-engineered TCR KO and TCR replacement
(CRISPR CHM1), T cells without retroviral TCR transduction but otherwise identical procedures,
including ultracentrifugation (RETRO control) and T cells with retroviral TCR transduction (RETRO
CHM]1) on day 20. Error bars represent standard deviation of triplicates experiments. * means
p <0.05, ** means p < 0.01.

To assess specific recognition, we performed an IFNy-Elispot on day 35 and day
54 after T cell culture by co-culture T cells with T2 cells loaded with either CHM13!
peptide or with control peptide (FLU). On day 35, after T cell culture, we observed a
higher IFNYy release with retrovirally transduced T cells, as compared to T cells with
orthotopic TCR replacement (Figure 5B, left panel). In contrast, a higher IFN release was
induced by T cells with orthotopic TCR replacement on day 54 (Figure 5B, right panel).
This could be associated with or due to phenotypic differences (data not shown). Of note,
we identified similar trends with the control peptide (Figure 5B), albeit with significantly
weaker IFNYy signals.

We then performed xCELLigence assays to compare the cytotoxic effect on EwS
cells with transgenic T cells on day 20. Both CRISPR/Cas9-engineered and retrovirus-
transduced T cells lead to the significant killing, as measured by the detachment of the
HLA- A*02:01+ A673 cell line without significant difference, but not to the killing of the
HLA-A*02:01- SK-N-MC line, indicating HLA-A-restricted specificity (Figure 5C).

3.5. CHM1 as a Unique Immunotherapy Target in EwS
CHML1 Is a Direct Target of EWS-FLI1 Selectively Expressed in EwS

We have previously shown, EWS-FLI1 binds to the promotor and activates the tran-
scription of CHM1 in EwS. Furthermore, CHM1 sustains the undifferentiated and invasive
phenotype of EwS, which promotes lung metastasis of EwS [29]. It is highly expressed and
required for metastasis [29] and serves as an EwS-specific antigen [18,22,30].
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We first analyzed public CHIP-sequence data using the Integrative Genomics Viewer
(IGV). CHIP-sequence data confirmed that EWS-FLI1 binds to two promotor sites of CHM1
and induces acetylation of H3K27 (H3K27ac) at both sites, which is associated with the acti-
vation of transcription (Supplementary Figure S6A). Forced expression of EWS-FLI1 in mes-
enchymal stem cell also enhances H3K27ac at the same sites (Supplementary Figure S6A).

We next mined the Cancer Cell Line Encyclopedia (CCLE) [31]. We found CHM1
mRNA is most highly expressed in EwS among all tumor cell lines (Supplementary Figure S6B).
The Public Gene Expression Omnibus (GEO) database indicates that its expression in EwS tis-
sues is significantly higher than in bone marrow mesenchymal stem cells (Supplementary Figure S6C).
These results are in correspondence to our previous publications [29,32,33]. In addi-
tion, CHMI1 expression does not correlate significantly with recurrence or metastasis
(Supplementary Figure S6D).

Finally, we analyzed the expression of CHMI at the protein level in normal tissue
utilizing ProteomicsDB, developed by the Chair of Proteomics and Bioanalytics at the
Technische Universitat Miinchen and Cellzome GmbH [34,35]. We found only a very
low expression in vitreous humor, lung, and heart and no expression in other tissues
(Supplementary Figure S7).

4. Discussion
4.1. TCR-Based Immunotherapy of Ewing Sarcoma

There is an obvious medical need for novel therapies in advanced Ewing sarcoma
(AES), i.e., in patients with bone or bone marrow metastasis or early relapse. High dose
therapies with autologous hematopoietic stem-cell rescues have only been beneficial in
selected subgroups [4,36]. Allogeneic hematopoietic stem-cell transplantation (allo-SCT)
from healthy donors, as efficacious immunotherapy of leukemia, has offered hints for
beneficial effects in solid tumors [37], possibly also in AES patients [4,36,38]. However,
no difference in survival with reduced- versus high-intensity conditioning before allo-
SCT [39] could be detected. There is also no difference in survival after HLA-mismatched
versus HLA-matched allo-SCT [38]. These findings imply that allo-SCT is not sufficient for
immunotherapy of AES, and novel therapeutic strategies are in urgent demand, such as
TCR-based immunotherapy [40]. CAR T cells have also been developed for AES [41]. The
limitation of this approach is that CARTs can only target membrane molecules. However,
molecules that are indispensable for tumor metastasis do not necessarily happen to sit on
the cell membrane. Tumor metastasis, however, is what immunotherapy has to address, for
two reasons: (1) Most local tumors are not a therapeutic challenge anymore with modern
precision therapies—including theranostics, functional imaging, and in situ biomarker-
guided surgery—or proton or particle therapy (2) Most cancer patients do not die of the
tumor but of metastasis. With TCR-based immunotherapy targeting tumor-associated
antigens and metastatic drivers of EwS, such as CHM1 [22,33], STEAP1 [24], PAPPA [42],
and PRAME [43], our group previously achieved efficacious in vitro and in vivo cytotoxic
targeting of HLA-A*02:01+ EwS. TCR-based immunotherapy even led to partial regres-
sion without GVHD in refractory HLA-A2+ patients [18]. TCR-based adoptive therapy
also showed promising anti-sarcoma effects by targeting NY-ESO-1, leading to objective
clinical responses [44]. More than 600 clinical trials about TCR-based immunotherapy
are in processing, according to ClinicalTrials.gov (https://clinicaltrials.gov, accessed on
28 April 2022).

Retrovirus- and lentivirus-based vectors are commonly used for TCR gene transfer
in clinical trials [12]. Both viruses enable stable integration and efficient expression of
exogenous TCRs in lymphocytes. However, the mispairing of endo- with exogenous TCRs
limits the function of the transduced TCR and generates new antigens, which can cause au-
toreactivity or GVHD [45]. Nevertheless, there was no evidence of GvHD in the TCR-based
adoptive therapy, targeting CHM1 in our treatment trials of EwS, including allogeneic
donor lymphocyte infusions [15] or allogeneic transgenic T cells [18]. Several strategies,
such as the murinization of TCR constant regions [46,47], codon optimization [48], and in-
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sertion of additional cysteine residues [49], have been proposed to prevent mispairing. We
used codon optimization and murinization of TCR constant regions. However, these proce-
dures cannot completely eliminate mispairing [50]. The random insertion of viruses into the
genome also raises safety concerns, such as insertional mutations and tumorigenesis [13].

4.2. Orthotopic Replacement of TCR with Cytotoxic Functionality

To address the potential hazards of viral transduction, endogenous TCR KO with
simultaneous non-viral orthotopic TCR replacement has been established. Orthotopic TCR
gene replacement drives the translation of the transduced TCR gene sequence, and the
activation via the endogenous TCR promoter provides functional results [15,51-53].

The comparison of orthotopic TCR gene replacement by CRISPR/Cas9 to random
TCR gene insertion by retroviral gene transfer can be performed under different aspects. In
clinical application, e.g., in established protocols for production of CAR T cells by retroviral
transfer, a multiplicity of infections of the target cell with the retroviral vectors is used,
yielding multiple gene copies in the genome of the target cell. In contrast, CRISPR/Cas9-
engineered T cells contain only one TCR gene copy. We performed this study, prioritizing
the clinical application. However, if a comparison of the biological effects of orthotopic
TCR replacement vs. random TCR gene insertion is the aim of study, a MOI is to be chosen
under which only a single retroviral insertion of the transgene into the genome of the target
cell takes places. This consideration also illustrates that the term transduction efficacy,
which is well established in the literature, may be somewhat misleading, since we are
measuring yield rather than efficacy when comparing a multiplicity of infections of the
target cell with the retroviral vectors to an orthotopic TCR gene replacement into the TRAC
locus with a single gene copy by CRISPR/Cas9. Finally, it should be considered that the
transduction procedure itself may change the phenotype and CD4/CD8 ratio of T cells.

This present work shows the feasibility of the orthotopic replacement of the endoge-
nous T cell receptor (TCR) with CHM13-TCR targeting EwS by CRISPR/Cas9 and con-
firms previous publications with different TCRs [15,54]. Our CRISPR/Cas9-engineered T
cell products demonstrated a strong specific cytotoxic effect towards HLA-A*02:01+ EwS,
comparable to retrovirus-transduced T cells. Clinical application also requires the following
considerations: Only patients with relapse or refractory disease after failure of standard
therapy are eligible for TCR-based immunotherapy at present. These patients mostly have
a short life expectancy and a narrow time window for immunotherapy, which has to be
given when patients are, at least, in very good partial remission. In our clinical experience,
the production process of therapeutic T cell products often takes too long to provide a
clinical benefit within this narrow window. Thus, we were wondering which method yields
enough engineered T cells in a short time. Thereby, we had to take into account the low KI
efficacy with CRISPR/Cas9 and the high number of cells not surviving electroporation.

Comparing CRISPR/Cas9 with retrovirus-transduced T cells, our work indicates
that high retroviral transduction efficacy can prevent endogenous TCR expression on the
cell membrane, resembling CRISPR/Cas9-engineered T cells. This may indicate that a
high efficiency of TCR transduction by the retrovirus is capable of competing with the
endogenous TCR to form the heterocomplex with CD3 required for stable TCR membrane
expression. This competition may help to avoid neo-antigen recognition due to TCR chain
mispairing. However, high transduction rates may lead to abundant insertion of vector copy
numbers (VCN) [55]. According to the reflection paper on clinical risk management, due to
insertional mutations from the European Medicines Agency’s Committee on Advanced
Therapeutics [56], the risk of gene-modified cell therapies via insertional oncogenesis
should be reduced by the restriction of VCN. Additionally, close-to-random transgene
integration via viral transduction further limits the clinical application [57]. A low copy
number is desired for safety reasons, and it also limits TCR expression, which ultimately
compromises the functionality of the T cell product. Taken together, there are limitations
by both high- and low-viral transduction rates.
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On the other hand, gene editing by CRISPR/Cas9 generates structural defects of the
nucleus, chromosomal truncations, micronuclei, and chromosome bridges, which initiate
a mutational process and cause human congenital disease, even cancer [58,59]. Rare off-
target effects were also identified when using TRAC guide RNA (gRNA) with wild-type
Cas9, whereas no off-target effects were detected with the ‘enhanced specificity” Cas9
variant eSp.Cas9 [53,60]. We performed our experiments by taking advantage of eSp.Cas9,
which potentially avoids off-target effects. However, we did not evaluate the genome-wide
editing specificity in the present work. For clinical application, we have to ensure the KO
of both endogenous TCRs. If the KO of § chain fails, there is a possibility of the mispairing
of the transduced « with the endogenous (3 chain. The ratio of « to  chain in a single
cell would be 2:1, since both transgenic chains are expressed from the « locus. Although
we do not present TCR sequencing data of CRISPR/Cas9-engineered T cells here, we
published detection of transgenic TCRs using specific primers in retrovirally transduced T
cells previously [22].

When we compared the transduction efficacy of both procedures, in retrovirally trans-
duced T cells, the amount of transduced TCRs was significantly higher than the endogenous
TCR in a single cell, as expected. Thus, the risk of mispairing between exogenous « to
endogenous 3 chains in a single cell would be X:1, with X being >1, depending on the
number of transduced gene copies. As expected, retrovirally transduced T cells express
more TCR on their surface. However, to strictly compare the biology CRISPR/Cas9 vs.
conventional editing, conditions need to be chosen that restrict integration to only one
transgene copy. This would allow a strict comparison of orthotopic vs. random TCR
placement into the genome. To this end, and to systematically compare CRISPR/Cas9 vs.
conventional editing, some of us have recently analyzed expression and functionality of
51 CMV-specific TCRs to show that conventional genetic engineering leads to variable
TCR expression and functionality as a result of variable copy numbers with untargeted
integration. In contrast, the CRISPR/Cas9-mediated TCR replacement yields homogeneous
TCR expression similar to physiological T cells. Product homogeneity after CRISPR/Cas9
TCR gene editing correlated with functionality. Such a well-defined product is obligatory in
clinical application [53]. Since efficacies are never certain to be 100%, some of us have also
established KI for both chains individually (TCR alpha into TRAC and TCR beta into TRBC),
combined with HLA multimer sorting to enrich for the correctly edited population [15].

Finally, we identified a similar amount of CD3 expression on the T cell membrane
after CRISPR/Cas9 engineering, compared to non-engineered T cells, while the CD3
expression in retroviral transduced cells was increased, compared to non-engineered T cells.
This indicates variable TCR/CD3 complex expression likely depends on the number of
TCR gene copies in the genome and the corresponding number of TCR molecules on the
T cell membrane.

Several other limitations were also identified in our work, such as comparatively
low transduction efficiency of CRISPR/Cas9, ranging from 10-45%, due to the impon-
derabilities of cultures or fresh vs. thawed status of the cultured lymphocytes. We could
minimize cell death after electroporation, especially with TCR KI by directly culturing in
Penicillin-Streptomycin (P/S)-free T cell medium after electroporation. We think that higher
transduction rates with CRISPR/Cas9-engineered TCR KI are possible. Although cells
with a high transduction rate after electroporation do not tolerate the antibiotics (P/S), an
optimization of the protocol could involve culturing the cells for 24-48 h in T cell medium
without P/S and changing back to the standard culture medium afterwards.

5. Conclusions

T cells engineered with CRISPR/Cas9 to address the metastatic driver, CHM1, are
feasible for immunotherapy of EwS and may have the advantage of a more prolonged
cytotoxic activity, as compared to T cells engineered with retroviral gene transfer, in addition
to their homogeneity and functional predictability.
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Simple Summary: It is known that doxorubicin is one of the standards for chemotherapy treatment
against Ewing sarcoma. Despite its widespread use, doxorubicin treatment initiates tumor escape
mechanisms and disease relapse. Our study aims to identify the potential biomarkers of doxorubicin
resistance in primary cultures of Ewing sarcoma cells using single-cell transcriptomic and proteomic
analyses. To assess the specificity of identified gene biomarkers, we used publicly available datasets
to represent mRNA profiles of patient samples and short-lived cultures of tumor cells, established
earlier. Through our investigation, we confirmed that MGST1 and the new marker COL6A2 are both
produced by doxorubicin-resistant cells and demonstrated clinical significance for the survival of
patients with Ewing sarcoma.

Abstract: Background: Ewing sarcoma (ES) cells exhibit extreme plasticity that contributes to the
cell’s survival and recurrence. Although multiple studies reveal various signaling pathways mediated
by the EWSR1/FLI1 fusion, the specific transcriptional control of tumor cell resistance to doxorubicin
is unknown. Understanding the molecular hubs that contribute to this behavior provides a new
perspective on valuable therapeutic options against tumor cells. Methods: Single-cell RNA sequenc-
ing and LC-MS/MS-based quantitative proteomics were used. Results: A goal of this study was to
identify protein hubs that would help elucidate tumor resistance which prompted ES to relapse or
metastasize. Several differentially expressed genes and proteins, including adhesion, cytoskeletal,
and signaling molecules, were observed between embryonic fibroblasts and control and doxorubicin-
treated tumor cell lines. While several cancer-associated genes/proteins exhibited similar expression
across fibroblasts and non-treated cells, upregulation of some proteins belonging to metabolic, stress
response, and growth pathway activation was uniquely observed in doxorubicin-treated sarcoma
cells, respectively. The novel information on differentially expressed genes/ proteins provides insights
into the biology of ES cells, which could help elucidate mechanisms of their recurrence. Conclu-
sions: Collectively, our results identify a novel role of cellular proteins in contributing to tumor cell
resistance and escape from doxorubicin therapy and contributing to ES progression.

Keywords: Ewing sarcoma; scRNA-seq; proteomics; doxorubicin; cell resistances

1. Background

Ewing sarcoma (ES) is a primary tumor that affects bones [1]—and much less often,
soft tissues [2]—with a greater incidence in young people aged 10-15 years. The survival
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rate for ES patients has improved significantly with combined treatment, including surgery,
chemotherapy, and radiation; however, this harsh treatment leaves patients with disabilities.
Additionally, most of the time this disease occurs locally, with 5-year event-free survival up
to 78% [3], but almost 20% of patients will experience localized disease relapse and later
produce metastases (with an overall survival rate of around 28% [4,5]). Although the lung
is the most prevalent location for ES metastases (85% of all patients), a recent investigation
suggests that bone metastases become a valuable predictor for lung metastases during ES
progression [6]. Therefore, understanding the mechanisms of tumor escape from therapy
will lead to the development of better therapeutic options that are needed to elevate the
therapeutic effect of current modalities and improve the outcome.

Progression and metastasis of ES is a complex biological process that involves bone
lytic destruction and tumor cell propagation. It has been demonstrated that ES cells initiate
osteolysis on the border between normal and neoplastic tissue via increased immobilization
of macrophages, since they have been involved in the destruction of the bone extracellular
collagen-containing matrix (ECCM) [7]. Along with the activation of osteoclast differen-
tiation [8], ECCM destruction lays a foundation for tumor vascularization in the area of
bone resorption and activation of angiogenesis [9]. The last step is critical for tumor cell
spread and dissemination to the nearby tissue. The development of distant metastases
requires the tumor cells to have an elevated level of matrix-cell adhesion proteins that allow
tumor cells to attach and penetrate tissue. Several studies, particularly in the last decade,
hypothesized that proteins of the carbonic anhydrase group, more specifically CA9 [10]
and cadherin-11 [11], act as regulators of processes associated with sarcoma migration,
invasion, and metastasis. Although recent studies provided further evidence for these [12]
and other [13] proteins, such as MGST1 [14], to be involved in tumor dissemination, these
proteins appeared to share an ability to regulate the formation of metastases in various
cancers [15]. Despite scientific reports that various chemotherapeutic drugs [16,17] induce
prometastatic proteins, therefore the tumor escape molecular mechanisms are not fully
understood and have limited therapeutic efficacies against ES.

To understand the processes that are responsible for tumor cell survival, and compare
our findings with data published in the field of ES resistance to DOX [18], we aim to
identify the molecular basis for the cellular reaction in response to doxorubicin stress,
which precedes most ES escapes from stress and generates tumor tissue growth. In this
study, we used RNA-seq analysis to assess differentially expressed genes (DEGs) using the
Gene Expression Omnibus (GEO) database. We observed the upregulation of 992 genes.
To validate the specificity of gene expression and their attribution to the tumor cells,
we performed single-cell RNA-seq and tandem mass tag (TMT) proteomic approaches
to investigate the transcriptome and proteome changes of patient-derived ES culture in
comparison to embryonic fibroblasts (M19). Through transcriptomic analysis, we found
45 (27 up- and 18 downregulated) DEGs, and at the protein level, we found 124 (44 up-
and 78 downregulated) differentially expressed proteins (DEPs) in doxorubicin-treated
ES cells vs. doxorubicin-treated M19 cells. Furthermore, a comparison of proteomic data
of doxorubicin-treated fibroblasts and doxorubicin-treated ES cells identified a unique
protein signature of 11 markers, among which COL6A2, PSME1 and FLNC demonstrated
clinical significance by survival analysis GSE63155 for ES patients. Our results highlight key
regulatory proteins that coordinate the response of ES cells to the doxorubicin treatment
by integrating signaling from MGST1 cellular metabolism, and the COL6A2 molecule,
whose interactions were underappreciated in the previous investigations. This adds to
our knowledge of the molecular regulatory network of doxorubicin resistance and the
transcriptional hub that governs tumor escape from doxorubicin, and might hold promise
as a future therapeutic target.
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2. Materials and Methods
2.1. Materials

DMEM media, glutamine, fetal bovine serums (FBS) and protease inhibitor cocktail
tablets (EDTA-free) were purchased from Roche Diagnostics (GmbH, Mannheim, Germany).

2.2. Primary Tissue Samples

Our study included 14 tumor tissue specimens with a confirmed diagnosis of ES
and treated in 2020-2021 at the clinical facility of NIMC N.N. Blokhin. All parents of
sick children gave written informed consent to use their clinical data in agreement with
approval by the institutional ethics committee (Research Institute of Pediatric Oncology
and Hematology at N.N. Blokhin National Medical Research Center of Oncology). Based
on an agreement between Sechenov First Moscow State Medical University and NIMC
N.N. Blokhin, the clinical specimens were available to isolate tumor samples. Under this
agreement, we established a few primary cultures from ES tumor samples; however, for
the current study, we used only ES36 cells. The percentage of tumor cells in each resected
tissue was more than 80% (pathologist assessment). The patient who was a donor for ES36
sarcoma cells developed a tumor mass around the tibia and later received pilot anti-relapse
treatment under EE2008 protocol. However, around 1 year later this patient still relapsed.

2.3. Cell Cultures

Human primary Ewing sarcoma ES36 cells and human embryonic fibroblasts M19
were established as described [19]. All cell lines were routinely tested for purity and
mycoplasma contamination. Human sarcoma cell line ES36 (from a 4-year-old male) and
M19 (from a 9-year-old female) were grown in DMEM media, supplemented with 10%
FBS and l-glutamine (1%) at 37°, 5% CO,. M19 cells were received from colleagues at
the National Research Center for Epidemiology and Microbiology named after Honorary
Academician N.F. Gamaleya of the Ministry of Health of the Russian Federation. The
patient-derived ES sarcoma was used in passage 3. ES36 and M19 were authenticated using
STR protocol (24 markers) at Sistema Biotech (Moscow, Russia). The multiplex analysis was
conducted using the 3500 Genetic Analyzer (Applied Biosystems, Waltham, MA, USA) and
data were assessed via GeneMapper ID-X v1.4 (Applied Biosystems, Waltham, MA, USA).
The received profiles of cells were matched against ATCC-based STR profiles. Additionally,
EWSR1/FLI1 fusion was PCR-amplified using primers, visualized with agarose gel, and
sequenced. ES36 and M19 cells were used to titrate Doxorubicin (10 Mm stock), and to
obtain IC50. We further selected a dose of Dox 10-fold lower than IC50 at ES36, and with
no impact on M19 proliferation. Under these conditions, we incubated ES36 and M19 for
7 days with Dox(0.125 mkM) before analysis.

2.4. cDNA Library Preparation and Single-Cell RNA-Seq

Single-cell cDNA libraries were prepared using Single Cell 3’ Reagent Kit v3.1 and
a 10x Genomics Chromium Controller. The number of cells in each channel of the
Single-Cell Chip G did not exceed 5000. The dsDNA High Sensitivity kit measured
the concentration of cDNA libraries on a Qubit 4.0 fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). The quality of cDNA libraries was assessed using High Sen-
sitivity D1000 ScreenTape on a 4150 TapeStation (Agilent, Santa Clara, CA, USA). The
ready cDNA libraries were pooled, denatured, and sequenced on NextSeq 2000 (Illumina,
San Diego, CA, USA) using pair-end reads (28 cycles for reading 1, 91 cycles for read-
ing 2, and 8 cycles for the i7 index). Cell Ranger software (version 6.1.1) provided by
10x Genomics (version 6.1.1) (Pleasanton, CA, USA) was used to perform sample demul-
tiplexing, alignment to the GRCh38 transcriptome, filtering, barcode counting, and UMI
counting. The resulting datasets, M19 and ES36, were subjected to quality control. The
subset was produced at a mark of 25% for mitochondrial material and recorded duplicates
for each of the samples. Functional annotation was performed using R gProfiler2 gene
ontology analysis [20].
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2.5. Proteomic Data Generation and Analysis

We extracted proteins from the live ES36 patient-derived ES adherent cells grown in
DMSO (n = 3) or doxorubicin (1 = 3) using the methanol-chloroform method. Then, each
sample was treated with 100 mM (NH4),COj3 (pH 7.8) in the presence of 0.2% ProteaseMax
solution (Promega, Madison, WI USA), before sonication for 10 min, followed by treatment
with 100 uM Tris(2-carboxyethyl)phosphine during 1 h incubation at 55 °C and 100 uM
Iodoacetamide (1 h incubation at room temperature). A digestion mix of 0.1% of trypsin
and 0.2% of Protease Mix were added to each reaction for a further 3 hours of incubation
and then the reaction was terminated. The protein concentration was measured using
a «BCA protein assay kit» (EMD Millipore, Billerica, MA, USA) and the rest of the sample
was dry-vacuumed using Centrivap (Labconco, Kansas City, MO, USA) at +45 °C. The
digested and enriched peptides were dried in a speed vacuum and reconstituted with 0.1%
formic acid in water for liquid chromatography-mass spectrometry (LC-MS/MS) analysis.
An Q Exactive HF-X Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA),
coupled to a Dionex 3000 RS Nano (Thermo Fisher Scientific, Waltham, MA, USA), was
used to analyze digested peptides. We performed MS/MS data acquisition, converted
data using an mzML format (XML (eXtensible Markup Language)-based common file
format for proteomics mass spectrometric data), and processed with ThermoRawFileParser
software (Thermo Fisher Scientific, Waltham, MA, USA) based on two protocols: the
first used Identipy + Biosaur + Scavager to distinguish hybrid spectra. In the second
we used MSFragger + Philosopher(peptideprophet/proteinprophet) + IonQuant for data
quantification. Spectra were searched against species-specific TrEMBL protein databases
generated from the human genome and bovine serum proteins, detected early by us in fetal
bovine serum samples.

The study of relative changes in protein quantities was carried out using the DEP
software package, which is based on the LIMMA statistical package (an empirical Bayesian
method developed initially for the analysis of microchip data). For protein quantification,
counts from peptide spectrum matches (PSM) were normalized and filtered using the
MNAR (missed-not-at-random) method, log2-transformed, and hierarchically clustered by
expression patterns through the time series in R., using the entire protein-coding gene set
as a background.

2.6. Data Source, Data Processing, and Data Distribution

The RNA-seq data and the corresponding clinical data of overall survival (OS) were
downloaded from Gene Expression Omnibus (GEO) (https:/ /www.ncbi.nlm.nih.gov/geo/
data portal. Gene expression profiles of 46 samples with primary ES deposed at GSE63155
(n = 46) were used (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63155
(accessed on 2 February 2021)) [21]. Due to the lack of data on relapses, information
about the end of the experiment (treatment) for patients with the status of “survivor” was
regarded as definitively true. For the analysis, gene expression data from all 46 patients
was used without censorship. The normalized data were uploaded by the authors and
retrieved from the data portal mentioned above. The LIMMA R package was used to
identify differentially expressed genes (DEGs). Gene probe IDs for which an “-/NA”
notation was not available were removed. To obtain differential expression profiles, the
GEO data were divided into two groups with respect to survivorship (n = 32, survivors)
and non-survivors (n = 14) after receiving treatment.

2.7. Functional GO Enrichment Analysis

Relative DEG lists were analyzed by a web server for functional enrichment analysis.
g:Profiler Datasets with adjusted p < 0.05 (Bonferroni correction) were deemed meaning-
ful enrichment pathways. The “Cluster Profiler” R package was used to combine gene
annotation and gene expression analysis results. The results are visualized in a dot-plot.
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2.8. Experimental Validation of Fold-Change Values Using Semiquantitative RT-PCR Analysis

QIAzol lysis reagent (Qiagen, Germantown, MD, USA) was used to isolate total
RNA from 14 ES patients (6 females and 8 males). RNAase-free DNAasel (Invitrogen,
Waltham, MA, USA) was used to remove residual genomic DNA in isolated total RNA.
Total RNA was quantified using a Nanodrop spectrophotometer (Beckman Coulter, Inc.,
Brea, CA USA). Once quantified, 10 ng of total RNA per sample was used to synthesize
single-strand cDNA with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA USA)
for one-step RT-PCR analysis. The synthesized single-strand cDNA of 100 and 50 ng per
sample was utilized as a template for semi-quantitative PCR analysis with an Encyclo Plus
PCR kit (Evrogen, Moscow, Russia) following the manufacturer’s instructions (https://
evrogen.com/products/Encyclo-PCR-kit/Encyclo-PCR-kit.shtml (accessed on 2 February
2021). Primer pairs for PCR analyses were selected from previous studies [22]. All PCRs
were performed on three replicates per cDNA sample. To obtain the fold change, MGST1
and COL6A2 values of analyzed samples were normalized to 3-Actin mRNA expression,
as an endogenous reference gene.

2.9. Statistical Analyses

GSE63155 includes an analysis of whole-genome expression, whereas GSE146221 is
a single-cell analysis of three established ES cell lines (TC71, CHLA9, and CHLA10). The
GSE146221 data were generated by 10x Genomics single-cell RNA-sequencing, whereas
GSE63155 was generated using Affymetrix platforms. Cox regression analysis was per-
formed for GSE63155 and gene expression correlation analysis for GSE146221. DEGs
analysis was performed between groups of survivors and non-survivors, and between
individuals with UMAP clusters for GSE63155 and GSE146221 datasets, respectively. Using
proteomic profiles of ES36, ES36-DOX, M19, and M19-DOX, we compared DEPs between
the following groups: ES36 vs. M19, ES36 vs. ES36-DOX, and M19-DOX vs. ES36-DOX
samples, respectively. Our single-cell transcriptomic dataset was used to compare DEGs
between clusters 11 and 15 of ES36 vs. M19, ES36 vs. M19 cells and individual UMAP
clusters. All analysis was conducted with a statistical significance limit of p = 0.05. DEGs
analysis of scRNA clusters was performed by the Seurat package R with a statistical signifi-
cance limit of p adjusted = 0.05. All statistical analyses were performed using GraphPad
Prism 8.3.0 and R stat Version 4.0.2 (R-project.org (accessed on 25 January, 2022)), and R
packages were obtained from the Bioconductor project (www.bioconductor.org (accessed
on 25 January 2021)). Statistical significance was set at p < 0.05.

2.10. Awvailability of Data and Materials

The datasets (SRA transcriptomic access data: PRINA846952 and proteomic access
data: in progress) used and/or analyzed during the current study are available.

3. Results

A significant number of genes are elevated in ES tumor tissue.

To identify DEGs that are relevant to tumor cell survival, we analyzed the GSE63155
microarray database after normalization. Based on the patient survival status (survivors
(n = 32) vs. non-survivors (n = 16)), we applied the univariate and multivariate Cox propor-
tional hazards regression methods for 48 tumor tissues available for analysis (Table 1).

Both analyses showed that an event-free survival (EFS) event was a risk factor, while
gender, age, primary tumor site, and tumor content did not correlate with OS. Keeping
the cutoff value strict among 17,634 genes, genes with p-value < 0.05 of their expression
between the two groups produced DEGs and the data were depicted in a volcano plot
(Figure 1A). Using one-way analysis of variance, we found that multiple transcripts were
upregulated in the non-survivor tumor samples. Overall, the Cox regression revealed
812 and 194 genes that were up- or downregulated during the analysis, respectively. As-
suming that benefits for ES patient survival occurred from the inhibition of neoplastic
signaling inside tumors, we performed GO term analysis. As shown in Figure 1B,C, the
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GO analysis of upregulated genes revealed an association of DEGs with blood vessel
formation, angiogenesis (PECAM1/TGFBI/CD34/THY1/SEMAG6A) and cell migration
(MMP9/CCL21/MMP2/AKT3/ITGA6/FLT1). At the same time, GO analysis indicates
that DEGs mainly regulate cellular metabolism, including cytochrome P450 and glutathione
transferase (Table 2).

Table 1. Univariate and multivariate Cox analysis of the correlation clinical factors with OS in patients
with ES.

Univariate Multivariate
HR HR
Beta (95% CI) p.Value Beta (95% CI) p.Value
0.095
Sex —0.47 0.62 (0.21-1.9) 0.4 —2.358 (0.005-1.84) 0.120
Age_at_enrollment_days 0.00033 1(1-1) 0.07 —0.004 0.996 (0.98-1.0) 0.465
5.14
Age 0.11 1.1 (0.99-1.3) 0.075 1.637 (0.085-309.385) 0.433
. . 4.492
Primary_tumor_site —0.28 0.76 (0.35-1.6) 0.47 1.502 (0.377-53.53) 0.235
51.476
Efs_event 2 7.7 (3.4-17) 9.5e-07 3.941 (3.736-709.32) 0.003
Tumor_content 0.77 2.2 (0.57-8.2) 0.26 —0.562 0.57 0.554

(0.088-3.676)

Abbreviations: ES, Ewing sarcoma; EFS event; HR, hazard ratio; 95% CI, 95% confidence interval.

To investigate further whether some of these genetic traits are related to clinical
prognosis, clinical information was extracted from the GSE63155 database. Based on
that information, the top 30 genes overexpressed in the non-survivor group were CCL18,
LUM, SPP1, VCAN, LPL, MMP9, FAP, TSPAN7, THBS1, CHN1, LYZ, HBB, EFEMP1,
CTSC, COL12A1, VCAM1, C8orf4, NETO2, FAM198B, LAPTM5, LOX, COL3A1, TM4SF18,
PAX3, GPNMB, AHR, DOCK11, RASGRP3, CDH2, and COL11A1, mostly responsible for
extracellular matrix organization (GO:0030198) and cell adhesion (GO:0007155). Among
the abundant genes with high mRNA expression, significantly worse OS was detected for
SPP1 (Hazard Ratio, log-rank 8.3), VCAM1 (7.9), CCL18 (5.1), CTSC (4.6), THBS1 (4.5),
and the log-rank p-values were: 7 x 107°,12 x 1075,5 x 1074, 1 x 107 %and 1 x 10~*
relatively. No statistically significant difference in prognosis was obtained in GEO-deposed
patient tumor samples with high and low expressions for LUM (0.056), LYZ (0.18), HBB
(0.095), EFEMP1 (0.127), and COL12A1 (0.25) markers. Although previously for ES patients,
SPP1 [23], MGSTT1 [18], and miR34a [24] were considered as markers of ES progression
and ES cell sensitivity towards doxorubicin, no additional prognostic factors have been
proposed based on individualized treatment options. As chemotherapeutic stress in normal
and neoplastic cells results in the production of stress signals, we aimed to establish
markers for pathological state and doxorubicin resistance using patient-derived ES cells
and embryonic fibroblasts as controls and determine the clinical significance of biomarkers
using scRNA-seq and mass-spectroscopy:.

52



Cancers 2022, 14, 5498

GSEB3155 non-survivors vs survivors
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Figure 1. Differentially regulated genes (DEGs) in ES patients with various survival statuses. (A) Vol-
cano plot diagram of differentially regulated genes in the tumor tissue from survivor (n = 32) vs.
nonsurvivor (n = 14) patient samples (data were extracted from GSE63155). The data were extracted
from GSE63155 and resulted in 1006 genes. Differentially regulated genes with p < 0.05 are labeled
red. The x-axis represents Log?2 fold change; the y-axis represents negative log10-transformed p-
values. Dots on the left side represent transcripts upregulated in survivors, and dots on the right side
represent transcripts upregulated in non-survivors. Blue dots represent most and downregulated
genes by log2fold change. (B) a GO analysis of DEGs associated with ES patient survival. The node
sizes indicate gene counts enriched in the pathway and the color shows the p-value from low (red)
to high (blue) level. Significance was set at p < 0.05. DEGs, differentially expressed genes; GO,
gene ontology. The plot was created using the R gProfiler2. (C) Significant enrichment of molecular
function of interacting proteins; gene-ontology-based GSEA analysis indicates the top 30 genes most
expressed in non-survivor vs. survivor patient samples. The heatmap indicates a log?2 fold change in
mRNA expression. The colors for different evidence codes in the table: red: inferred from experi-
ment, direct assay, mutant phenotype, genetic interaction, physical interaction; purple: inferred from
experiment, direct assay, mutant phenotype, genetic interaction, physical interaction; green: traceable
author, non-traceable author, inferred by a curator; orange: expression pattern, sequence or structural
similarity, genomic context, sequence model, sequence alignment, sequence ontology, the biological
aspect of the ancestor, rapid divergence; blue: reviewed computational analysis, electronic annotation.

53



Cancers 2022, 14, 5498

Table 2. The biological process and pathways regulated by DEGs.

Description

ID

p Value

Count/Gene ID

Downregulated

locomotion

angiogenesis

positive regulation of
cell migration

cell differentiation

extracellular
matrix organization

cell-substrate adhesion

chemotaxis

cell-matrix adhesion

cell-substrate
junction assembly

GO:0040011

GO:0001525

GO:0030335

GO:0030154

GO:0007044 GO:0007160 GO:0006935 GO:0031589 GO:0030198

1.14 x 1026

439 x 10726

2.52 x 10719

6.24 x 10716

8.07 x 10714

7.69 x 10~11

7.74 x 10~ 11

1.55 x 107°

0.0002

CCL18/VCAN/MMPY9/FAP/THBS1/CHN1/VCAM1/LOX/
COL3A1/GPNMB/CDH2/SULF1/GJA1/ACTA2/TGFBR2/
SMOC2/CCL21/MMP2/DCLK1/AKT3/CD200/MAP1B/RND3/
KDR/MCC/LEF1/SGK1/SDC2/ENPP2/PECAM1/KITLG/
CCR1/ADAMTS1/ITGA6/EPS8/ ADAMTS9/EFNB2/CD34/
THY1/SEMA6A/LYN/ALX1/S100A8/ITGA9/MTUS1/NRP1/
PLVAP/PRKD1/ETS1/LYVE1/CDH5/PLXNC1/PODXL/ITGA2/
FCER1G/TLR4/TEK/NRP2/PDGFRB/LAMB1/ELMO1/EMP2/
MCTP1/FLT1/DOCK2/PTPRC/XBP1/CHL1/SATB2/
PLXNA2/DLC1
FAP/THBS1/GPNMB/SULF1/THBS2/PTPRB/TGFBR2/SMOC2/
MMP2/CALCRL/CYBB/ADAM12/AKT3/ANPEP/KDR/LEF1/
ENPP2/COL15A1/CEMIP2/TGFBI/ APLNR/ADAMTS1/
ADAMTS9/EFNB2/CD34/THY1/SEMA6A /SAT1/NRP1/
PRKD1/ETS1/COL4A1/CDH5/EMCN/EPAS1/TEK/COL4A2/
NRP2/PDGFRB/EMP2/FLT1/XBP1
MMP9/THBS1/GPNMB/ACTA2/TGFBR2/SMOC2/CCL21/
MMP2/AKT3/KDR/LEF1/ENPP2/PECAM1/KITLG/CCR1/
ADAMTS1/ITGA6/THY1/SEMA6A/LYN/NRP1/PLVAP/
PRKD1/ETS1/LYVE1/CDH5/PODXL/ITGA2/TLR4/TEK/
NRP2/PDGFRB/LAMB1/FLT1/PTPRC/XBP1
SPP1/VCAN/LPL/MMP9/CHN1/EFEMP1/COL12A1/
VCAM1/LOX/COL3A1/DOCK11/CDH2/COL11A1/KRT10/
SULF1/STEAP4/GJA1/A2M/ACTA2/TGFBR2/CCL21/MMP2/
CD53/GPM6B/DCLK1/ADAM12/PLEK/MAP1B/ANPEP/KDR/
ESRP1/LEF1/SGK1/SDC2/PECAM1/COL15A1/KITLG/CCR1/
TGFBI/APLNR/ITGA6/MAP2/ ADAMTS9/MTSS1/EFNB2/
CD34/CD36/THY1/SEMA6A/LYN/HEY2/RAI14/ALX1/
S100A8/RPS6KA2/SPRY4/NRP1/PRKD1/TMEM119/ETS1/
PRICKLE1/COL4A1/CDH5/PLXNC1/PODXL/ITGA2/SLC6A6/
EPAS1/FCER1G/TLR4/TEK/COL4A2/FRMD6/NRP2/PDGFRB/
LAMB1/EMP2/FLT1/FARP1/DOCK2/PTPRC/XBP1/CHL1/
RPS6KA3/SATB2/PLXNA2/TAGLN/BHLHE40

LUM/MMP9/FAP/COL12A1/LOX/COL3A1/COL11A1/SULF1/

SMOC2/MMP2/GPM6B/COL14A1/MMP16/COL15A1/TGEBL/

ADAMTS1/ITGA6/ADAMTS9/ITGA9/FBLN5/COL4A1/ITGA2/
COL4A2/LAMB1/NID2

THBS1/VCAM1/COL3A1/EDIL3/CCL21/GPM6B/VWE/KDR/
ITGA6/ADAMTS9/CD34/CD36/THY1/SPRY4/NRP1/FBLN5/
LYVE1/ITGA2/TEK/LAMB1/EMP2/NID2/DLC1

CCL18/THBS1/CHN1/VCAM1/LOX/GPNMB/SMOC2/CCL21/
KDR/LEF1/ENPP2/CCR1/EFNB2/SEMA6A /LYN/S100A8/
ITGA9/MTUS1/NRP1/PRKD1/PLXNC1/ITGA2/FCER1G/
NRP2/PDGFRB/FLT1/DOCK2/CHL1/PLXNA2

THBS1/VCAM1/COL3A1/CCL21/GPM6B/KDR/ADAMTS9/
CD34/CD36/THY1/NRP1/FBLN5/LYVE1/ITGA2/TEK/EMP2/
NID2/DLC1

THBS1/GPM6B/KDR/ITGA6/THY1/NRP1/ITGA2/TEK/DLC1
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Table 2. Cont.

g

Description p Value Count/Gene ID

LUM/VCAN/MMP9/THBS1/EFEMP1/COL12A1/CTSC/
COL3A1/CDH2/COL11A1/EDIL3/SULF1/A2M/THBS2/
343 x 10721 SMOC2/MMP2/VWE/COL14A1/SDC2/SPON1/PCOLCE/
COL15A1/TGFBI/ ADAMTS1/SPARCL/ADAMTS9/S100A8/
BGN/HAPLN1/FBLN5/COL4A1/COL4A2/LAMB1/NID2
LUM/SPP1/MMP9/THBS1/LYZ/HBB/EFEMP1/COL12A1/
CTSC/VCAM1/PPIC/EDIL3/KRT10/STEAP4/A2M/ACTA2/
CD53/VWEF/ANPEP/MAN1A1/PECAM1/PCOLCE/COL15A1/
6.20 x 10710 CEMIP2/TGFBI/EPS8/PRSS23/THY1/LYN/S100A8/CD14/
BGN/PLVAP/MYO1B/ENTPD1/FBLN5/LYVE1/RFTN1/
PODXL/NT5E/FCGR3A /COL4A2/LAMB1/DOCK2/RAB27B/
PTPRC/MARCKS/CHL1/NID2/TNFSF10/PYGL

collagen-containing
extracellular matrix

GO:0062023

extracellular exosome

GO:0070062

LUM/COL12A1/LOX/COL3A1/COL11A1/COL14A1/

; -6
collagen trimer 1.90 10 COL15A1/CD36/COL4A1/COLA4A2
collasen bindin 153 x 10-8 LUM/MMP9,/THBS1/LOX/VWE/COL14A1/PCOLCE/TGEBL/
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Ivcosaminoslvean VCAN/LPL/THBS1/GPNMB/COL11A1/SULF1/THBS2/
&y o dmg Y 3.92 x 108 TGFBR2/SMOC2/PCOLCE/ADAMTS1/NRP1/BGN/HAPLN1/
g LYVE1/NRP2/PTPRC
Degradation of the SPP1/MMP9/COL12A1/COL3A1/COL11A1/A2M/MMP2/

6.00 x 1078 COL14A1/MMP16/COL15A1/ADAMTS1/ADAMTS9/COL4A1/

extracellular matrix COL4A2/LAMB1

MMP9/COL12A1/LOX/COL3A1/COL11A1/COL14A1/

4.10 x 107
PCOLCE/COL15A1/ITGA6/COL4A1/COL4A2

Collagen formation

MMP9/COL12A1/COL3A1/COL11A1/MMP2/COL14A1/

5
2:99 %10 COL15A1/COL4A1/COL4A2

Collagen degradation

REAC:R-HSA-1442490 REAC:R-HSA-1474290 REAC:R-HSA-1474228 GO:0005539 GO:0005518 GO:0005581
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3.1. Hypoxia and Metastatic Traits Distinguish Tumor Cells from Non-Neoplastic Cells

To further investigate the function and significance of differentially expressed genes
in the ES cell culture, we conducted a scRNA-seq analysis of ES36 cells (patient-derived
ES cells) vs. M19 embryonic fibroblasts. We produced samples’ cDNA libraries using
a commercial droplet-based system and sequenced the libraries to obtain transcriptomes
covering 500-5000 genes per cell. In total, 5000 cells from each sample were included in
the analysis (Figure 2A,L). Overall, we detected an average of 5000 (range 0-10,000) as
highly variable genes in the ES36 sample and 5000 (range 0-10,000) in the M19 cells. The
GO annotations showed that the functions of genes mainly enriched in tumor cells were
related to cell proliferation (GO: 0008283, 37 counts, p = 1 x 107°) and cellular adhesion
(GO: 0007155, 17 counts, p = 7.1x 10~°). Inhibited genes were mostly represented by respi-
ratory chain complex I (gamma subunit) mitochondrial (CORUM: 2919, 2 counts, p = 0.004)
signaling. Our results found that the top 20 highly variable genes in the tumor populations
were: CLSPN, CDCAS, CDC20, ISG15, KIF2C, ALPL, STMNT1, IFI6, HMGN2, NASP, FABP3,
DHRS3, HSPB7, ID3, PDPN, ERRFI1, SRARP, COL8A2, LINC00337, and SERINC2, and
in the M19 populations they were: RHBDL2, CDC20, CDCAS8, CLSPN, KIF2C, FABP3,
ISG15, STMNI, SEN, CDA, DRAXIN, SNHG12, ERRFI1, E2F2, AL590434.1, PDPN, CCDC30,
EPHB2, KLF17, and SERINC2. Of note, M19 and ES36 shared some of the mRNA signatures
for CLSPN, CDCA8, CDC20, ISG15, KIF2C, STMN, FABP3, PDPN, ERRFI1, and SERINC2
genes. After filtering the sample’s data (Figure 2A through 2E, and 2F through 2J), we ap-
plied the Seurat algorithm to further gene clustering. Fibroblasts and ES cell transcriptomes
were visualized with a Uniform Manifold Approximation Projection (UMAP) employing
ten principal components.

The multiple sequencing runs from M19 and ES36 cells were combined into a single
uniform manifold approximation and projection (UMAP) for visualization (Figure 3A) and
clusterization (Figure 3B). Comparable trends of subset colocalization between M19 and
ES36 cultured cells remained, reinforcing the conclusion that common gene expression
by each cell type is a shared phenomenon regardless of cell type. Across the UMAP plot,
we found a distinct number of clusters in which a majority of cells consisted of ES36
(clusters 11, and 15), or mixed (clusters 0, 1,2, 3,4,5,6,7,8,9, 10, 12,13, 14, and 15) cells.
Furthermore, analysis of C11 and C15 revealed a unique distribution of upregulated genes
(Figure 3C,D). Thus, C11 mostly accumulates cells with genes responsible for cell motility,
cell adhesion, and migration; in C15, most upregulated genes participate in HIF1 signaling,
and downregulated genes are involved in cell adhesion. Overall, in ES cells, MALAT1,
FTHI1, FTL, VIM, MT-CO1, TMSB4X, FN1, MT-CO2, NEAT1, S100A6, EEF1A1, CALD1,
MT-CYB, TPT1, RPL41, TAGLN, RPLP1, LGALS1, TMSB10, CD63, RPS2, ACTB, RPS18,
RPS8, RPL37A, RPL13, ANXA2, COL1A2, RPL10, and ACTG1 were most upregulated
compared to their expression in M19 cells.
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Figure 2. UMAPs of single-cell transcriptome data. Quality control filtering of embryonic fibroblasts
(A-E) and ES36 tumor sample (F-J). Comparison of 10x Genomics-annotated doublets, singlets, and
negatives was assessed using gene expression that was log-transformed using Seurat and presented
as violin-box plots with highlighted median values. Violin plots showing the counts of each gene in
each cell (AF). Violin plots of the sum of the expression levels of all genes in each cell (B,G). Violin
plots of the percentage of mitochondrial genes (C,H). Scatter plots for the percentage of mitochondrial
genes in the sum of the expression levels of all genes in each cell (D,I). Scatter plots for the counts of
genes (E,J). Embryonic human fibroblasts (K) and patient-derived ES (L) color-coded by cell identity.
Colors show different cell clusters resulting from UMAP clustering using the SEURAT algorithm.
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Figure 3. A single-cell ecosystem of embryonic fibroblasts and ES 36 cells. (A) Datasets for
10x Genomics analysis were derived from M19 fibroblasts and short-lived patient-derived ES culture
(ES36). The 10x Genomics plots identify groups of cells with similar expression patterns. The
average of 5000 cultured M19 cells and ES36 cells were green or red color-coded. (B) Distribution of
single-cell population for each type of cell in the UMAP plot (first two dimensions) in accordance
with the clusters made using the Seurat algorithm. Arrows point to the unique clusters that present
in ES-patient-derived ES36 tumor culture; GO term analysis that summarizes the biological function
and cellular component was performed for DEGs in ES36 tumor cells cluster 11 (1 = 131 cells) (C) or
cluster 15 (1 = 18 cells) (D) vs. M19 cells, and also between these ES36 clusters (11 vs. 15), respectively
(E). The specificity of gene expression value has been normalized and visualized as a circle that
corresponds with the ratio of gene expression in ES36 cells vs. M19. The size of nodes indicates the
number of cells in each cluster with that ratio.
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3.2. Embryonic Fibroblasts (M19) and ES (ES36) Cells Are Genetically Close

To investigate whether transcriptional regulation in ES cells cooperates with protein
expression, we performed a proteomic analysis of fibroblasts and ES tumor cells (Figure 4A).
Specifically, we analyzed protein expression in mock or DOX-treated M19 and ES36- tumor
cells to identify potential signature proteins and pathways that distinguish two types of
cells and identify potential targets for future therapeutic interventions. We identified a total
of 1069 (47.5%) and 1238 (55%) proteins in ES36 and M19, respectively, out of 2250 possible
proteins (Figure 4A,B). For the identification of DEPs, we used a p-value < 0.05. This
proteome coverage was highly reproducible across the three biological replicates. Proteins
that were identified in only one or two biological replicates (1415 (62.9%) of all identified
proteins in ES36 and 1454 (64.6%) in M19) were excluded from downstream analysis.
Comparative proteomic analysis revealed a subset of 979 proteins common to ES36 (out
of 1765) and M19 (out of 1642). A protein signature associated with the cellular amide
metabolic process (GO: 0043603) and translation (GO: 0006412) was revealed by the GO
term category.
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Figure 4. Human fibroblasts and ES cells ES36 display distinct protein compositions. (A,D,G) Venn
diagram showing common and unique proteins in mock- or doxorubicin (DOX)-treated M19 and
patient-derived ES36 cells. Overlapped proteins were identified in three replicates per each sample.
Unique proteins for each type of cell and/or treatment are marked in bold and italics inside small
circles. Created using Microsoft Office 2010. (B,E,H) Differential protein expressions between M19
and ES36 samples. Volcano plots of protein abundance between samples showing the distribution of
proteins identified in ES36 and M19 during mock or doxorubicin treatment. Data presented as Log?2
fold ratio between samples. The most significant genes are highlighted in red and we used an absolute
threshold q(FDR) < 0.05 and |1og2(FC)| > 1 (C,F,I) Gene ontology (GO) enrichment analysis for 60
potential targets (30 upregulated and 30 downregulated) of ES36 vs. M19, ES36-DOX vs. ES36-mock
treated, and ES36-DOX vs.M19-DOX samples with p < 0.05 and most value of |1og2(FC)| for more
complete enrichment. The dot-plot of top-upregulated and downregulated biological functions was
performed using p adjusted < 0.05. Hierarchical clustering of the protein molecular signature of ES36
and M19 was generated by the computational tool R gProfiler2. Supplemental Tables S1-S3 provide
details of all molecular signatures.
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From a unique protein perspective, M19 and ES36 cells possess 259 and 90 proteins,
respectively. Further comparative pathway analysis revealed significant activation of pro-
teins which regulate the enzyme activity (hydrolase, proteolysis, and peptidases) pathways
in ES36-cultured cells, while organic acid and carbohydrate metabolism signaling pathways
were found to be mostly regulated in M19-cultured cells. In M19 cells, we observed that of
130 proteins, most were involved in cellular catabolism (Figure 5A,D). Remarkably, whereas
the extracellular matrix and cytoplasm become locations for the majority of upregulated
proteins in ES36 and M19, the downregulated proteins in these types of cells reside mostly
in the cytoplasm. Of note, the majority of most regulated proteins (GAPDH, LDHA, PGK1,
TPI1, ENO1, ALDOA, GPI, PGAM1, ALDOC) responsible for the purine, glycolytic, pyru-
vate or ribonucleoside diphosphate metabolism of ES36 cells were inhibited (Figure 4C).
For the top upregulated proteins of ES36 cells, R gProfiler2 reported “protein metabolism”
(GO: 0051246), “response to stress” (GO: 0006950), and “regulation of cell death” (GO:
0010941) as unique GO term enrichments, and for the most downregulated proteins, the
only GO term enrichments were “catabolic process” (GO: 0008104) and “response to growth
factor stimulus” (GO: 0090287). At M19, the top 979 proteins with high expression were
involved in “program cell death” (GO: 0012501) and “response to stress” (GO: 006950), and
with low expression, the GO terms were “translation” (GO: 0006412) and “intracellular
transport” (GO: 0046907). Using the analysis approach, we identified several proteins with
differential expression between M19 and ES36. All these proteins are of particular interest
since their roles in promoting metastases [25,26] and sarcoma progression [27,28] have
been demonstrated.

3.3. Proteomic Profiling of DOX-Treated ES36 Cells Provides a Unique Signature

By proteome-based MS analysis, the composition of cytoplasmic proteins from fibrob-
lasts and ES cells after doxorubicin treatment was investigated. First, we analyzed protein
signatures between DOX-treated ES36 and mock-treated ES36 (Figure 4D,E). Compared
with control cells, 980 common and 164 (p < 0.05) variable proteins were detected in DOX-
treated ES cells. Among the 164 variable proteins in DOX-treated ES36 cells, 107 were
upregulated and 57 were downregulated. The GO term analysis for downregulated pro-
teins in the tumor-treated cells with DOX suggests suppression of chromatin remodeling
and assembly, and vascular development and angiogenesis process, as top upregulated bio-
logical functions, can dictate the behavior of tumor cells in the presence of DOX (Figure 4F).
We also looked for proteins that demonstrated a negative or positive trend in the presence
of DOX in ES36 cells vs. mock-treated ES36. The top 30 of these DEPs with high expression
were ACTG1, ACTC1, FN1, HSPB1, NNMT, GLS, ACTN1, SLC25A3, HTRA1, RTN4, PLS3,
TGM2, ATP5F1A, SLC25A6, FHL2, MYH9, CNN2, VDAC1, MDH2, ALDOA, CKAP4,
LIMA1, ATP5F1B, VDAC2, FLNA, CLIC4, CNN3, GARS], and DSTN; and the top 30 with
low expression were: H2AC11, H4C1, H2BC12, H1-2, AHNAK, TFRC, HSPAS, ENO1,
CFL1, COL6A1, COL1A1, COL6A3, TUBB4B, COL6A2, COL1A2, COTL1, CAPG, FASN,
COL3A1, HNRNPM, PCBP1, KHSRP, LRP1, MTHFD1, FLNC, CUTA, HNRNPH3, SLC1A5,
SEPTINY, and RABS5C. The cellular components for several DEPs, such as HSPA8, YWHAZ,
CAPG, COTL1, PDCDe6IP, ACLY, ARPC5, PYGB, AK1, SLC25A3, CAPNS1, ARHGAP1,
ATP6V1E1, TLN1, LAP3, DCTN2, NAGK, and USP14, were extracellular exosomes, with
molecular components such as protein-containing complex binding (GO:MF 0044877) and
cadherin binding (GO:MF 0045296). The differential expression suggests a decrease in
complementary binding mediated by disordered protein domains of neoplastic cells to the
other globular domains, including the core binding region of E-cad [29].
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Figure 5. Validation of COL6A2 and MGST1 as markers for ES resistance and progression. (A) Group

of 46 patients with ES was divided based on their marker expressions. Kaplan-Meier plot of OS for
ES patients (GEO datasets GSE63155) stratified by transcriptomic data. The p-value was calculated
using a two-sided log-rank test. (B,C) Single-cell RNA sequence discriminates a subset of tumor cells
enriched with COL6A2 and MGIST1 markers across subclusters at ES36 and M19 cells (B) and in
comparison with cellular subsets from TC71, CHLA9, and CHLA10 (C) (GEO dataset GSE146221).
Data presented as violin plots are based on relative mRNA expression and clusterization of TC71,
CHLA9, and CHLA10 with ES36 cells. Blue and black arrows indicate the association of MGST1 and
COL6A2 with cluster 11 of ES36 cells. (D) Correlations between COL6A2 and MGIST1 expression in
various ES cells. A significant positive correlation between COL6A2 and MGIST1 mRNA expression

was detected in relapsed ES-based patient-derived cells and no such correlation was seen in PNET
was considered significant. (E) mRNA levels of MGST1 and COL6AZ2 in selected primary patient
samples (with/without recurrence, based on clinical information available) obtained from Federal
State Budgetary Institution National Medical Research Center of Oncology named after N.N. Blokhin
of the Ministry of Health of Russia. Semiquantitative PCR analysis of copy numbers of MGST1
and COL6A2 mRNAs obtained from absolute quantification using after normalization to b-actin.

An unpaired t-test with Welch’s correction, p-value difference between groups is presented.
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We performed comparative proteomics to distinguish the metabolic and functional
changes between embryonic fibroblasts and ES ES36 cells during DOX treatment. DOX ex-
posure induces the expression of 707 common proteins in addition to 33 and 552 unique to
fibroblasts or tumor cells, respectively (Figure 4G,H). Among 153 DEPs in the DOX-treated
ES36 cells vs. M19, 100 proteins were upregulated and 53 were downregulated. The top
30 proteins with the most differences in means were: ACTB, ACTG1, TAGLN, ACTC1,
FN1, HBA, TPM1, LDHA, HBB, HSPB1, NNMT, GLS, CSRP1, PLS3, ACTN1, HTRA1,
CALU, CNN2, SLC25A3, MYH9, TGM2, FHL2, ANXA2, LIMA1, SLC25A6, MDH?2, EEF1G,
PEA15, CNN3, and CLIC4, and the top 30 with decreased expression were: AHNAK,
TFRC, HSPAS, COL6A1, COL6A3, PDIA6, TUBB4B, KRT1, KRT10, COL6A2, COL1A1,
CTTN, NAMPT, PDIA4, YWHAQ, PAHA2, GANAB, PSME1, PSME2, ITGB1, RANGAP]I,
PRKCSH, SEPTINY, LRP1, COL3A1, FLNC, CPNE3, PLOD1, ATP1A1, and ANXA11. The
GO term analysis for downregulated proteins in ES36 cells treated with DOX showed
peptide cross-linking (GO:0018149); in particular, fibrillar collagen trimer (GO:0005583), col-
lagen chain trimerization (REAC: R-HSA-8948216) and focal adhesion (KEGG:04510). The
GO term analysis for upregulated proteins was: platelet aggregation (GO:0070527), platelet
activation (GO:0030168), homotypic cell-cell adhesion (GO:0034109), actin cytoskeleton
organization (GO:0030036), coagulation (GO:0050817), hemostasis (GO:0007599), cytoskele-
ton organization (GO:0007010), cell adhesion (GO:0007155) (Figure 4I). Of the regulated
proteins, eight out of eleven proteins such as SLC25A6, EEF1G, PEA15, TUBB4, SEPTINY,
COL3A1, HBB, and HBA did not have any probes in the GEO dataset (GSE 63155). At
the same time, PSME1 expression was associated with the improvement of ES patient
survival (Log-rank test, p = 0.031), and COL6A2 and FLNC (Figure 5A) showed a negative
impact on the survival of ES patients (Log-rank test, p = 0.046, and p = 0.035 relatively),
and involvement in the regulation of integrin and ERK pathways (www.genecards.com
(accessed on 1 February 2021)). Of note, the MGST1 marker was detected in two out of
three samples in ES36-DOX and three out of three samples in M19-DOX. Although our
strict policy on replicates excludes MGST1 from proteomic analysis, we compared COL6A2,
PSME1, FLCN, and MGST1 for their clinical significance, correlation with clinical signs,
and correlation against each other. We noticed that MGST1 expression was unique to
ES36 Cluster 11 (C11), the same cluster where the gene’s subset enriched with COL6A2
(Figure 5B). Furthermore, cluster assignment and overlay of the gene profiles between
ES36 and CHLA10 patient-derived ES cells suggest sharing of the small gene population,
including MGST1 and COL6A2 genes (Figure 5C). Therefore, mRNA expression of these
biomarkers is straightforward in GEO datasets using TC71 and ES36 profiles (ES cells).
Using randomly selected ES primary specimens with known clinical history, we analyzed
the expression of COL6A2 and MGST1. Validation of scRNA-seq differentially expressed
genes (DEGs) through semiquantitative real-time-polymerase chain reaction (RT-PCR) sug-
gests the direct association of COL6A2 and MGST1 mRNAs with ES relapse, demonstrating
a direct link between ES36 resistance, tumor regrowth, and increased tumor cell survival
due to tumor resistance.

4. Discussion

We provide fresh evidence for tumor-cell-signaling activity generated from the inter-
play of metabolism, stress, and growth pathways that control ES treatment (Figure 4C).
Our findings identify key regulatory transcription factors and kinases, as well as novel in-
teractions between these pathways that drive distinct phases of this response in fibroblasts
and tumor cells, and link well-characterized signaling mechanisms across cells of the same
origin (embryonic fibroblasts and primary short-lived tumor cell cultures of ES36). To avoid
the impact of interpatient heterogeneity of the cell signaling, our findings also suggest
that it may be necessary to obtain fibroblasts and tumor cells from the same patient with
Ewing sarcoma and carefully assess their transcription programs to validate differences in
cellular signaling.
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The treatment of ES is complicated by heterogeneity both internally and between
tumors. To develop an effective anticancer therapeutic, a better understanding of tumor
response is necessary. In this regard, reliable biomarkers may represent a source of therapy
efficacy against tumor cells. Previous genomic analysis indicates several biomarkers
relevant to glutathione metabolism (MGST1) [18] and cell-cycle upregulation mediated by
ectopic mir34a [24] overexpression, supporting our GEO analysis of surviving patients with
resected tumor samples enriched with cellular metabolism, including cytochrome P450 and
glutathione transferase DEGs. Although these studies allow us to explore the intertumoral
response to the therapeutic options, mainly chemotherapy, they also utilize responses from
normal healthy cells that are present among tumor cell populations. To distinguish cells, we
compared the first basal level of DEG expression between patient-derived ES36 and M19
embryonic fibroblasts and then we clustered the single-cell transcriptome which allowed
us to detect 14 and 8 clusters, respectively. As a result of M19 and ES transcriptomics
mixing, we detected a few unique clusters in ES36 cells (C11 and C15). Using the GO
term biological functions, a member of a gene family that is relevant to migration was
associated with the C11 cluster. Among genes, the highest expression detected in C11
and C15 of ES cells were: FTL, SERPINE2, CCDC80, CALD, and COL1A2 or FTL, TIMP1,
TAGLN, SH3BGRL3, and CALDI1 relatively. Despite the involvement of migration for
the hub of eight genes, only COL1A2 was previously related to the OS of patients with
ES [30]. On the molecular level, a reduced level of COL1A2 was inversely correlated with
osteosarcoma proliferation and migration under cisplatin restriction [31]. Besides COL1A2,
the ferritin light chain (FTL) expression was shown in association with the response to
chemotherapy [32] and contributed to the proliferation, migration, and invasion [33]
of osteosarcoma cells. SERPINE2 may drive self-proliferation and drug resistance in
osteosarcoma [34], and has poor prognosis for patients with bladder [35] and ovarian [36]
cancer with high COL1A2 expressions.

It is noteworthy that in the case of ES36 DOX vs. ES36 MOCK, we found a significant
decrease in the expression of all three alpha-helices of the COL6 protein (Figure 4E),
including COL6A2. This effect means a more complex effect of doxorubicin therapy
on ES36, mainly, changing the content and 3D structure of the extracellular collagen
matrix. At the same time, the expression of COL6A1 and COL6A?2 is also significantly
reduced in ES36 DOX versus M19 DOX (Figure 4H), which also indicates a specialized
and unique functional nature of the decreasing COL6 level in ES36 cells in response to
DOX. This may indicate the involvement of COL6 in the formation of vulnerability to
doxorubicin, similar to breast cancer cells [37]. Whether the expression of MGST1 alone or
in combination with COL6A2 is required for metastatic development has yet to be seen.
However, our working hypothesis is that ES metastatic development might require multiple
gene activation depending on the tumor stage. For instance, whereas MSGT1 and COL6A2
expression is required for ES cell survival during chemotherapeutic stress mediated by
Doxorubicin, SOX2, KL4 and/or Oct4 [38] are vital for maintaining the stemness of ES
cells and for the ES seeding and survival, as second-nodule activation of ZEB2 [39] and
IGF-1R [40] transcriptional programs are most helpful. Among those, at some points
of ES, such as seeding and cells making decisions to colonize bone or lung, additional
proteins become influential, such as neuropeptide Y [41] or Caveolin-1 [42]. However,
some studies [43] demonstrated the involvement of ES-based cellular proteins in the ability
of ES to metastasize in vitro; the ultimate test for metastatic progression has required the
presence of a microenvironment to support the invasion, migration, internalization and
seeding of ES tumor cells. Therefore, in vivo tail injection [42,44] or injection into a muscle
such as a calf [45] or gastrocnemius muscle [41,46] with tumor cells, or the use of the
metastatic Ewing sarcoma mouse model [47] may hold the answers on ES seeding and
metastasis development.

DOX-mediated stress is a complex cellular reaction produced by sarcoma cells. It
is unclear why tumor cells express two proteins, one of each encoded alpha chain of
collagen type VI and the second a protein with high glutathione transferase activity. It is
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generally agreed that MGST1 possesses a protein homodimerization activity, suggesting
that stress response employs the MGST1 expression signal as a stressor signal for collagen
filament re-engagement. It is also plausible that COL6A2 serves as an adapt messenger
function to unify the cellular response during DOX stress and disrupt cellular adaptation via
cooperation with other proteins. A possible degree of cooperation has been demonstrated
previously for DSCAM and COL6A2 in the H9C2 cardiac cell line. In these cells, the
transcriptional analysis of that interaction points to genes involved in adhesion and cardiac
hypertrophy [48] that cause severe physiological and morphological defects in the heart of
Drosophila. Further evidence suggests that glutathione and glutathione-related enzymes
are at the forefront of the adaptive detoxification cellular response [49] to stress during
DOX-mediated ROS production. Considering that DOX-resistant cervical cancer cells
also display activation of GSH signaling, including MGST1 gene expression isoforms [50],
activation of such proteins might represent a DOX-specific stress network that elaborates
cellular function during the stress and becomes a common feature for various tumor cells.
Crosstalk between various cellular functions mediated by COL6A2 and MGST1 coordinates
tumor cell vulnerability and might define the severity of the ES cells” damage.

5. Conclusions

Based on the results of our study, by clustering scRNA-seq and subsequent DEG
analysis, we were able to perform genotypic profiling of ES cells. Further proteomic and
DEGs of GSE63155 analysis identified and showed the main differences in the expression of
metastatic and primary-tumor markers that can be considered for targeted chemotherapy.
Our data suggest that doxorubicin treatment mediates the induction of collagen remodeling
and activation of glutathione metabolism, which allows premetastatic phenotype changes
in ES tumor cells.
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Simple Summary: The importance of chronic inflammation in favouring a “cancer-friendly” microen-
vironment in most types of tumours has been analysed, except for in the case of Ewing’s sarcoma.
Ewing’s sarcoma is a highly malignant blue round cell tumour that affects 2.9 in 1,000,000 children
worldwide. The aim of this retrospective study was to analyse the role of C-reactive protein (CRP) as
a prognostic factor. Serum CRP levels were significantly different in patients with a poorer prognosis
and in patients who presented distant metastasis, whereas CRP levels were not significantly different
in patients with local recurrence. In Ewing’s sarcoma cases, we believe we can consider a CRP pre-
treatment value of >0.5 mg/dL as a sensitive prognostic risk factor indication for distant metastasis
and poor prognosis.

Abstract: Background: A pathological/inflamed cellular microenvironment state is an additional
risk factor for any cancer type. The importance of a chronic inflammation state in most diffuse types
of tumour has already been analysed, except for in Ewing’s sarcoma. It is a highly malignant blue
round cell tumour, with 90% of cases occurring in patients aged between 5 and 25 years. Worldwide,
2.9 out of 1,000,000 children per year are affected by this malignancy. The aim of this retrospective
study was to analyse the role of C-reactive protein (CRP) as a prognostic factor for Ewing’s sarcomas.
Methods: This retrospective study at Klinikum rechts der Isar included 82 patients with a confirmed
Ewing’s sarcoma diagnosis treated between 2004 and 2019. Preoperative CRP determination was
assessed in mg/dL with a normal value established as below 0.5 mg/dL. Disease-free survival time
was calculated as the time between the initial diagnosis and an event such as local recurrence or
metastasis. Follow-up status was described as death of disease (DOD), no evidence of disease (NED)
or alive with disease (AWD). The exclusion criteria of this study included insufficient laboratory
values and a lack of information regarding the follow-up status or non-oncological resection. Results:
Serum CRP levels were significantly different in patients with a poorer prognosis (DOD) and in
patients who presented distant metastasis (p = 0.0016 and p = 0.009, respectively), whereas CRP levels
were not significantly different in patients with local recurrence (p = 0.02). The optimal breakpoint
that predicted prognosis was 0.5 mg/dL, with a sensitivity of 0.76 and a specificity of 0.74 (AUC
0.81). Univariate CRP analysis level >0.5 mg/dL revealed a hazard ratio of 9.5 (95% CI 3.5-25.5).
Conclusions: In Ewing’s sarcoma cases, we consider a CRP pretreatment value >0.5 mg/dL as a
sensitive prognostic risk factor indication for distant metastasis and poor prognosis. Further research
with more data is required to determine more sensitive cutoff levels.

Keywords: Ewing’s sarcoma; CRP; prognosis; metastasis; local recurrence
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1. Introduction

Ewing’s sarcoma is a highly malignant blue round cell tumour, with 90% of cases occur-
ring in patients between the age of 5 and 25 years. Worldwide, 2.9 out of 1,000,000 children
per year are affected by this malignancy, with a slightly higher incidence in male patients
(1.5 male for every —1 female) [1].

The 5-year survival has improved over the years from 40% to 70% because of multidisci-
plinary treatment strategies using chemotherapy and surgical therapy [2—4]. Unfortunately,
the recurrence rate, even in initially localised tumours, is 25% [5]. More accurate and reli-
able factors need to be determined to distinguish high-risk patients. Yet, in a recent SEER
database study, tumour size, older age and primary site were established as associated with
poor prognosis and the presence of distant metastasis at diagnosis [6,7]. EWING 2008 is
the current European protocol in which patients are divided into three groups according
to clinical risk factors. The 3-year survival rate changes from 7578% for the standard risk
group, to 51-55% for the high-risk group [8,9].

In order to identify more parameters for “high-risk” patients the focus of the Inter-
national Cancer Society was on analysing the carcinoma microenvironment for the most
common cancer entities (e.g., breast or lung cancer) [10,11]. The microenvironment consists
of an extracellular matrix, immune-inflammatory cells, blood and lymphatic vascular net-
works. These cells and this matrix can increasingly develop the function of abnormal tissue
and play a crucial role in metastatic spread and growth of malignancies [12]. Indeed, a
healthy microenvironment may help to promote protection against tumourigenesis [13,14].
Conversely, the pathological state of that environment can be an additional risk factor
for any type of cancer. C-reactive protein (CRP) is one of the proteins of the acute phase
response and can be easily measured in routine blood sampling. The purpose of the acute
phase reaction is to cause tissue damage locally through a local reaction and simultaneously
prevent the damage from spreading too far. They are therefore relevant diagnostic markers
of the extent of the body’s response. Acute phase proteins are produced within 24 h; during
which time, an increase in their concentration in the blood of 25% is measured [15,16].

Protein concentration can thus increase up to 1000-fold. The prognostic relevance
of several inflammatory factors must be analysed. In Ewing’s sarcoma, a high white
blood cell (WBC) count is demonstrably associated with decreased event-free survival
(EFS) [17]. However, the prognostic role of CRP in patients with Ewing’s sarcoma has not
been evaluated. This retrospective study’s aim was to evaluate an accessible, worldwide
and inexpensive means of assessing a patient’s risk of distant metastases or reduced
life expectancy at diagnosis, and thereby assess a further standardised risk factor for
treatment evaluation.

2. Methods

This retrospective study included 82 patients who were treated at Klinikum rechts
der Isar (Munich, Germany) between 2004 and 2019, and had a confirmed diagnosis of
Ewing’s sarcoma.

For all patients, diagnoses were validated through a histopathological examination as
the reference standard. The local institutional review and ethics board (Klinikum rechts der
Isar, Technical University of Munich) approved this retrospective study (N°48/20S). The
exclusion criteria included insufficient laboratory values, a lack of information regarding
follow-up and Rx or R1/R2 resection status. In total, 40 patients were included in this study.

2.1. Preevaluation

We analysed the medical records of all patients enrolled in this study. Histology was
obtained via either incision or CT scan-guided biopsy performed in our institution, and
confirmed at an interdisciplinary sarcoma board following the WHO guidelines.

Laboratory data were collected during pretreatment between one and up to a maxi-
mum of seven days before biopsy or the first surgical treatment at the first appointment
at our clinic. All patients were screened for bacterial infection with urinary samples, lung
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X-ray and total body clinical examination (e.g., urinary infection, pulmonary disease or
other possible systemic bacterial infections) and were excluded if the screenings were
positive. CRP levels were reported in milligrams per decilitre (mg/dL) with a normal
value considered as below 0.5 mg/dL. The measurement was performed using the Cobas®
8000 modular analyser C702 (Fa. Roche, Basel, Switzerland). The follow-up investigations
were performed in line with EWING 2008, International Guideline Harmonisation Group
for Late Effects of Childhood Cancer, Late Effects Surveillance System [18].

All patients were followed up in our department every 3 months for the first 2 years,
every 6 months from the third to the fifth year and at 12-month intervals thereafter in
accordance with guidelines. Disease-free survival (DFS) time was calculated as the time
between the initial diagnosis and an event such as local recurrence or distant metastasis. All
metastasis locations were included. The follow-up time was defined as the time between
the initial diagnosis and the last follow-up, or the last (unscheduled) presentation of the
patient for a check-up in our clinic. The follow-up status of patients was classified as death
of disease (DOD), no evidence of disease (NED) or, for patients who are currently alive
but had a diagnostically confirmed distant metastasis or a proven local recurrence, or alive
with disease (AWD).

2.2. Statistical Analysis

Data were processed and analysed using StatPlus:mac Pro 2020 (Fa. AnalystSoft,
Walnut, CA, USA).

The national standard of 0.5 mg/dL was used to distinguish between ‘increased” and
‘decreased” CRP. The correlation between CRP value and overall survival (OS) was explored
through a Pearson correlation model. The following were selected as guide values for the
interpretation of the correlation coefficient: CC = 0 no linear correlation, CC = 0.3 weak
positive linear correlation and CC = 0.5 positive linear correlation.

Statistically significant values were calculated with a p-value < 0.01. Sensibility and
specificity based on the optimal identified cut point were calculated along the 95% interval.

The survival curves were generated using Kaplan—Meier analysis and evaluated using
the log-rank test. The quantitative accuracy of the CRP measurements was measured by the
area under the curve (ROC Curve/AUC). An AUC value >0.8 was considered a good pre-
dictive test ability. Two sample t-tests were performed to estimate the association between
CRP levels and prognosis status, the presence of distance metastasis and local recurrence.

3. Results

A total of, 82 patients with a confirmed diagnosis of Ewing’s sarcoma were included.
In total, 42 patients were excluded: 14 patients presented insufficient laboratory values,
26 cases had a lack of information regarding the follow-up status and 2 cases had non-
oncological resection (R1/R2). The inclusion criteria were met by 40 patients. Their clinical
characteristics are summarised in Table 1. The mean age of the patients was 21.5 years with
a minimum age of 4 years and a maximum age of 62 years. The majority of the cohort
was male (70% vs. 30%). The mean female age was 23 years (12-62 years), whereas that
of males was 21.5 years (4-54 years). With regard to sarcoma position, 47.5% of patients
were affected at lower extremity localisations (27.5% femur and 20% tibia), pelvis 20%,
humerus 5%, clavicle 5%, forearm 5%, foot 5% and spine 2.5%. At initial diagnosis, 10%
(n = 4) showed multifocal bone involvement.

The follow-up status was defined as DOD in 17 patients (42%), NED in 21 patients
(53%) and AWD in 2 patients (5%). No surgical therapy was performed in 13 patients
(32.5%). In all other patients (67.5%), RO resection was confirmed by the pathology de-
partment (n = 27). Of the 13 patients who had no surgical treatment, 11 had proven
multiple metastases in CT staging (CT thorax/abdomen/pelvis). Chemotherapy and local
radiotherapy were performed in 73% of the aforementioned cases. Palliative radiotherapy
was performed on only one patient based on his/her request and in 18% only systemic
therapy was performed. No surgical therapy was performed despite the absence of distant
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metastasis in two patients. In one case, the primary tumour was localised in the distal
tibia with a skip lesion in the proximal fibula in the first patient. An oncological resection
would have caused the complete loss of foot function with necessary tibial nerve resection.
In agreement with the parents, surgery was not performed and only chemotherapy with
local radiation was conducted. The other case had a localised Ewing’s sarcoma in the calca-
neus and after completing neoadjuvant chemotherapy, he/she demonstrated completely
regressive radiological findings, so in agreement with the parents no surgical resection was
performed to avoid a functionally mutilating calcanectomy.

Table 1. Clinical characteristics and descriptive statistics of cohort.

Spaltel n Percentage Mean Range SD
Age 40 21.5 years 4-62 years 13.54 years
Sex

Male 28 70% - - -

Female 12 30% - - -
Site

Femur 11 27.50% - - -
Tibia 8 20% - - -

Humerus 2 5% - - -
Clavicula 2 5% - - -

Radius 2 5% - - -
Hip 8 20% - - -
Foot 2 5% - - -

Spine 1 2.50% - - -
Multifocal 4 10% - - -
Follow-up

DOD 17 42.50% - - -

NED 21 52.50% - - -

AWD 2 5% - - -
Metastasis
Pulmonary 7 17.50% - - -

Skeletal 2 5% - - -

Multifocal 10 25% - - -
At diagnosis 15 37.50% - - -

None 6 15%

Local 6 15% - - -
recurrence

DFS 40 - 3.5 years 0-17 years 54.5 years
Follow-up 40 - 4.79 years 0-17 years 53.6 years

CRP

>0.5mg/dL 27 67.50% 1.6 mg/dL 0.6-32.8 mg/dL 9mg/dL
<0.5md/dL 13 32. 50% 0.1 mg/dL 0.1-0.2 mg/dL 0.05 mg/dL

The median CRP value of the entire cohort was 1.6 mg/dL (0.1-32.8 mg/dL).

In the deceased patients, the median CRP level was 4.6 mg/dL (0.1-32.8 mg/dL). In
those patients who remained alive but showed distant metastasis or local recurrence, the
median CRP level was 0.6 mg/dL (0.1-0.6 mg/dL), whereas the median CRP value of the
NED group was 0.7 mg/dL (0.1-5.8 mg/dL) (Figure 1). It can be shown that those patients
in our cohort who ultimately died as a result of Ewing’s sarcoma had higher preoperative
CRP values on average on the basis of the aforementioned values.

In the group with an elevated CRP (>0.5 mg/dL) value, 59% had already died, 3% was
alive but with metastases or a local recurrence and 37% was alive without any disease man-
ifestation. In the low-CRP-value group (<0.5 mg/dL), 8% had already died, 8% were alive
but with metastases or a local recurrence and 84% were alive without any manifestation
of the disease. Of the entire cohort, 37% had pulmonary metastases, 52% had multifocal
metastases (more than two organs) and 10% had metastases in organs other than the lungs.
Metastases were already present in 37.5% of patients at initial diagnosis.
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Figure 1. Box plot of the median CRP values (red line) depending on the follow-up status of the
patients: no evidence of disease (NED) and death of disease (DOD). For the alive with disease (AWD)
status, no diagram was created because only two patients were involved. x: extreme outliners, o:
mild outliners.

Survival Curves

The median follow-up time was 4.8 years (0-17 years). In contrast, the median DFS
time was 3.5 years (0-17 years). Different survival curves could be established on the basis
of the predefined cutoff value of 0.5 mg/dL depending on the CRP value.

Patients with a preoperative CRP value of >0.5 mg/dL had a median follow-up time
of 4.5 years (2 months—13 years). In contrast, patients with a CRP value below the cutoff
value of 0.5 mg/dL showed a median follow-up time of 5 years (0-17 years), as shown in
Figure 2.

Univariate analysis of CRP level > 0.5 mg/dL revealed a hazard ratio (HR) of
9.5 (95% CI 3.5 to 25.5). A 5-year survival rate of 92% and 46% was calculated in the
CRP < 0.5 mg/dL and >0.5 mg/dL groups, respectively.

The Ewing cohort showed a median DFS time of 7 months (0-17 years) with a preop-
erative CRP above 0.5 mg/dL, whereas patients with a CRP below 0.5 mg/dL showed a
median DFS time of 5.5 years (0-11 years), as shown in Figure 3.

The risk estimation of the recurrence of an event in terms of local recurrence or distant
metastasis was 8.3 times higher in the patients with an CRP level > 0.5 mg/dL compared to
the group of patients with a CRP level below 0.5 mg/dL (8.3 HR and 95% CI 3-22.7).

The optimal breakpoint was confirmed to be 0.5 mg/dL (AUC 0.812, sensitivity = 0.76
and specificity = 0.74) (Figure 4).
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Figure 2. Kaplan-Meier curve of the survival rate depending on the CRP value: red corresponds to
the group with an increased CRP value and blue corresponds to the group with a lower CRP value.
The follow-up time is evaluated in years (p-value: 0.005).
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Figure 3. Kaplan-Meier curve of the recurrence/remote metastasis-free time as a function of the CRP
value: red corresponds to the group with an increased CRP value andblue corresponds to the group
with a lower CRP value. The DFS time is evaluated in years (p-value: 0.006).
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Figure 4. ROC Curve (AUC = 0.812). Optimal breakpoint analysis of CRP as a prognostic factor
of OS.

The correlation between the CRP level and a reduced DFS as well as poor prognosis in
Ewing sarcomas showed a CC (Correlation Coefficient) of 0.51, with a p-value < 0.0005.

Two sample t-tests confirmed that CRP levels were a significant prognostic factor for
poor prognosis (p < 0.001) and risk of the presence of distant metastasis (p = 0.009). No
significantly relevant difference was found between CRP level and occurrence or local
recurrence (p = 0.02) (Table 2).

Table 2. Two sample f-tests of CRP level as a predictor of the presence of metastasis, local recurrence

and poor prognosis.

CRP Levels CRP Levels p-Value
1 (%) 95% CI 1 (%) 95% CI
Presence of Absence of
Metastasis 19 (47.5%) 23to11.9 21 (52.5%) 0.3t0 1.8 0.009
LR 9 (22.5%) —02t017.7 31 (77.5%) 0.6 to 4.5 0.02
Prognosis DOD NED/AWD
17 (42.5%) 29t013.3 23 (57.5%) 0.3to 1.4 <0.001

4. Discussion

This study aimed to determine the prognostic value of a pretreatment serum CRP anal-
ysis. After evaluating the statistical relevance of CRP values in correlation with prognosis,
we can prudently confirm the involvement of this protein in the acute phase response in
the Ewing sarcoma microenvironment.

In accordance with our findings, Aggerholm-Pendersen et al. analysed a group of
172 patients with bone sarcoma (consisting of 63 chondrosarcomas and 109 between Ewing’s
sarcomas and osteosarcomas) and demonstrated that elevated CRP levels were associated
with increased overall mortality [19]. In contrast to our study, osteosarcomas and Ewing’s
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sarcomas were analysed in one group without any entity distinction. Likewise, in 2013,
a poorer DFS was statistically confirmed (p = 0.02) in patients with Ewing’s sarcoma and
chondrosarcoma with an elevated CRP value. Here, no cutoff value was calculated and
no distinction per entity was performed. Furthermore, patients with metastatic spread at
diagnosis were excluded [20]. The calculated 5-year survival with elevated and reduced
CRP levels was 57% and 79% (p < 0.0001), respectively [20]. In our study, we calculated a
5-year survival of 46% and 92% in the elevated and reduced CRP level groups (p = 0.006),
respectively. Survival was not completely comparable because of the inclusion of chon-
drosarcomas in the Nakamura et al. study.

Two recent studies analysed the CRP-albumin ratio (CAR). In a cohort of 122 Ewing’s
sarcomas, Yong-Jiang et al. demonstrated that the CAR had a significantly larger AUC
compared with the neutrophil-leucocyte ratio (NLR), platelet-leucocyte ratio, leucocyte—
monocyte ratio and neutrophil-platelet ratio ROC curves. Therefore, higher levels of
CAR were correlated with poor prognosis (HR 2.4, p = 0.005), and the calculated ratio
was the most robust prognostic factor of all the aforementioned factors [21]. An optimal
CAR cutoff value of 1.5 as a prognostic factor was calculated two years later. Therefore,
the presence of metastasis and a CAR value under <1.5 were significantly associated
with a reduced OS (p <0.05). In particular, this study was performed only on spinal
Ewing’s sarcomas [22]. Even if the analysed prognostic factor was a ratio (CRP/albumin),
a correlation and confirmation of our findings can be made.

Considering other inflammation agents, Biswas et al. predicted inferior EFS (p = 0.009)
and local control (p = 0.02) rates for patients without metastases in a cohort of 60 ex-
traosseous Ewing’s sarcomas with a WBC count of >11 x 10? /L [23].

Pretreatment levels of 224 localised Ewing’s sarcomas were analysed and a count of
>11 x 10? /L WBC predicted an inferior EFS (p = 0.003) [24]. In the second study, 35 cases of
head and neck Ewing’s sarcoma were analysed that were diagnosed in the same institution
and were treated with a uniform chemotherapy protocol. Multivariate analysis showed
that baseline the WBC count independently predicted the EFS rate (p = 0.04). Patients with
WBC < 11.000/uL had superior EFS, although no difference for OS was observed [25].
Although only for osteosarcomas, there are currently encouraging results regarding the
better prognosis of these patients with addition of the conventional chemotherapy of
mifamurtide. This is an immunomodulator that stimulates the immune response against
tumour cells, e.g., in the lung, by activating macrophages and releasing proinflammatory or
antitumour cytokines. This represents clear evidence of the immune system’s central role in
carcinogenesis even if it is currently only for osteosarcoma. The role of tumour-associated
macrophages (TAMs) is also becoming a central question in the OS (Overall Survival) of
cancer entities. Fujiwara et al. found that a high extent of TAM infiltration, a substantial
microvascular density, elevated WBC counts (>6800 cells/ L) and CRP values > 0.2 mg/dL
were significantly associated with worse prognosis [26]. In these cases, the CRP cut-off was
set lower than in our study.

In consideration of our findings, we can confirm the role of pretreatment CRP values
in prognosis, local recurrence and of the presence of distant metastasis in patients with
Ewing’s sarcoma (Table 2). The advantages of CRP blood testing over the above options
are its lower cost and ubiquitous use in any clinic or outpatient practice. Sadly, it is very
difficult to clearly confirm the clinical implication of the findings because of the rarity of
this cancer subtype, and the small size of the analysed cohort. Even with a small sample
size, we think that a confirmed RO resection of Ewing’s sarcoma can help eliminate an
important bias in local recurrence and distant metastasis. Unfortunately, numerous patients
were lost in the 15-year follow-up range, and complete follow-up could not be calculated.

Mifamurtide

We would like to put some focus on the new drug mifamurtide, to better understand
the clinical implications of chronic inflammation regarding the “cancer-friendly” state.
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Mifamurtide/L-MTP-PE (liposomal muramyl tripeptide phosphatidylethanolamine)
or MAPACT (Takeda Pharmaceutical Company) is a synthetic drug which stimulates
the immune response, thereby activating macrophages and monocytes [27]. MAPACT is
currently approved in Europe for the treatment of non-metastatic Osteosarcoma in addition
to standard chemotherapy [28,29].

Studies in vitro demonstrated that human macrophages can be induced by Mifamur-
tide to stimulate anti-tumor activity against Osteosarcoma cells. Punzo et al. treated
macrophages obtained from peripheral blood mononucleated cells of healthy donors and
MG63 cells (cells that have fibroblast morphology and are isolated from the bone patient
with osteosarcoma) with Mifamurtide. MG63 cells co-cultured with Mifamurtide-activated
macrophages showed a significant decrease in the metastasis, prognosis and inflammation
markers compared to those co-cultured with macrophages which were not activated [30].

Mifamurtide is pharmacological proof that an immunomodulatory drug given together
with standard adjuvant chemotherapy can improve the prognosis of cancer patients.

5. Conclusions

It can be confirmed that a preoperative evaluation of the CRP value in patients with
Ewing’s sarcoma represents a valuable prognosis indicator. Thus, the follow-up for patients
with elevated preoperative CRP value >0.5 mg/dL could be modified for this higher-risk
group. Further research and the central collection and analysis of data is required to
determine the most sensitive cutoff values of pretreatment CRP levels in predicting poor
survival or distant metastasis.
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Simple Summary: Ewing sarcoma (EwS) is a malignant bone and soft tissue cancer that requires
intensive treatment with multiple chemotherapies and either surgery, irradiation, or both as local
therapy. For most survivors of EwS, long-term sequelae such as secondary malignant neoplasms
(SMNs) other than EwS are concerning. Few studies suggest that SMNs after EwS are a rare but
serious event. Comprehensive data are lacking. We reviewed consecutive EwS trials from the
Cooperative Ewing Sarcoma Study (CESS) group to evaluate the features of SMNs in EwS patients.
Our analysis revealed 101 cases of SMNs in 96 EwS patients. Solid SMNs were detected more
frequently than hematologic SMNSs, in 55.2% versus 44.8%. The latency between EwS diagnosis and
SMN occurrence was longer for solid SMNs (median: 8.4 years) than for hematologic SMNs (median:
2.4 years) (p < 0.001). The survival rate after SMNs was 0.49, with solid SMNs having a significantly
better prognosis. Our results confirm the need for a structured follow-up system.

Abstract: Ewing sarcoma (EwS) represents highly aggressive bone and soft tissue tumors that
require intensive treatment by multi-chemotherapy, surgery and/or radiotherapy. While therapeutic
regimens have increased survival rates, EwS survivors face long-term sequelae that include secondary
malignant neoplasms (SMNs). Consequently, more knowledge about EwS patients who develop
SMN:s is needed to identify high-risk patients and adjust follow-up strategies. We retrospectively
analyzed data from 4518 EwS patients treated in five consecutive EwS trials from the Cooperative
Ewing Sarcoma Study (CESS) group. Ninety-six patients developed SMNs after primary EwS,
including 53 (55.2%) with solid tumors. The latency period between EwS and the first SMN was
significantly longer for the development of solid SMNs (median: 8.4 years) than for hematologic
SMNs (median: 2.4 years) (p < 0.001). The cumulative incidence (CI) of SMNs in general increased
over time from 0.04 at 10 years to 0.14 at 30 years; notably, the specific CI for hematologic SMNs
remained stable over the different decades, whereas for solid SMNs it gradually increased over time
and was higher for metastatic patients than in localized EwS patients (20 years: 0.14 vs. 0.06; p < 0.01).
The clinical characteristics of primary EwS did not differ between patients with or without SMNs. All
EwS patients received multi-chemotherapy with adjuvant radiotherapy in 77 of 96 (80.2%) patients,
and the use of radiation doses > 60 Gy correlated with the occurrence of SMNs. The survival rate
after SMNs was 0.49, with a significantly better outcome for solid SMNs compared with hematologic
SMN:s (3 years: 0.70 vs. 0.24, respectively; p < 0.001). The occurrence of SMNs after EwS remains a
rare event but requires a structured follow-up system because it is associated with high morbidity
and mortality.

Cancers 2022, 14, 5920. https:/ /doi.org/10.3390/ cancers14235920 78

https:/ /www.mdpi.com/journal/cancers



Cancers 2022, 14, 5920

Keywords: childhood cancer; cancer survivor; Ewing sarcoma; secondary malignant neoplasms;
secondary malignancy; radiotherapy

1. Introduction

Ewing sarcoma (EwS) is a rare, highly aggressive malignancy of small blue, round
cells that occurs in bone and soft tissue and predominantly affects children, adolescents and
young adults [1]. An incidence of 1.5 cases per million is observed in people of European
descent [1-3]. Twenty to 25% of patients have metastases at the time of initial diagnosis,
which is the most important prognostic factor for EwS [4].

Although 85% of all cases have a balanced chromosomal translocation in which Ewing
sarcoma breakpoint region 1 (EWSR1) protein fuses with the Friend leukemia integration
1 (FLI1) transcription factor, resulting in the EWSR1-FLI1 fusion oncogene [5-7], current
first-line treatment of EwS does not include targeted therapy. EwS requires a multimodal
therapeutic approach consisting of multiple cycles of multiagent chemotherapy and local
therapy consisting of surgery, radiotherapy, or both modalities. The decision on local
treatment can be discussed in specialized tumor boards [8]. Rational combinatorial and
dose-intensifying strategies of the basic chemotherapeutic regimen have improved outcome
in all patients except those with disseminated disease [9-11].

As a consequence of improved survival, long-term surveillance for late effects has
become increasingly important because the occurrence of secondary malignant neoplasms
(SMNis) causes high morbidity and mortality [12,13]. SMNs are defined as malignancies
that occur during or after cancer treatment and are not detected before the initial cancer
treatment. Histologically, SMNs present as distinct from the primary tumor [14].

Few reports of SMNs after EwS have been published, mostly in association with trial
reports. Nevertheless, important aspects such as the clinical characteristics of EwS patients
who develop SMNs, the types of SMINs, and the outcomes for patients with SMNs after
EwS have not yet been adequately studied.

Several risk factors have been associated with SMNs [12,14]. Previous studies showed a
leukemogenic potential of epipodophyllotoxins, anthracyclines, and alkylating agents [15-21]
and an increased risk of solid SMNss after high-dose radiotherapy (>60 Gy) [22-25].

In the present study, we retrospectively investigated the epidemiology and clinical
features of 96 identified patients with SMNs in an international cohort of 4518 patients
treated for EwS in five consecutive clinical trials. Specifically, we aimed to identify specific
clinical features in EwS patients and associated treatments that might predispose to SMINs.

2. Materials and Methods
2.1. Patient Cohorts and Eligibility Criteria

This retrospective analysis included data from 4518 international patients treated for
EwS between 1980 and 2019 and registered in the Ewing Sarcoma Study Group of the
GPOH (German Society of Pediatric Hematology and Oncology) database. The corre-
sponding phase III clinical trials were Cooperative Ewing’s Sarcoma Studies 1981 (CESS 81,
184 patients), Cooperative Ewing’s Sarcoma Studies 1986 (CESS 86, 490 patients), European
Intergroup Cooperative Ewing’s Sarcoma Study 92 (EICESS 92, 875 patients), EUROpean
Ewing tumor Working Initiative of National Groups—Ewing Tumor Studies-1999 (Euro-
E.W.IN.G. 99, 1548 patients), and Ewing 2008 (1421 patients).

Phase III randomized clinical trials were multicenter and nationwide or international
in scope. Informed consent for long-term follow-up and data analysis was obtained from
patients, parents, or guardians. Ethics committee approval was obtained at baseline. All
trials are summarized in Table 1 and briefly described below.

79



Cancers 2022, 14, 5920

Table 1. Development of chemotherapy and radiotherapy for Ewing sarcoma (EwS) in different trials
from the Cooperative Ewing Sarcoma Study (CESS) group.

) CESS CESS .
EwS Trial a1 EICESS 92 EURO E.W.LN.G. 99 Ewing 2008
Number of Cycles 12 12 14 14 14 8 8 14 14 8 14 15
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SR HR SR HR
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SR—standard-risk, HR—high-risk, VHR—very high-risk. Please see section “Materials and Methods”
for more detailed information on risk groups including randomization of R1/R2/R3. V—vincristine,
A—actinomycin D, C—cyclophosphamide, I—ifosfamide, D—doxorubicin (adriamycin), E—etoposide,
BU—busulfan, ME—melphalan, etoposide, MEL—melphalan, TREO—treosulfan. §) integrated boost to tu-
mor target volume following predefined radiotherapeutic strategies within trial.

In the CESS 81 trial (patient enrollment from 1981 to 1985), four cycles (nine weeks
each) of VACA chemotherapy were administered, which included vincristine, actinomycin
D, cyclophosphamide, and adriamycin. Two cycles of VACA were followed by local therapy
consisting of either surgery, surgery plus postoperative radiotherapy (36 Gy), or definitive
radiotherapy (46 Gy or 60 Gy, 36 Gy to the entire bone) [22,26].

In the CESS 86 trial (patient enrollment from 1986 to 1991), patients were divided
into two risk groups according to tumor volume, tumor location, and metastatic status.
Standard-risk (SR) patients had small (<100 mL) extremity tumors and were treated with
VACA. If an initial tumor volume >100 mL, central tumor localization, or metastatic disease
was diagnosed, patients were classified as high-risk (HR) and received a VAIA regimen
(vincristine, actinomycin D, ifosfamide, adriamycin). Local therapy was given after one
cycle of VAIA (week 9/10) and included surgery, postoperative radiotherapy (44.8/45 Gy),
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or definitive radiotherapy (44.8/45 Gy with a local boost up to 60 Gy). Patients received a
total of four chemotherapy cycles with twelve courses [22,26,27].

In the EICESS 92 trial (patient enrollment from 1992 to 1999), patients were divided
into SR and HR groups according to tumor volume and metastatic status, with a threshold
of 100 mL, and chemotherapy doses were changed. SR patients (tumor volume < 100 mL)
were randomly assigned to receive four courses of VAIA followed by either ten courses of
VAIA or VACA. HR patients (>100 mL and/or metastatic disease) received VAIA or VAIA
plus etoposide (EVAIA) over 14 courses. Preoperative radiotherapy (45-55 Gy depending
on the anticipated extent of resection) was initiated at EICESS 92. It was applied after the
sixth week of chemotherapy if the soft tissue component had decreased by less than 50%
after the second chemotherapy or if the tumor was deemed unresectable.

Definitive radiotherapy (up to 55 Gy) was administered after the fourth course. Pa-
tients with wide resection but poor histological response (>10% viable tumor) or marginal
resection but good response (<10% viable tumor) received postoperative radiotherapy at
a dose of 45 Gy. For intralesional resection or marginal resection and poor histological
response, up to 55 Gy was recommended. In patients with pulmonary metastases, the
entire lung was irradiated (15 Gy if < 14 years and 18 Gy if > 14 years) [26,28].

In the Euro-E.W.ILN.G. 99 trial (patient enrollment from 1999 to 2011), patients were
stratified into three risk groups. All patients received six induction courses of VIDE
(vincristine, ifosfamide, doxorubicin, etoposide) and one course of VAI (vincristine, acti-
nomycin D, ifosfamide). The R1 patients with localized disease and either a favorable
response to neoadjuvant chemotherapy (<10% viable tumor) or a small initial tumor volume
(<200 mL) were randomly assigned to either adjuvant therapy with vincristine, actinomycin
D, and cyclophosphamide (VAC) or vincristine, actinomycin D, and ifosfamide (VAI) [29].
R2loc patients with localized disease and either poor histological response to neoadjuvant
chemotherapy (>10% viable tumor) or a large initial tumor volume (>200 mL) and the
R2pulm patients with isolated lung metastases were randomized to receive seven courses
of VAI versus high-dose chemotherapy with busulfan-melphalan followed by retransfusion
of autologous hematopoietic stem cells [30]. R2pulm patients randomized to VAI also
received whole-lung irradiation [31]. R3 patients with disseminated disease were enrolled
in a non-randomized arm and were scheduled to receive high-dose chemotherapy [11].
In the Euro-E.-W.IN.G. 99 trial, definitive surgical resection was recommended whenever
possible and postoperative radiotherapy for large primary tumors, unfavorable histological
response, and marginal resection; preoperative radiotherapy was optional. Definitive radio-
therapy was considered for unresectable tumors. The following doses were recommended
for radiotherapy: preoperative radiotherapy 54.4 Gy, definitive radiotherapy 44.8 Gy (with
a boost of 54 Gy, but in individual cases with a maximum boost of 64 Gy depending on
tumor location and patients age), and postoperative radiotherapy 44.8 Gy-54.4 Gy [32].

The Ewing 2008 trial (patient enrollment from 2008 to 2019) was the follow-up trial of
Euro EEW.IN.G. 99 and stratified patients accordingly but asked randomized questions in
all risk groups. All patients received the VIDE induction regimen. Standard-risk patients
(tumors < 200 mL and/or favorable histologic response to induction chemotherapy) re-
ceived sex-specific maintenance therapy with VAC in women and VAI in men, and patients
were randomized to the addition of zolendronic acid or not. The R2 arms were adopted
from the Euro E.W.LLN.G. 99 trial [30,31]. Patients with disseminated disease were defined
as very high-risk (R3) and received either eight cycles of VAC or eight cycles of VAC plus
a course of high-dose treosulfan-melphalan chemotherapy (followed by autologous stem
cell reinfusion) after induction chemotherapy. Local therapy was delivered as surgery,
whenever possible, and/or radiotherapy [30,31].

2.2. Follow-Up and Statistical Analysis

Cases of SMNs (secondary malignant neoplasm defined as cancer of a histological type
other than EwS that occurs during or after cancer treatment and was not detected before
the initial cancer treatment) were reported by participating institutions and confirmed by
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pathology report. Survival after SMNs was estimated using the Kaplan-Meier method
and defined as the interval between the diagnosis of SMNs and the date of death or last
contact. Cumulative incidences of SMNs were estimated with XLSTAT using competing
risk analysis. SAS and SPSS were used for exploratory data analysis.

2.3. Literature Search

A Medline search of the PubMed database was performed using the following terms:
“second malignant neoplasm,” “SMN,” “secondary cancer,” “second malignancy”, and
“childhood cancer survivor”.

3. Results
3.1. Patient Characteristics and Clinical Features of Primary Ewing Sarcoma

Of the 4518 EwS patients treated between 1980 and 2019 according to EwS study
protocols, 101 cases of subsequent malignant neoplasms were retrospectively assigned
to 96 patients. Five patients presented with two different malignant neoplasms after the
primary diagnosis of EwS. The epidemiological and clinical characteristics of EwS patients
with SMNs are summarized in Table 2. The median time from diagnosis of SMNs to
last follow-up was 1.16 years (range: 0-19). The median time from diagnosis of EwS to
diagnosis of SMNs was 4.9 years (0.1-28.1). Four patients were lost to follow-up. Loss
to follow-up resulted from relocation, change of oncologist, or refusal of further contact
for follow-up. The clinical characteristics of the five EwS patients with two SMNs are
summarized in Supplement Table S1. In the following, only the results of patients with a
single SMN are listed: 51 of the 96 patients with SMNs were female, and 45 were male. The
mean age of EwS patients at diagnosis was 14.4 years and ranged from 2.4 to 68.6 years.
Thirty-one patients (32.3%) had metastases at the time of EwS diagnosis. In most patients,
metastases were located to the lung (18.6%), bone marrow (7.2%), and bone (13.4%), but
not at the site of the primary tumor. None of the patients with SMNs had a reported family
history of cancer predisposition or tumor-associated syndrome.

Table 2. Patient characteristics and clinical features of 96 primary Ewing sarcoma (EwS) patients with
secondary malignant neoplasms (SMNs) in the CESS 81, CESS 86, EICESS 92, Euro-E.-W.IN.G. 99,
and Ewing 2008 trials.

Median Observation Time
Number of Patients with SMNs from Primary EwS
(n, %) Diagnosis
to SMN's (Years)

Attributable Distribution
of Primary EwS Patients
at Diagnosis

EwS trial (n = 96)

CESS 81 2 (of 184), 1.1% 21.7
CESS 86 16 (of 490), 3.3% 11.9
EICESS 92 21 (of 875), 2.4% 6
EURO E.W.IN.G. 99 36 (of 1548), 2.3% 49
Ewing 2008 21 (of 1421), 1.5% 2.3
Sex (%) (n =96)
Male 45 (46.9%)
Female 51 (53.1%)
Metastases (1 = 96)
Yes 31 (32.3%)
No 65 (67.7%)
Age (1 =96)
median (range) 14.4 (2.4-68.6) years
Localization (1 = 96)
Cranium 5(5.2%)
Hand/foot 6 (6.3%)
Upper limb 9 (9.4%)
Lower limb 21 (21.9%)
Axial skeleton 29 (30.2%)
Pelvis 26 (27%)

Clinical data of five patients with >1 subsequent malignant neoplasm are summarized in Supplementary Table S1.
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In our study cohort, all patients received chemotherapy. Table 1 provides an overview
of the type and dosage of chemotherapy. In all studies, systemic treatment was supple-
mented by local therapy using surgery and/or radiotherapy. Radiotherapy was given
either as definitive therapy or as a local adjuvant approach after surgery. 77 of 96 patients
(80.2%) received radiotherapy. In the CESS 86 study, 11 of 16 SMNs patients were treated
with high-dose radiotherapy (>60 Gy). These patients suffered predominantly from solid
tumors (1 = 9) such as sarcomas including osteosarcomas (1 = 5) or carcinomas (n = 4).

3.2. Epidemiology of Secondary Malignant Neoplasms

The types of SMNs after primary EwS are summarized in Table 3 according to the EwS
study protocols. The corresponding data on EwS patients with more than one SMN are
summarized in Supplementary Table S1. The highest percentage of patients with SMNs was
found in the CESS 86 study (3.1%), and the lowest percentage of SMNs was documented
in patients in the CESS 81 study (1.1%). Solid tumors were detected more frequently than
hematologic neoplasms after primary EwS, in 55.2% versus 44.8%. Carcinomas formed the
largest group (1 = 23) of all solid tumors. Among sarcomas, osteosarcoma was the most
common type of sarcoma, followed by rhabdomyosarcoma. The most common hematologic
neoplasms were acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS).
In two cases, incomplete documentation prevented clear classification between MDS and
AML. Other SMNs included astrocytoma (n = 1), blastoma (1 = 1), melanoma (n = 2),
neuroendocrine tumor (1 = 1), and pancreatic tumor (n = 1). The median time between
EwS and SMNs was 5.4 years. The latency period was longer for solid tumors (median:
8.4 years) than for hematologic neoplasms (median: 2.4 years) (d = 1.22; p < 0.001). The
median time between EwS and tertiary malignant neoplasm was 9.4 years, and the median
time between SMNs and tertiary malignant neoplasm was 1.4 years.

Table 3. Types of secondary malignant neoplasms (SMNs) of 96 primary Ewing sarcoma (EwS)
patients in the CESS 81, CESS 86, EICESS 92, Euro-E.W.LN.G. 99, and Ewing 2008 trials.

EwS Trial Type of SMNs Number of Patients with SMNs (1, %)

Across trials (1 = 96) Solid 53 (55.2%)
Hematologic 43 (44.8%)

CESS 81 (n=2) Solid 2 (100%)
Osteosarcoma 0
Other sarcoma 0
Carcinoma 2
Other 0
Hematologic 0 (0%)
Leukemia, lymphoma 0
Myelodysplastic syndrome 0

CESS 86 (n = 16) Solid 11 (73.3%)
Osteosarcoma 4
Other sarcoma 3
Carcinoma 4
Other 0
Hematologic 4 (26.7%)
Leukemia, lymphoma 3
Myelodysplastic syndrome 1

EICESS 92 (n =21) Solid 12 (54.5%)
Osteosarcoma 4
Other sarcoma 2
Carcinoma 5
Other 1
Hematologic 10 (45.5%)
Leukemia, lymphoma 5
Myelodysplastic syndrome 5
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Table 3. Cont.

EwS Trial Type of SMNs Number of Patients with SMNs (1, %)

Euro EW.LN.G. 99 (n = 36) Solid 18 (50%)
Osteosarcoma 7
Other sarcoma 2
Carcinoma 7
Other 2
Hematologic 18 (50%)
Leukemia, lymphoma 9
Myelodysplastic syndrome 9

Ewing 2008 (1 = 21) Solid 9 (42.9%)
Osteosarcoma 0
Other sarcoma 2
Carcinoma 5
Other 2
Hematologic 12 (57.1%)
Leukemia, lymphoma 6
Myelodysplastic syndrome 6

3.3. Cumulative Incidences and Outcome of Secondary Malignant Neoplasms

The cumulative incidence (CI) of SMNs was 0.04 (SE < 0.01) at 10 years, 0.07 (SE = 0.01)
at 20 years, and 0.14 (SE = 0.03) at 30 years. For solid tumors, the specific CI was 0.02
(SE < 0.01) at 10 years, 0.06 (SE = 0.01) at 20 years, and 0.12 (SE = 0.03) at 30 years.
For hematologic neoplasms, the specific CI was 0.02 (SE < 0.01) after each of 10, 20 and
30 years. For hematologic neoplasms, the specific CI reached a plateau after 8 years. Female
patients had a higher risk than male patients (20 years: 0.11 vs. 0.05; p = 0.03), similarly
for metastatic patients compared to localized patients (20 years: 0.14 vs. 0.06; p < 0.01).
Age (</>15 years) had no effect on cumulative incidence. The type of local treatment
did not affect the incidence of SMNs in general, but the use of radiation doses > 60 Gy
correlated with the incidence of SMNs in particular. The survival rate after SMNs was 0.49
(SE = 0.06). It differed significantly between solid and hematologic SMNs for EwS patients
(3 years: 0.70 vs. 0.24; p < 0.001) (Figure 1).
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Figure 1. Survival of patients with primary Ewing sarcoma (EwS) and secondary malignant neo-
plasms (SMNss) as a function of secondary hematologic or solid malignancy in the CESS 81, CESS 86,
EICESS 92, Euro-E.W.LN.G. 99, and Ewing 2008 trials. Overall survival (OS) was calculated using the
Kaplan-Meier method. **** p < 0.001. # at risk—number of patients at risk.
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3.4. Literature Search

We identified the seven specific articles presented in Table 4 to compare and discuss
risk-associated factors for SMNs after EwS. The articles included studies focused on the
development of SMNSs in patients with EwS or Ewing sarcoma family tumors. 55.9% of
patients were female (4/7 articles) in a median cohort size of 381 EwS patients (1 =7/7).
The median age at the time of EwS diagnosis was 14.7 years (1 = 5/7) and the latency
period was 8.2 years (n = 6/7). Cumulative incidences ranged from 4.7% at 10 years to 15%
at 25 years. A solid tumor was identified as SMNs in 65.5% (1 = 6/7). The tumors most
frequently described in the articles were breast cancer, sarcoma including osteosarcoma,
MDS, and leukemia including AML.

Table 4. Summary of data from secondary malignant neoplasms (SMNs) studies after primary
tumors including Ewing sarcoma (EwS). AML—acute myeloid leukemia, BC—breast cancer,
Cl—cumulative incidence, CTX—chemotherapy, MDS—myelodysplastic syndrome, NA—not an-
notated; NMSC—Non-melanoma skin cancer, OS—osteosarcoma, RTX—radiotherapy, WLI—whole

lung irradiation.
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Table 4. Cont.

EwS Characteristics

Study Details at Diagnosis Characteristics of Secondary Malignant Neoplasms Comments
2z
z ] 2 9
= 4 > £ R -
§ e s 5 = g = s )
- €< % z - E < g
E 2 £ b g - s g - 2 0
= "; ] kS g o = & S - = > 4] = g
] = + [ =1 < s = g 32 = 54 g =
9 £ 5 = Y < @ @ A & T - 1 & <
2 £ £ % 3 g g2 ¢ gz E 5 5 £
E] oS 5 iy q o s £ E 3 3 g 2 & ~
& =] 2 &0 8 g 2 Zz & = ~ »
< £ & T2 < g & 3 g s} B &
5 Se g = c = > < £
£ g s & k< 5 g 2
E g o 3 g £ ke
= -] = =
o
=
Hematologic:
CTX (alkylating
agents,
topoisomerase-
Il inhibitors,
Navid EwS dose-
1979- : MDS/
etal. family N N . 33 dependent)
(2008) 2&(;4 of 237 A 83 50 A 12 333 le?(:zeg)ua 4.7/10 (1.4-19.6) All SMN:
[35] tumors . Localized stage
(p =0.036)
Earlier
treatment
protocol
(p =0.001)
Longhi 1983— Localized 7 (1-21.1)
etal. EwS, 16.36 N N Hematological: .
012) 2(050)6 <40 581 7.2 (6-39) 0 A A 15 80 OS (40) 5/25 31 Female sex
[36] years Solid: 7.8
109 Hematologic:
. . - CTX (alkylating
Friedmann 1974 Ews, MDS/AML: (0.9-27.7) ) agents, NMSC and
etal. 17.4 (5-32) MDS/AML MDS/AML: .
2012 <40 300 7.8 1 30 30 30 15 60 15/25 topoisomerase- ~ melanoma
(2017) Solid: (60) 3.2 (0.9-4.6) S
137] (5) years 14,6 (6-24) Solid: 213 1 inhibitors, excluded
) ' (10.5-27.7) dose-
’ : dependent)

* Deceased patients within five years from EwS diagnosis excluded.

4. Discussion

A 2017 report from the German Childhood Cancer Registry showed that the 15-
year survival rates for childhood cancer patients younger than 15 years have increased
to 82% [38]. Refined treatment protocols for EwS aim to reduce therapy-related toxic
effects, resulting in higher survival rates and longer follow-up [4,34]. However, one of
the most devastating complications of primary cancer therapy is the development of a
second malignancy.

The most recent report (2019) from the German Childhood Cancer Registry published
a cumulative incidence of 6.8% for SMN in German cancer survivors (diagnosed < 18 years)
within 30 years of diagnosis. Focusing on SMNs after EwS, the registry reported a cumula-
tive incidence of 4.4% at 30 years (treated between 1981 and 2016) [39]. In contrast, a 2020
analysis of the Surveillance, Epidemiology and End Results Program (SEER) database by
Friedman et al. published a cumulative incidence of 10.1% at 30 years (treated between
1970 and 1986) [40].

Our study reports comprehensive epidemiologic and clinical data on SMNs after
primary EwS in a series of international EwsS trials spanning 30 years of patient enrollment
and standardized treatment, making it the largest and longest retrospective study of
primary EwS patients with SMNs.

We determined cumulative incidences (CI) of 1.9%, 3.9%, 5%, 7.4% and 14% at 5, 10,
15, 20, and 30 years, respectively. The CI of SMNs in patients treated for EwS varies widely
in the literature (Table 4). In a meta-analysis, Caruso et al. reported a CI ranging from less
than 0.9% at 5 years to more than 20.5% at 30 years [12]. Friedman et al. (Memorial Sloan
Kettering) described a CI of 15% at 25 years despite their more recent publication date,
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but this may be due to a long observation period of 38 years starting in 1974 [37]. Longhi
et al. (Italian Sarcoma group) reported a CI of only 5% at 25 years but excluded patients
with disseminated disease and thus those who received extensive treatment [36]. In the
Children’s Oncology Group’s recent trial of the treatment of localized EwS (AEWS1031),
patients were randomly assigned to two different regimens. In regimen A, patients received
17 cycles of compressed chemotherapy with a standard five-drug interval, while patients
in regimen B received experimental therapy with five cycles of vincristine, topotecan, and
cyclophosphamide within the 17 cycles. A numerical rate of 4.3% for SMNs was reported
in a total of 626 patients. A cumulative incidence for comparison was not reported, nor
was information on SMNs characteristics (e.g., tumor entity). Leavey et al. did not detect a
significant difference in SMNSs between the randomized study arms and hypothesized that
vincristine, topotecan and cyclophosphamide had no effect on the risk of SMNs [41].

The median latency from primary EwS diagnosis to SMNs in our analysis was 5.4 years.
Similar results were published by Kuttesch et al. (7.6 years) and are consistent with reported
latencies of SMNss after other childhood tumors [24,37,42]. In our cohort, latency was related
to the type of SMNs, with hematologic neoplasms (median 2.4 years) occurring earlier after
primary EwS than solid tumors (median 8.4 years). The study by Friedman et al. reported
a comparable median latency of 3.2 years for secondary AML/MDS. For solid tumors,
the latency period in this study was 21.3 years, twice as long as our results. It remains
unclear whether the above discrepancy is due to the limited number of only 300 patients
observed by Friedman or to the non-Ewing round cell tumors included [37]. However,
we suspect that the incidence of solid malignancies in our cohort may be underestimated
because we included data from more recent trials with limited follow-up. In other studies,
the incidence of hematologic neoplasms may be underestimated because the studies by
Kuttesch et al. and Ginsberg et al. excluded patients who died within the first three and
five years after diagnosis, respectively [24,34].

Our analysis shows that the risk of solid SMNs does not plateau but increases over
time. Solid tumors commonly include carcinomas and osteosarcomas, and they can occur
up to 28 years after the primary EwS diagnosis.

Several studies have found breast cancer to be the most common SMN in childhood
cancer survivors [43-46]. A high incidence of breast cancer has been described especially
after chest irradiation in Hodgkin’s lymphoma and after total lung irradiation for EwS
patients [43-45]. We observed a remarkably low number of breast cancer cases in our
cohort (three cases exclusively in women). All patients received radiotherapy to the
thoracic wall and developed tumors within the irradiation field. In the study by Schellong
et al., 26 cases of breast cancer were detected in 590 Hodgkin’s lymphoma patients, of
which 25 tumors were located in the previously irradiated field, although the radiation
doses for the supradiaphragmatic fields ranged only from 20 to 45 Gy [47]. In our patients,
EwS was diagnosed at a median age of 15.6 years (range: 12-21 years), supporting the
observations of Bhatia et al. who suggested an association between radiation exposure
between the ages of 10 and 16 years and the development of breast cancer as SMNs. This
could be caused by exposure of carcinogens in the growing breast tissue as shown by
previous data [46]. We could not conclusively explain the low number of breast cancer
cases detected in our cohort.

Several studies have confirmed initial status of EwS disease, young age at initial
diagnosis (<10 years or <14 years), female gender, radiotherapy, alkylating agents as well
as topoisomerase inhibitors, high-dose chemotherapy followed by autologous stem cell
transplantation including granulocyte colony-stimulating factor (G-CSF), and tumor predis-
position syndromes as risk factors for SMNs in EwS patients [12,24,48-50]. The median age
at EwS diagnosis in our cohort was 16 years, which is consistent with the overall median
age at EwS diagnosis (15 years) and previous reports of EwS with SMNs with a median age
of 14.8 years (range: 0-40 years) (Table 4) [1]. While Navid et al. did not find an age-related
risk, Kaatsch et al. showed that children younger than 10 years with EwS treated with
radiotherapy were at higher risk for developing SMNs [35,51]. EwS patients with SMNs
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showed an inverse gender distribution compared with the typical distribution in EwS
patients of 40% females and 60% males [3]. Female gender has also been associated with an
increased risk of SMNs in other studies looking at the development of SMNss in specific
childhood EwS and other cancer patients [27,43]. The long-term effects of radiation therapy
on developing tissues remain uncertain, but tissue susceptibility to mutagenic effects may
be higher in younger children [51]. Because there is a lack of studies on radiation therapy in
children and young adults, the safety limits of radiation doses are unknown [52]. Radiation
therapy is highly associated with the development of sarcomas of bone and soft tissue,
especially osteosarcomas [53]. Among childhood cancers, EwS is treated with one of the
highest doses of radiation [23]. Kuttesch et al. found that EwS patients who received
radiation doses of > 48 Gy developed secondary sarcomas but not hematologic neoplasms.
The highest risk was found in the group of patients irradiated with > 60 Gy. All secondary
sarcomas were located in or in close proximity to the primary irradiation field. The high
percentage (92%) of patients treated with radiotherapy may also explain the high number
of solid SMNs and the corresponding high cumulative incidences of SMNs [24]. In the
study of Dunst et al., even no secondary sarcomas were detected in patients without prior
radiotherapy [22]. In our study, patients who developed solid SMNs received higher doses
of radiotherapy (mean 53.1 Gy) than hematologic SMNs (mean 49.1 Gy). Most EwS patients
with SMNs in the CESS 86 trial were treated with high-dose radiotherapy (>60 Gy). Solid
SMN’s were more likely to occur, of which > 50% were localized in the former irradiation
area. Osteosarcomas as SMNss seemed to have reduced over time. We hypothesize that the
risk decreased over time due to the amelioration in radiotherapy regimen (for example the
improvement of irradiation plans as well as techniques). In general, the initiation of preop-
erative radiotherapy in the EICESS 92 may have also opened the option of surgery (instead
of definitive radiotherapy) for tumors deemed as unresectable before and therefore reduced
the applied dosage. Previous publications also assumed a risk association of radiotherapy
with concomitant use of alkylating agents [24,25,33]. In previous studies of cancer sur-
vivors, alkylating agents, topoisomerase inhibitors (epipodophyllotoxins, e.g., etoposide),
and the adjunctive use of anthracyclines [54] have been associated with the development
of SMNs and may cause stem cell damage predisposing to secondary myelodysplastic
syndrome and leukemia [15,17-21,48,55-57]. In addition to leukemic potential, exposure
to anthracycline and alkylating agents has been reported to increase the risk of subsequent
solid neoplasms [19,21,58,59]. Anthracyclines, topoisomerase inhibitors, and alkylating
agents have been used extensively in EwS treatment (Table 1) [60]. While the number
of cycles increased, the cumulative doses of most chemotherapeutic agents (vincristine,
cyclophosphamide, doxorubicin, and etoposide) gradually decreased over the course of the
various trials, with the exception of actinomycin D, whose dosage almost doubled (Table 1).
The dose of ifosfamide was repeatedly readjusted in different risk arms [32]. Prognosis
and survival in etoposide-induced leukemia remain extremely poor [56]. Etoposide was
introduced in the high-risk arm of the EICESS 92 trial and was used to treat all risk arms
with reduced doses starting in the EURO E.W.LN.G. 99 trial [61]. After the introduction of
etoposide in the EICESS 92 trial, more (45.5%) hematologic SMNs were detected than in
the CESS 81 (0%) and CESS 86 (26.7%) trials without etoposide. However, the change in
SMN:s type after inclusion of etoposide may be due to several factors, including a longer
follow-up period in the CESS 81/86 trials compared with subsequent trials. Finally, not
only the cumulative dose but rather a combined use of chemotherapeutic classes such
as anthracyclines with topoisomerase inhibitors or anthracyclines with alkylating agents
might be crucial for the risk of leukemia [17,18]. Bhatia et al. confirmed that the risk of
AML and MDS increased during treatments with a combination of anthracyclines (dox-
orubicin) and alkylating agents (cyclophosphamide, ifosfamide), as well as an increased
cumulative dose of ifosfamide, cyclophosphamide, and doxorubicin [18]. Although there
are several case reports of the association between chemotherapy and SMNSs, few studies
such as Bhatia et al.’s study have demonstrated a significant association between SMNs
and the use of the latter chemotherapeutic agents [18,62]. It is also known that the use of
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G-CSF in combination with etoposide increases the risk of secondary leukemia [57]. For
EwS, G-CSF was first used in the Euro-E.W.LN.G. 99 trial. Although we found an increase
in hematologic SMNSs after this time period, its efficacy as an adjuvant to chemotherapy
remains uncertain.

With an improved survival, late effects and also SMNs come more and more into the
focus of pediatric oncology research. It is uncertain whether SMN’s are a matter of treatment
or genetics. The role of tumor predisposition syndromes in both the development of EwS
itself and the development of SMNs after EwS remains elusive; associations between tumor
predisposition syndromes and EwS have not been described [63]. In our cohort, there
was no case of documented cancer predisposition syndrome. However, it remains unclear
whether patients with EwS are predisposed to SMNs and whether those at higher risk can
be identified upfront.

5. Conclusions

In conclusion, SMNs in EwS after successful treatment of primary EwS are rare events,
but their occurrence is highly associated with devastating morbidity and mortality and
thus worse prognosis.

Because we found differences in the development of SMNs among different study
protocols, the risk of SMNs may be influenced by the dose and type of systemic treatment
and radiotherapy. The retrospective nature of the present study and the combinatorial
use of similar chemotherapeutic agents in the different trial protocols make it difficult
to clearly assess the risk of single or combinatorial administration of alkylating agents
and anthracyclines. The small number of SMNs and retrospective analysis are important
limitations. Furthermore, the small cohort sizes and the predefined population limit the
comparability of the above studies [24,37]. Other limitations in our analysis resulted from
the loss of follow-up, particularly due to the transition from pediatric to general oncologists.
This gap in consistent medical care underscores the importance of continued oncologic care,
such as in specialized facilities that focus on adolescents and young adults. Given the rarity
of EwS, international collaboration is needed to develop surveillance strategies that both
prevent loss to follow-up due to transitions in medical care from childhood to adolescence
and extend the duration of follow-up in late adulthood to capture potential SMNs.
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L T N S

Simple Summary: Ewing sarcoma (EwS) is a malignant bone and soft-tissue cancer that primarily
affects adolescents and young adults. In rare cases, EwS develops as a secondary cancer; that is, after
a previous cancer other than EwS. We collected information on all patients with EwS as a secondary
cancer from three past international EwS studies to better understand affected patients and to identify
potential at-risk patients. Forty-two patients with secondary EwS were identified, representing
approximately 1.1% of all EwS cases. As primary cancers, patients suffered mainly from cancers of
the blood-forming system, such as leukemia and lymphoma. We could not identify any risk factors
for the development of EwS as a secondary cancer. Survival from a second cancer diagnosis with EwS
is comparable to EwS as a first cancer diagnosis; therefore, patients with secondary EwS should also
be offered complete therapy with the goal of cure, especially if the tumor is localized to only one site.

Abstract: Ewing sarcoma (EwS) is the second most common bone and soft tissue tumor, affecting
primarily adolescents and young adults. Patients with secondary EwS are excluded from risk stratifi-
cation in several studies and therefore do not benefit from new therapies. More knowledge about
patients with EwS as secondary malignant neoplasms (SMN) is needed to identify at-risk patients
and adapt follow-up strategies. Epidemiology, clinical characteristics, and survival analyses of EwS
as SMIN were analyzed in 3844 patients treated in the last three consecutive international EwsS trials,
EICESS 92, Euro-E.W.LN.G. 99, and EWING 2008. Forty-two cases of EwS as SMN (approximately
1.1% of all patients) were reported, preceded by a heterogeneous group of malignancies, mainly acute
lymphoblastic leukemias (1 = 7) and lymphomas (1 = 7). Three cases of EwS as SMN occurred in the
presumed radiation field of the primary tumor. The median age at diagnosis of EwS as SMN was
19.4 years (range, 5.9-72) compared with 10.8 years (range, 0.9-51.2) for primary EwS. The median
interval between first malignancy and EwS diagnosis was 7.4 years. The 3-year overall survival
(OS)/event-free survival (EFS) was 0.69 (SE = 0.09)/0.53 (SE = 0.10) for localized patients and 0.36
(SE =0.13)/0.29 (SE = 0.12) for metastatic patients (OS: p = 0.02; EFS: p = 0.03). Survival in patients
with EwS as SMN did not differ between hematologic or solid primary malignancies. EwS as SMN is
rare; however, survival is similar to that of primary EwS, and its risk-adjusted treatment should be
curative, especially in localized patients.
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1. Introduction

Overall survival rates for many pediatric cancers are improving decade by decade. In
Europe, the 5-year survival rate for children diagnosed with malignant neoplasms reached
79.1% between 2000 and 2007, largely due to new advances in therapy and supportive
care [1]. Currently, there are more than 500,000 survivors of childhood cancer in Europe [2].
As this trend continues, minimizing acute and long-term toxicity associated with treatment
is of paramount importance, because most children with cancer continue to suffer from
significant treatment-related toxicities [3]. Secondary malignant neoplasms (SMN) are
recognized as late sequelae of cancer therapy in children [4]. SMN represent subsequent,
distinct tumor entities in the same patient. They are histologically distinct from both the
primary tumor and metastases from the primary tumor and usually occur within 30 years
of the diagnosis of a first malignancy [5]. The marked differences in occurrence and the
role of specific therapeutic exposures have led to the classification of SMN into two distinct
categories: radiation-induced solid SMN and chemotherapy-induced myelodysplastic
syndrome (MDS)/acute myeloid leukemia (AML) [6].

Ewing sarcoma (EwS) is a rare but highly aggressive bone and soft-tissue malignancy
that usually affects adolescents and young adults [7]. EwS is one of the small blue round-
cell sarcomas characterized by chromosomal translocations in which ETS transcription
factors are fused to a member of the FET gene family [8]. The most common tumor-specific
chimeric transcription factor, EWSR1-FLI1, consists of the Ewing sarcoma breakpoint
region 1 protein (EWSR1) and an ETS family gene such as the Friend leukemia integra-
tion 1 transcription factor (FLI1) [7,9]. Therapies targeting EWSR1-FLI1 would provide a
tumor-specific targeted approach but have yet to be established in routine clinical practice.
Currently, the standard treatment for EwS patients is multimodal and includes intensive
polychemotherapy, as well as surgery and/or radiotherapy for local therapy [10].

Previous studies have described a greater than ninefold increased risk of developing
sarcoma in childhood cancer survivors compared with the general population [11]. While
EwS survivors are at increased risk for SMN compared with the age- and sex-matched
general population, EWS itself may also present as SMN [12,13]. EwS as SMN accounts
for a minority of all EwS cases, for which limited data are available [13-16]. Despite its
rare occurrence, patients with EwS as SMN appear to have clinical differences and a worse
prognosis than patients with primary EwS [17].

To supplement data on this patient group, we retrospectively analyzed the epidemi-
ology and clinical features of patients with EwS as SMN over a 27-year period who were
enrolled in EwS trials and registries. The aim of this study was to retrospectively de-
scribe the incidence, epidemiology, and clinical characteristics, as well as the risk factors
of patients with EwS as SMN. In one of the largest clinical studies on this topic, we have
identified forty-two patients with EwS as SMN, representing approximately 1.1% of all
reported EwS cases. The present study suggests that the outcome of patients with EwS as
SMN is determined by the staging at diagnosis and not by the diagnosis of a secondary
malignancy per se [4]. Survival in EwS as SMN does not differ between hematologic or
solid primary malignancies, and risk factors for EwS as SMN appear to be similar to risk
factors of other non-EwS SMN [18].

2. Materials and Methods
2.1. Patient Cohorts and Eligibility Criteria

From 1991 to 2019, three consecutive and multinational EwS trials, namely the Eu-
ropean Intergroup Cooperative Ewing’s Sarcoma Studies EICESS 92 (ClinicalTrials.gov
identifier: NCT00002516), the European Ewing Tumor Working Initiative of National
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Groups 1999 Euro-E.-W.LN.G. 99 (ClinicalTrials.gov identifier: NCT00020566), and the EW-
ING 2008 (ClinicalTrials.gov identifier: NCT00987636), enrolled 3844 patients with primary
EwS and EwS as SMN. All trial protocols were conducted in accordance with the ethical
principles of the Declaration of Helsinki and the guidelines for Good Clinical Practice,
reviewed by the appropriate institutional review boards, and approved by an independent
ethics committee.

Several trials aimed to optimize treatment and outcome for EwS patients. Because
primary malignancy was an exclusion criterion for randomization, patients with EwS as
SMN were not eligible for randomization and were treated according to standard protocols.
Patients with EwS as SMN were included as registry patients in the EWING registry of the
GPOH (German Society of Pediatric Hematology and Oncology), which allowed analysis
of data on patients not registered as trial patients. The GPOH database was last updated in
June 2019.

The differences in risk stratification and treatment strategies across the different Coop-
erative Ewing Sarcoma Study (CESS)-led EwS trials is shown in Table 1. In the EICESS 92
protocol, patients with localized tumors and a tumor volume of <100 mL were classified
into a standard-risk (SR) stratification, in contrast with high-risk (HR) patients who pre-
sented with metastasis or a tumor volume of >100 mL at diagnosis. Treatment consisted of
vincristine, actinomycin D, ifosfamide, and adriamycin (VAIA) for standard-risk patients
and VAIA plus etoposide (EVAIA) for high-risk patients. Local control included surgery,
radiotherapy, or a combination of both. In the Euro-E.-W.LN.G. 99 trial, four different risk
groups were defined, namely R1, R2pulm, R2loc, and R3. Standard-risk patients assigned
to R1 either had a good histologic response to neoadjuvant treatment (<10% viable cells), a
tumor with a baseline volume of <200 mL and after resection at diagnosis, or were treated
with radiotherapy alone as local treatment. Patients with localized disease and either a
poor histologic response (>10% viable cells) to induction chemotherapy or with a tumor
volume of >200 mL who were either unresected at diagnosis or initially resected were
included in R2. Patients who had disseminated disease at diagnosis were assigned to R3.
At the start of the Euro-E.W.ILN.G. 99 trial, treatment regimens were further stratified for
patients with isolated pulmonary metastasis who were assigned to R2pulm. In induction
chemotherapy, patients received 6 cycles of VIDE followed by treatment with vincristine,
actinomycin D, Ifosfamide (VAI), and for local therapy, either surgery, definitive irradiation,
or surgery and irradiation combined. In addition, R1 patients received 7 courses of vin-
cristine, actinomycin D, cyclophosphamide (VAC) or 7 courses of vincristine, actinomycin
D, ifosfamide, adriamycin (VAI) after induction chemotherapy. R2loc patients received 7
courses of VAI or 1 course of VAI and high-dose chemotherapy with busulfan and mel-
phalan (Bu-Mel), whereas R2pulm patients received all 7 courses of VAI consolidation
chemotherapy followed by lung irradiation or Bu-Mel. The EWING 2008 trial was a joint
protocol of international EwS trial groups. Patients were stratified into R1 patients with
good histologic response (<10% viable tumor cells) and localized disease, R2loc patients
with poor histologic response (>10% viable tumor cells) and localized disease, R2pulm
patients with exclusive lung metastases, and R3 patients with disseminated disease at
diagnosis, i.e., lung metastases and metastases to other sites (Table 1).

The GPOH database of these three studies was screened for EwS as SMN. Patients were
identified based on the following criteria: First malignancy in all age groups, histologically
confirmed diagnosis of EwS as SMN (non-EwS round cell sarcoma were excluded), treated
analogously to the EICESS 92, Euro-E.W.LN.G. 99, and EWING 2008 trial protocols. Patients
with EwS as a third or fourth malignancy were not included in this study.
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Table 1. Development of risk stratification and chemotherapy for Ewing sarcoma (EwS) in dif-
ferent trials from the Cooperative Ewing Sarcoma Study (CESS) group. SR—standard-risk, HR—
high-risk, VHR—very high-risk. Please see “Materials and Methods” section for more detailed
information on risk strata, including randomization of R1/R2/R3. Vol.—tumor volume at diagno-
sis, pulmonary mets—exclusive lung metastases at diagnosis. V—vincristine, A—actinomycin D,
C—cyclophosphamide, I—ifosfamide, D—doxorubicin (adriamycin), E—etoposide, BU—busulfan,
ME—melphalan, etoposide, MEL—melphalan, TREO—treosulfan.

EwS Trial EICESS 92 EURO E.W.LN.G. 99 EWING 2008
Number of cycles 14 14 14 8 8 14 14 8 14 15
Risk strata SR HR R1=5SR R2 =HR R3=VHR  R1=SR R2=HR R3 = VHR
* * * *
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* viable tumor cells in histological tumor resection specimen.

2.2. Statistical Analysis

Descriptive statistics were calculated using the SPSS Statistics 29 (IBM Corporation,
Armonk, NY), SAS 9.4 (SAS Institute, Cary, NC, USA), and MEDCALC software packages.
Opverall survival (OS) and event-free survival (EFS) were calculated using the Kaplan-Meier
method. Univariate comparisons were estimated using the log-rank test. Fischer’s exact
test was used in the analysis of contingency tables.

3. Results

In this retrospective analysis of the EWING registry of the GPOH, a total of 3844 patients
had been enrolled in the EICESS 92, the Euro-E.-W.LN.G. 99, and the EWING 2008 trials. We
identified forty-two patients with EwS as SMN with a median follow-up of 2.6 years, ranging
from 0.1 to 14.6 years. According to the different trials, 8 (0.9%), 16 (1.0%), and 18 (1.3%) patients
in EICESS 92, Euro-E.W.IN.G. 99, and EWING 2008, respectively, had EwS as SMN.

3.1. Epidemiology of Primary Malignancies

EwS as SMN was preceded by a heterogeneous group of primary malignancies. Sixteen
patients were diagnosed with neoplasms of the hematopoietic and lymphoid tissue as
first malignancy. Acute lymphoblastic leukemia (ALL) was present in almost half of
these cases (n = 7). Seven cases of EwS as SMN occurred after Hodgkin lymphoma
(n =4) and non-Hodgkin lymphoma (1 = 3). Four cases of breast cancer and two cases
each of osteosarcoma, retinoblastoma, melanoma, and rhabdomyosarcoma were noted.
One patient was initially diagnosed with Langerhans cell histiocytosis. One case each of
nephroblastoma, hepatoblastoma, malignant hemangiopericytoma, testicular teratoma,
renal cell carcinoma, cervical cancer, and ovarian germ cell tumor was reported. Only one
patient was diagnosed with Li-Fraumeni syndrome, a hereditary cancer predisposition
syndrome [19]. In this patient, the first malignancy was a mediastinal rhabdoid tumor and
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the patient developed EwS as SMN seven years later. Figure 1 shows the localization of the
first malignancy in relation to the location of EwS as SMIN.

-
4

Cranium

Thorax (excl. spine)
Spine

Abdomen

Pelvis (excl. spine)

Upper extremities

v 5 Lower extremities

Primary malignancy @ LovoinPreyious o) EwSasSMN @

Figure 1. Localization and frequency of primary malignancies and Ewing sarcoma as secondary
malignant neoplams (EwS as SMN), and occurrence of EwS as SMN in previously irradiated fields.
Non-EwS malignancies are shown with gray circles, EwS cases with blue circles, and cases of EwS as
SMN in previously irradiated fields with yellow circles. The numbers indicate the number of tumors
per localization. The size of the circles is proportional to the number of cases. Missing circles mean
no tumor case in this localization. Data for primary malignancies, EwS as SMN, and EwS as SMN in
previously irradiated localizations (i.e., information on treatment modalities) were available in n = 36,
n =41, and n = 27, respectively. Nine patients were irradiated in the primary tumor setting.

3.2. Patient Characteristics and Clinical Features of Ewing Sarcoma as Secondary Malignant Neoplasms

The clinical features and patient characteristics of EwS as SMN cases in the different
trials are summarized in both Tables 2 and 3. Table 2 presents the clinical characteristics
of patients with EwS as SMN vs. EwS as primary malignancy. The gender distribution of
EwS as SMN was balanced, with slightly more female (52.4%) than male (47.6%) patients.
The majority of patients were older than 14 years (66.7%) at the time of EwS diagnosis. The
median age at diagnosis of the first malignancy was 10.8 years (range 0.9 to 51.2), whereas
EwS as SMN occurred at a median age of 19.4 years, with a range of 5.9 to 72 years. The
median interval between the diagnosis of the first malignancy and the diagnosis of EwS
as SMN was 7.4 years, whereas the first cases of EwS as SMN occurred as early as 1 year
after the primary tumor. The longest interval between primary EwS and EwS as SMN
was 41.4 years. There was no significant difference between the type of primary tumor of
hematologic or solid origin with respect to the latency to EwS as SMN (p = 0.55; Figure 2).

Comparison between EwS as primary malignany and EwS as SMN did not reveal
statistically significant differences in clinical features at diagnosis and response to treatment
after induction therapy, except for tumor localization at diagnosis (p = 0.03; Table 2). We
observed fewer EwS as SMN in the lower extremities and more thoracic and extraosseous
EwS as SMIN.
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Figure 2. Box-and-whisker plot of latency between primary tumor and Ewing sarcoma as secondary
malignant neoplasms (EwS as SMN) compared between hematologic and solid primary tumors in
the EICESS 92, Euro-E.W.LN.G. 99, and EWING 2008 trials. Statistical analysis by unpaired ¢ test,
ns = non-significant (p = 0.55).

EwS as SMN occurred most frequently in the thorax (26.8%), pelvis (22%), extraosseous
sites including the abdomen (22%), and both the cranium and lower extremities (9.75%
each) (Figure 1 and Table 2). Localized disease was present in 28 (67%) patients, 4/8 in
the EICESS 92 trial, 10/16 in the Euro-E.W.I.N.G. 99 trial, and 14/18 in the EWING 2008
trial. Accordingly, 14 (33%) patients with EwS as SMN had metastatic disease at diagno-
sis. According to the Euro-E.W.LN.G. 99 trial, risk stratification strategies distinguished
between exclusive lung metastases and disseminated disease with lung metastases and
metastases to other sites. In this context, six patients were diagnosed with disseminated
EwS as SMN, two of whom had exclusive lung metastases in the Euro-E.-W.LN.G. 99 trial.
In the EWING 2008 trial, one patient was diagnosed with disseminated disease without
lung metastases, and three patients had isolated lung metastases (Table 2). Overall, disease
stage did not differ statistically between primary tumor type and EwS as SMN patients
(p = 0.25). Notably, six patients with disseminated EwS disease had a solid primary tumor,
but only one patient with disseminated disease had ALL as an initial tumor. The tumor
status of patients with EwS as SMN at the time of diagnosis is shown in Table 3. The
majority of patients (60.5%) had a tumor volume < 200 mL at diagnosis (Table 2).

3.3. Treatment Management of Primary Malignancies

Despite the heterogeneity of the first malignancies, therapy of the primary diseases
followed GPOH- and non-GPOH-standardized national trials, e.g., ALL/NHL-BFM-86
(ALL), ALL-BEM 95 (ALL), COSS-86 (osteosarcoma), MAKEI 96 (germ cell tumor), or
CWS-86 (soft-tissue sarcoma; EwS excluded). Across trials, nine patients (33%) received
radiotherapy for the primary tumor before developing EwS as SMN. In three of the nine
irradiated patients, EwS as SMN occurred near the site where the primary malignancy had
been localized and irradiated (Figure 1).

3.4. Treatment Management of Ewing Sarcoma as Secondary Malignant Neoplasms

Treatment of EwS followed the specific trial protocols. In the EICESS 92 trial, primary
malignancies were an exclusion criterion for randomization, and patients with EwS as
SMN received standard therapy. In contrast, patients included in the Euro-E.-W.LN.G. 99
protocol were not excluded from stratification and received treatment according to the
standard arms of the trial. In the EWING 2008 trial, patients with EwS as SMN received
similar treatment, with zoledronic acid introduced in R1 patients and high-dose treosulfan
and melphalan (Treo-Mel) chemotherapy in R3 patients. Further explanation of the trial
design and risk strata can be found in the “Materials and Methods” section.
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Table 2. Clinical features at diagnosis and response to therapy in comparison between Ewing
sarcomas (EwS) as primary malignancy and EwS as secondary malignant neoplasms (SMN) in the
EICESS 92, Euro-E.W.IN.G. 99, and EWING 2008 trials. Fisher’s exact test was used in the analysis of
contingency tables.

EICESS 92, Euro-E.W.LLN.G. 99,

p Value
Clinical Features at Diagnosis EWING 2008
(Avaiblabe Data for EwS as SMN) EwS. as Primaory EwS as SMN (%)
Malignancy (%)
Male 2238 (58.9) 20 (47.6)
Gender (n =42) 0.16
Female 1564 (41.1) 22 (52.4)
<14 years 1609 (42.3) 14 (33.3)
Age (n=42) 0.27
>14 years 2193 (57.7) 28 (66.7)
Localized 2496 (67.1) 28 (66.7)
Tumor stage (n = 42) 1.00
Metastasized 1223 (32.9) 14 (33.3)
Cranium 152 (4.1) 4(9.75)
Thorax
(excl. spine) 628 (16.9) 11 (26.8)
Spine 252 (6.8) 1(2.4)
Tumor localization (1 = 41) # Extraosseous 0.03
(incl. abdomen) 552 (14.9) 9(220)
Pelvis (excl. spine) 841 (22.6) 9 (22.0)
Upper extremities 262 (7.0) 3(7.3)
Lower extremities 1030 (27.7) 4(9.75)
<200 mL 2000 (57.7) 23 (60.5)
Tumor volume (n = 38) 0.75
>200 mL 1468 (42.3) 15 (39.5)
Response assessment
Histological regression <10% 1375 (71.9) 10 (55.6)
(Salzer-Kuntschik *) 0.19
(n=18) >10% 538 (28.1) 8(44.4)

* viable tumor cells in histological tumor resection specimen * for adequate statistical analysis and comparison
between EwS as first and only tumor and EwS as second malignancy, tumor location categories were adjusted
and all non-osseous tumors were combined.

3.5. Outcome of Patients with Ewing Sarcoma as Secondary Malignant Neoplasms

Data on follow-up of patients with EwS as SMN were available from 41 patients with
a median follow-up of 2.6 years (range 0.1-14.6). During the 27-year follow-up period,
the 3-year overall survival (OS) was 0.69 (SE = 0.09) for patients with localized disease
and 0.36 (SE = 0.13) for patients with metastatic disease (p = 0.02; Figure 3). The 3-year
event-free survival (EFS) was 0.53 (SE = 0.10) for patients with localized disease and 0.29
(SE = 0.12) for patients with metastatic disease (p = 0.03; Figure 3). There was no significant
difference in OS or EFS of patients with EwS as SMN between primary hematologic or
primary solid malignancy (p > 0.05; Figure 4). Statistically, due to the small number of
cases, a comparison of EFS/OS between the different EwS studies is not meaningful, partly
because localized patients are mixed with metastatic patients. A similar limitation would
have been the analysis of other prognostic factors known for primary EwS, such as tumor
volume and histopathologic response to therapy.
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Table 3. Patient characteristics and clinical features of each patient with Ewing sarcoma as secondary
malignant neoplasms in the EICESS 92, Euro-E.-W.LN.G. 99, and EWING 2008 trials. SR—standard-risk.
Please see “Materials and Methods” section for more detailed information on risk strata, including
randomization of R1/R2/R3. ALL—acute lymphoblastic leukemia. Outcome: 1 dead, 0 alive.

Trial Patient (n) Primary Malignancy ]Z;::rrl:)y SI:;:: Fc;lylzz;I)Jp Outcome
1 Retinoblastoma 12 R3 24 1
2 Lymphoma 7.3 R2p 41 1
I~ 3 Melanoma 3.1 SR 10.9 0
A 4 Testicular teratoma 6.8 R3 1.7 1
a 5 Cervix carcinoma 21 SR 43 1
E 6# Rhabdoid tumor 7.4 R2p 2.0 1
7 Malignant 13 SR 45 1
hemangiopericytoma
8 Osteosarcoma 29 SR 14 0
9 ALL 11.8 R2pulm 3.68 1
10 ALL 123 R2loc 0.93 1
11 ALL 6.8 R1 8.45 0
12 Retinoblastoma 6.2 R3 1.92 1
13 ALL 8.3 R1 10.15 0
N 14 Nl"“'HOdgkm 8.75 R1 146 0
X ymphoma
L22 15 Ovarian germ cell 38 Rl 106 0
— tumor
= 16 ALL 5.4 R1 6.1 0
M 17 Nephroblastoma 45 R1 11.7 0
g 18 Hepatoblastoma 69 R3 11 1
M 19 ALL 8.7 R3 0.9 1
20 Hodgkin lymphoma 17.0 R2pulm 0.3 1
21 Hodgkin lymphoma 8.4 R1 3.5 1
22 Renal cell carcinoma 1.0 R3 1.3 1
23 Hodgkin lymphoma 28.4 R1 2.6 1
Langerhans
2 cell histiocytosis 120 Rl 19 !
25 Neuroblastoma 4.6 R2loc 2.33 1
26 Osteosarcoma 79 R2loc 1.0 1
27 Breast Cancer 54 R3 8.0 0
28 Sweat gland 101 R2pulm 69 0
carcinoma
29 Synovial sarcoma 315 R2loc 1.0 1
30 Breast cancer 3.8 R1 6.2 0
31 Rhabdomyosarcoma 10.2 R1 6.3 1
32 ALL 10.6 R1 6.1 0
8 33 Seminoma 414 R2pulm 0.1 1
& 34 Chronic myeloid 35 Rl 09 1
Q leukemia ’ ’
Z
S 35 Rhabdomyosarcoma 5.8 R2loc 4.7 0
E 36 Non-Hodgkin 41 R2
1 homa X pulm 2.8 0
ymp.
37 Nf’“'HOdgki“ 53 R1 24 0
ymphoma
38 Hepatgcellular 97 NA 05 0
carcinoma
39 Breast cancer 2.1 NA 24 0
40 Hodgkin lymphoma 9.5 R1 1.5 0
41 Liposarcoma 1.1 NA 0.8 1
42 Breast cancer NA NA NA 0

# patient with Li-Fraumeni syndrome.
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Figure 3. Survival of patients withEwing sarcoma (EwS) as secondary malignant neoplasms as a
function of metastatic status at diagnosis in the EICESS 92, Euro-E.W.LN.G. 99, and EWING 2008 trials.
(a) Overall survival (OS) and (b) event-free survival (EFS) were calculated using the Kaplan—Meier
method. * (a) p = 0.02, (b) p = 0.03. # at risk—numbers at risk.
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Figure 4. Survival of patients with Ewing sarcoma (EwS) as secondary malignant neoplasms as
a function of type of primary hematological or primary solid malignancy in the EICESS 92, Euro-
E.W.IN.G. 99, and EWING 2008 trials. (a) Overall survival (OS) and (b) event-free survival (EFS)
were calculated using the Kaplan-Meier method. Statistical analysis by Log-rank test. (a,b) p > 0.05.
# at risk—numbers at risk.

4. Discussion

Cancer survivors are at high risk of developing long-term complications such as
secondary malignant neoplasms (SMN) [20]. In childhood cancer survivors, the cumulative
risk of developing a SMIN 20 years after the primary diagnosis can be as high as 12% [21].
According to the German Childhood Cancer Registry, 6.8% (more than 1500 patients) of all
German childhood cancer survivors diagnosed under the age of 15 were diagnosed with a
SMN within 30 years of their first diagnosis between 2009 and 2018 [22].

EwS is a rare but highly aggressive bone and soft-tissue tumor [23]. Data on treatment
management and survival of patients with EwS as SMN are conceivably limited [24]. In
the present study, we analyzed the patient characteristics and survival data of patients with
EwS as SMN in a heterogeneous group of patients with primary malignancies. EwS as SMN
accounted for approximately 1.1% of all 3844 EwS cases treated between 1991 and 2019 in
three consecutive and international EwS trials, i.e., EICESS 92, Euro-E.W.LN.G. 99 and EWING
2008. The incidence of EwS as SMIN is presumably lower than that of other solid bone and
soft-tissue tumors such as rhabdomyosarcomas and osteosarcomas [25,26]. The median age
of 19.4 years at diagnosis of EwS as SMN in our cohort is comparable to the general peak
incidence age for primary EwS of 15 years [7]. While most SMN develop within 10 years,
the incidence of SMIN in survivors of childhood cancer increases with age, with a cumulative
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incidence of more than 20% 30 years after diagnosis of the primary cancer [4]. In one study,
sarcomas occurred a median of 11.8 years after the diagnosis for primary malignancy [11]. In
comparison, the median time from primary malignancy to EwS as SMN in our study was
7.4 years, which is higher than latency times of 3.3 years to be calculated in other EwS-specific
publications (6.9 years after primary hematologic malignancies, reviewed in [15]). There was
no significant difference between the types of primary tumor of hematologic or solid origin
regarding the timing of development of EwS as SMN (Figure 2). The short latency period
compared with other secondary soft-tissue tumors supports close follow-up after completion
of treatment for a primary malignancy [18,27]. However, given the low incidence of EwS as
SMN, there is no reason to perform standardized radiologic screenings apart from routine
follow-up. Alternative biomarkers such as liquid biopsies that can detect EwS at an early
stage are not currently available.

In a previous study of 58 patients with EwS as SMN, affected patients showed poorer
survival (34.3% vs. 52.2%), smaller tumor volumes (75.0% vs. 48.2% <8 cm), and more
axial tumors (77.4% vs. 62.5%) compared with patients with primary EwS [17]. Our
analysis showed that the initial tumor volume and the frequency and distribution of distant
metastases at the time of diagnosis in EwS as SMN is similar to that in primary EwS
(Table 2) [7]. The difference in tumor location in our study between primary and secondary
EwS tumors must be critically questioned due to the low case number for EwS as SMN
cases. Overall, survival rates in patients with both primary EwS and EwS as SMN are
comparable, although this observation may be influenced again by the small number of
cases in the present study. In a large previous study of EwS and PNET as SMN cases, these
patients showed worse overall survival than primary EwS patients, and this was related to
older age with comorbidity [17]. That we no longer saw this association may be due to the
newer data and improved treatment options, including improved supportive care. Our
prognostic analysis suggests that the outcome of patients with EwS as SMN is determined
by the greatest risk factor of EwS, the spread of the disease at diagnosis, and not by the
diagnosis of secondary malignancy per se; this is comparable to the results of previous
studies [4,17]. As the most important unfavorable prognostic factor in both primary EwS
and EwS as SMN is the presence of distant metastases at the time of diagnosis [28,29],
staging remains crucial in the diagnosis of EwS as SMN. Although patients with EwS as
SMN have similar outcomes compared with primary EwS patients, EwS as SMN are not
eligible for randomization in either the current international Cooperative Ewing Sarcoma
Study (CESS) registry or the upcoming CESS trial and are thus excluded from potential
new therapeutics.

In our study, the primary malignancies that preceded EwS had a wide spectrum of
diseases. Most patients had primary malignancies of the hematopoietic and lymphoid
tissues. ALL was the most diagnosed primary malignancy. This is not surprising, as
leukemia and lymphomas are the most common malignancies in children [30]. The 25-year
cumulative incidence of a secondary malignancy in children surviving ALL was estimated
to be 5.2% based on the Childhood Cancer Survivor Study (CCSS) [31]. In comparison,
the same CCSS analysis showed a 20-year cumulative incidence of 1.7% for all secondary
malignant neoplasms in survivors of childhood AML [32]. The frequency of hematologic
malignancies preceding EwS as SMN in our study is at odds with previous findings that
patients with a primary sarcoma were more likely to develop a secondary sarcoma [11].
The type of primary malignancy did not correlate with disease status or with the type of
metastasis of EwS as SMN, and overall did not affect the prognostic outcome of patients
with EwS as SMN (Table 3, Figure 4).

Given that patients with the most common primary malignancies in our cohort, ALL
and lymphoma (11/24), were most likely to receive multichemotherapy with the alkylating
agent cyclophosphamide and the topoisomerase inhibitor etoposide, and given previously
published data on the risk of these agents to develop SMN [33-35], it is possible that these
agents predispose for EwS as SMN among other SMN. Because of the heterogeneity of treat-
ment protocols for primary malignancies, variable doses of chemotherapeutic agents, lack
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of clinical data on patients, and small EwS case series, the specific risk of these chemothera-
peutic agents for EwS as SMN cannot be conclusively assessed. Controversy surrounds
the effect of radiation: for ALL survivors, irradiation is thought to be responsible for most
SMN:s [36]. Two previous reports described an increased risk of secondary sarcomas in
patients who received radiotherapy during treatment for their first malignancy [11,17]. In
the present study, EwS as SMN occurred within the presumed former irradiation field
in one-third of initially irradiated patients (Figure 1). Previous studies correlated EwS
as SMN with the location of the previous radiation field in 12.1% of patients [17], while
individual case reports may well show higher rates without accounting for publication
bias [15]. While most EwS as SMN cases are likely due to established clinical risk factors
for secondary malignancies, such as irradiation and/or chemotherapy, few cases may have
a biological predisposition in the form of underlying mutations. There are several genetic
syndromes with links to soft-tissue and bone sarcomas, whereas EwS does not appear to be
an associated index tumor, unlike osteosarcoma and embryonal rhabdomyosarcoma [37]. In
EwsS, a balanced chromosomal translocation t(11;22)(q12;q24) leading to the specific fusion
protein EWSR1-FLI1 appears to be genetically responsible for the tumor [38]. Apart from
this translocation, other genetic alterations or mutations are rare [7]. Mutations of the p53
tumor suppressor gene are detected in 5-7% of EwS cases [39]. In our study, we identified
only one case of EwS as SMN with an underlying Li-Fraumeni syndrome characterized by
germline mutations of the tumor-suppressor gene p53 [40]. It must be taken into account
that we did not have information on germline mutations in most patients with EwS as
SMN. We tried to retrospectively examine the tumor samples available to us with regard to
P53 expression, but the amount of available tumor material, as well as the interpretation,
did not allow any clear conclusions, so this information was not explicitly included in the
study. In conclusion, it remains unclear to what extent the type of treatment of the first
malignancy or a genetic predisposition contributed to the development of EwS as SMN
cases, or whether these cases were incidental findings.

5. Conclusions

In recent years, therapy management has been modified to achieve a better balance
between acute therapy-related toxicity, long-term sequelae, and efficacy to prolong sur-
vival. The successes in treating children with cancer should not be overshadowed by the
occurrence of secondary malignancies, but patients and healthcare providers need to be
aware of risk factors for secondary malignancies, including sarcomas, so that surveillance is
targeted, and early prevention strategies are implemented. EwS as SMN are rare and occur
within 10 years of primary diagnosis. Overall, clinical surveillance is complicated by the
lack of clear clinical features in primary disease or treatment that precede the development
of EwS as SMN.

The survival rate of EwS as SMN is comparable to that of primary EwS, and patients
with EwS as SMN should be treated with curative intent.
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Simple Summary: Survival rates for metastatic or early recurring Ewing sarcoma (EwS) are dismal,
and therapies have severe side and long-term effects. Both aspects require new therapeutic options
and targets for treatment. Risk stratification enables individualized treatment and may reduce the bur-
den of side effects. Our radiogenomics study provides novel candidates at the gene expression level
to explain the mechanisms of malignancy. We retrospectively analyzed 19 EwS samples (17 patients)
and integrated functional genomics assessed by gene expression and functional imaging assessed
by FDG-PET, which has the potential to better characterize these highly malignant tumors. The
identified genes and pathways can serve as a starting point for prospective experimental and clinical
studies of new therapeutic interventions. Thus, this study opens new opportunities for future studies
to improve the outcome of patients with poor survival rates.

Abstract: Background: In Ewing sarcoma (EwS), long-term treatment effects and poor survival
rates for relapsed or metastatic cases require individualization of therapy and the discovery of new
treatment methods. Tumor glucose metabolic activity varies significantly between patients, and FDG-
PET signals have been proposed as prognostic factors. However, the biological basis for the generally
elevated but variable glucose metabolism in EwS is not well understood. Methods: We retrospectively
included 19 EwS samples (17 patients). Affymetrix gene expression was correlated with maximal
standardized uptake value (SUVmax) using machine learning, linear regression modelling, and
gene set enrichment analyses for functional annotation. Results: Expression of five genes correlated
(MYBL2, ELOVL2, NETO2) or anticorrelated (FAXDC2, PLSCR4) significantly with SUVmax (adjusted
p-value < 0.05). Additionally, we identified 23 genes with large SUVmax effect size, which were
significantly enriched for “neuropeptide Y receptor activity (GO:0004983)” (adjusted p-value = 0.0007).
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The expression of the members of this signaling pathway (NPY, NPY1R, NPY5R) anticorrelated with
SUVmax. In contrast, three transcription factors associated with maintaining stemness displayed
enrichment of their target genes with higher SUVmax: RNF2, E2F family, and TCF3. Conclusion:
Our large-scale analysis examined comprehensively the correlations between transcriptomics and
tumor glucose utilization. Based on our findings, we hypothesize that stemness may be associated
with increased glucose uptake, whereas neuroectodermal differentiation may anticorrelate with
glucose uptake.

Keywords: Ewing sarcoma; 18-FDG-PET; SUVmax; radiogenomics; transcriptomics

1. Introduction

Ewing sarcoma (EwS) is a malignancy of bone or soft tissue. Incidence and prog-
nosis decrease with age [1,2]. Survival rates have increased from 10% in the 1970s to
70-80% in 2000 for localized disease [1,3], due to multimodal approaches combining
chemotherapy, surgery, and radiation. However, the 5-year survival rate for patients with
advanced stages is still <30% [1,3]. Little therapeutic progress has been made in the last two
decades [4-6]. Stratification of therapeutic intensity is critical in children because of long-
term effects [1]. Toxicity and poor survival rates require individualization of therapy with
new approaches [7]. Better mechanistic understanding may help to address these issues.

Resistance to targeted therapies is related to heterogeneity and plasticity of tumors [8].
Biopsy of a single lesion is the diagnostic gold standard. However, the complexity of
a systemic disease cannot be mapped with such a locally restricted procedure. Whole-
body molecular imaging might aid in overcoming these limitations. Radiomics offers new
opportunities for analyzing these large imaging datasets. The combination of advanced
image analysis with tissue-based genomic data—called radiogenomics—allows an in-depth
characterization of the disease.

EwS cells show a stem cell-like phenotype with poor differentiation [9,10]. The exact
cell of origin is still under debate [9,11-15]. Genetically, EwS is uniformly character-
ized [1,2,10,16-18]. Epigenetics and transcriptional regulation are thought to account for
variability [1,2,9,16,19]. However, it is unclear how they relate to imaging.

18-F-fluorodeoxyglucose positron emission tomography (18-F-FDG PET) is a func-
tional imaging method that quantitatively measures glucose uptake. A common parameter
is the maximum standardized uptake value (SUVmax), the highest rate of FDG uptake in
the tumor indicating metabolic tumor activity. Quantitative FDG-PET parameters, and
in particular, SUVmax, have been shown to be potentially prognostic in several cancers,
both in primary and recurrence, pre-treatment and post neoadjuvant therapy, correlating
with tumor growth, worse survival, poor prognosis, advanced stage, and worse course
of disease [20-35]. SUVmax correlates with worse outcome and stage of the disease in
primary EwS [36—41] while studied less in recurrence. However, primary and relapsed
cases show similar SUVmanx [42]. To further investigate the role of SUVmax in EwS, we use
it as a quantitative phenotype in our study.

The aim of the present study was to characterize variable glucose uptake in EwS by
identifying correlations of SUVmax and transcriptomics. These correlations indicate which
genes and pathways may be more or less active in tumors with regard to SUVmax. Given
the potential prognostic value of SUVmax suggested by the literature, we hypothesize that
such genes or pathways may help improve our mechanistic understanding and qualify for
experimental validation.

2. Materials and Methods
2.1. Dataset: The Munich Cohort (n =19)

We included all patients suffering from EwS in the Children’s Hospital Schwabing
and in the Klinikum rechts der Isar of the Technical University of Munich in the years 2011
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to 2019 who fulfilled our inclusion criteria. The criteria were: all patients suffering from
primary or relapsed EwS, aged up to 40 years, with image data and tissue sampled from the
same lesion. Patients with pre-therapeutic primary disease or pre-therapeutic relapse were
classified as “untreated”, otherwise “under therapy”, at the time of PET imaging or tissue
sampling. The time interval between tissue sampling and imaging had to be maximum
6 weeks for untreated patients, and maximum 2 weeks for patients under therapy, thus
ensuring that tissue sample and PET reflected the same biological characteristics of the
tumor. This yielded 19 samples from 17 patients (Table 1, Supplementary Table S1). From
2 patients, 2 samples each were included, representing different lesions at different time

points in the disease course.

Table 1. Patients’ characteristics of our EwS cohort.

Number Fraction
Total 19 1
S Female 11 0.58
ex Male 8 0.42
Di Primary disease 5 0.26
isease state Relapse 14 0.74
Sample type Tumor 5 0.26
plelyp Metastasis 14 0.74
Thera Untreated 12 0.63
Py Under therapy 7 0.37
Number 19 1
Range 3-31
Age at PET (all) Median 14
Mean 14.8
Number 11 0.58
Range 3-15
Age at PET (<15 years) Median 10
Mean 9.2
Number 8 0.42
Range 17-31
Age at PET (>15 years) Median 7
Mean 225
Imaging modalit PET-CT 15 0.79
8ing Y PET-MR 4 0.21
Number 19 1
Range 1.898-21.269
SUVmax (all Median 5.387
Mean 6.819
Number 9 047
Range 1.898-5.084
SUVmax low Median 2.756
Mean 3.207
Number 10 0.53
. Range 5.387-21.269
SUVmax high Median 9.035
Mean 10.07

The data were analyzed retrospectively. The registry study was approved by the local
ethics committee (reference 223/16S) and complies with the Declaration of Helsinki. All

patients gave their written consent.
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2.2. Gene Expression Data
2.2.1. Tissue

Frozen tumor samples for expression analysis were obtained from biopsies or resection
specimens and passed the quality control of experienced pathologists. Sample preparation
followed the Affymetrix protocol and was previously described [12]. Gene expression was
measured using [HuGene-1_0-st] Affymetrix Human Gene 1.0 ST Array.

2.2.2. Preprocessing

The microarray data was processed using Robust Multichip Average (RMA) prepro-
cessing [43-45] (R package oligo [46]), including background subtraction, quantile normal-
ization, and median-polish summarization of probe sets to genes (log2 expression values).
For summarization, Brainarray (version 24) [47-49] was used, yielding 20,722 genes.

2.2.3. Filtering

We applied two filtering steps on our gene expression data. In the first step, we
excluded genes with low expression (average expression below 10), as microarray chips are
not precise at low expression levels [50]. A total of 20,524 /20,722 genes remained.

For the second filtering step, we wanted to focus on genes that might be related to
survival in EwS. To obtain such “potential survival genes”, we applied a machine learning
approach to external datasets. We collected all EwS datasets from the Gene Expression
Omnibus (GEO) database [51] (as of March 2018) of gene expression plus survival data,
which yielded 3 datasets: GSE63155 [52], GSE17618 [53], GSE63156 [52]. The survival data
were used to split the patients into long-term survival (overall survival, OS > 5 years) or
short-term survival (OS < 5 years). Ambiguous patients (i.e., patients lost to follow-up
within 5 years) were excluded, as it is unknown whether they died before or after the
5-year cutoff. This yielded n = 31 for GSE63155 (12 short OS, 19 long OS), n = 40 for
GSE17618 (22 short OS, 18 long OS), and n = 31 for GSE63156 (9 short OS, 22 long OS). Each
dataset was analyzed separately to avoid bias of different data sources. These external
expression data were preprocessed in the same way as our expression data described
above. To reduce dimensionality, 50% of the genes with low coefficient of variation were
removed, as these were supposed to be not useful for the discrimination task. Random
forest classification was applied to each dataset to predict binary OS: short OS vs. long
OS (R package caret [54], method “rf” using 1000 trees). Due to class imbalance in all
datasets, downsampling to equal class sizes was performed to avoid bias for one class.
Then, random forest models were generated for each dataset in terms of repeated 10-fold
cross-validation. Each model randomly chose genes and from this subset selected the
gene that best discriminated between samples with long and short OS. This gene was
incorporated into a decision tree. This way, each model built 1000 decision trees, whose
ensemble vote would be used for classifying a new, unseen sample as “long OS” or “short
OS”. The genes, which were used in the decision trees, contributed information to the
discrimination task. This way, the model identified a set of genes that were informative
for predicting survival time in each dataset. We called the overlap of the 3 gene sets
“potential survival genes” (1491 genes). Functional annotation of these genes was obtained
using DAVID Bioinformatics Resources (v6.8) [55,56], category UP_KEYWORDS. Adjusted
p-values < 0.01 (Benjamini) were considered significant. The “potential survival genes”
were used to filter the expression data in our cohort (1376/1491 genes, Supplementary
Table S2).

2.3. Imaging Data
We analyzed PET computed tomography (PET-CT)/PET magnetic resonance (PET-MR)
to obtain SUVmax for those lesions that were used for gene expression measurements. All pa-
tients underwent 18F-FDG PET imaging for diagnostic or staging purposes in our institution.
The PETs were controlled for quality using OsiriX DICOM viewer [57], and tumors
were delineated using cuboids by experienced nuclear medicine physicians. Exact delin-
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eations were obtained based on a standardized uptake value (SUV) threshold of 40% of
SUVmax for each lesion. Image features were calculated according to the image biomarker
standardization initiative (IBSI) [58] using PyRadiomics [59] v3.0.1 with standard set-
tings (Python version 3.8 as of October 2020). Spatial resampling to 4 x 4 x 4 mm
was applied. For image discretization, a fixed bin size of 0.5 was used. SUVmax was
obtained from the original image, i.e., no filters were applied (PyRadiomics feature “origi-
nal_firstorder_Maximum”).

2.4. Statistical Analysis of SUVmax and Clinical Variables
2.4.1. Distribution of SUVmax Regarding Clinical Variables

We tested for equal distribution of SUVmax values regarding the clinical variables: sex
(male, female), disease state (primary disease, relapse), sample type (tumor, metastasis),
therapy (under therapy, untreated), and age (<15 years, >15 years). A two-sided Welch two-
sample t-test was applied (R function stats::t.test). p-values < 0.05 were considered significant.

2.4.2. Survival Analysis

We applied univariate Kaplan-Meier analyses for OS with log-rank tests (R package
survival [60,61], functions survfit and ggsurvplot). We tested sex, disease state, age, and
SUV categories (samples split by median SUVmax into low SUV vs. high SUV).

We built multivariate Cox proportional hazards models (R package survival [60,61],
function coxph), including continuous SUVmax and disease state. A forest plot was
generated using R package survminer [62], function ggforest. p-values < 0.05 were consid-
ered significant.

2.5. Correlation Analysis
2.5.1. Linear Regression

We used linear regression (“least squares”) to correlate gene expression with SUVmax.
Moderated t-statistics were calculated based on an empirical Bayes method in the R package
limma [63]. We applied the limma-trend method to fit a trend to the prior variances.
Limma was run on all genes with average expression above 10 (20,524 genes). Afterwards,
the model results were filtered for “potential survival genes” (1376 genes). Adjusted
p-values < 0.05 (Benjamini-Hochberg) were considered significant.

In general, when comparing expression between two groups, a doubling of gene
expression is usually considered to be of interest. When using fold changes on the log2
expression values (logFC), a doubling of gene expression corresponds to a logFC cutoff
of 1. For the linear regression used in this analysis, we defined relations of high effect
size by transferring the standard abs(logFC) cutoff of 1 to regression modeling, which
corresponded to abs(slope) >0.146. A total of 23 genes fulfilled this criterion.

The heatmap depicting Z-scaled gene expression in all samples with clinical data in
the side bars was generated using R function GMD::heatmap.3 [64]. The dendrograms are
based on Euclidean distance and average linkage.

2.5.2. Enrichment Analyses

The results of linear regression were further tested in enrichment analyses for func-
tional annotation by applying 2 tools: Enrichr [65-67] and gene set enrichment analysis
(GSEA v4.1.0) [68,69]. The set of 23 genes of high effect size was analyzed using Enrichr
(applied in September 2021). We focused on pathways in “Reactome 2016” and the Gene
Ontology (GO) knowledgebase, including “GO biological process 2021”7, “GO molecu-
lar function 2021” and “GO cellular component 2021”. Adjusted p-values < 0.01 were
considered significant.

Additionally, we performed GSEA based on all 1376 genes ranked by their correlation
with SUVmax (decreasing slope). For each gene set, a normalized enrichment score (NES)
is calculated, which indicates the extent to which this gene set is enriched at the top or
bottom of the ranked gene list. p-values are corrected for multiple testing (false discovery

110



Cancers 2022, 14, 5999

rate, FDR, g-value). If GSEA is used for hypothesis generation, the developers suggest a
less stringent cutoff for significance. Thus, FDR < 0.1 was considered significant.

3. Results

An overview of all analysis steps is provided in Figure 1. In general, we used R
Statistical Software (v4.0.2) [70] for data analysis, statistical testing, and plot generation.

Gene expression
analysis

Preprocessing

Clinical data

Image analysis

* Calculation of SUVmax
based on PET series of each
lesion

* Sex, age
« Disease state, sample type, therapy
* Overall survival

* Raw microarray chip data

* RMA (background correction,
normalization, summarization)

« Annotation with gene symbols

SUVmax and
clinical data
SUVmax Survival analysis AR
distribution v
* Avg expression > 10
* Welch two-sample t test * Univariate Kaplan- + Machine learning on 3 external EwS

of SUVmax distribution Meier datasets for set of “potential survival
with regard to clinical * Multivariate Cox genes”
variables regression

Correlation
analysis

Linear
regression
« Correlation of 1376 genes with SUVmax

* 5/1376 significant correlations
* 23/1376 correlations with large effect size

Enrichment
analysis

Figure 1. Workflow scheme. Overview of analysis steps. Positron emission tomography (PET)
images are used to calculate maximal standardized uptake values (SUVmax). SUVmax distribution is
analyzed with regard to clinical data, and a survival analysis is performed. Gene expression data is
preprocessed and filtered, and afterwards correlated with SUVmax. The results of the correlation
analysis are further annotated using enrichment analyses.

3.1. The Munich Cohort (n =19)

Out of 75 patients referred to our institution during the duration of the study, only 17
(Table 1, Supplementary Table S1) met all our quality standards. We included 19 samples
(primary disease n = 5, recurrence n = 14) from 17 EwS patients (female n = 10, malen =7),
aged three to thirty-one years. Tissue samples for expression analysis were obtained from
one lesion each (tumor n = 5, metastasis n = 14) before (n = 12) or during (n = 7) treatment.
From this tissue, expression of all genes was assessed by Affymetrix Gene Chip analysis.
Of the same lesion, we also analyzed PET-CT (n = 15)/PET-MR (n = 4) to obtain SUVmax.
The glucose uptake varied in our cohort (Figure 2a). SUVmax showed a spectrum of 1.9 to
21.3, with a median of 5.4. Based on the median, the samples were split into two groups:
lesions with low SUV (n =9, SUVmax 1.9 to 5.1, median 2.8) and lesions with high SUV
(n =10, SUVmax 5.4 to 21.3, median 9.0).
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Figure 2. Clinical data. (a) 19 EwS samples ordered by increasing SUVmax having a range of 1.9 to
21.3 (bottom). On top, additional clinical information is provided about sex (female or male), disease
state (primary disease or relapse), sample type (tumor or metastasis), 2-year overall survival (OS),
age (<15 years or >15 years), and categorical partitioning of the samples into high SUV or low SUV
(split by median SUVmax). (b) Boxplots showing distribution of SUVmax values with regard to
clinical variables: sex (female or male), disease state (primary disease or relapse), sample type (tumor
or metastasis), therapy (under therapy or untreated), and age (<15 years or >15 years). p-Values from
the Welch two-sample ¢ test.

3.2. Statistical Analysis of SUVmax and Clinical Variables
3.2.1. SUVmax Distribution with Regard to Clinical Variables

We explored the correlation of SUVmax with clinical variables in our cohort. Potential
correlations would render the clinical variables confounding factors and introduce bias in
subsequent analyses, in which we correlated gene expression with SUVmax. We found
no significant difference in SUVmax distribution with respect to sex, disease state, sample
type, therapy, and age (Figure 2b).

3.2.2. Survival Analysis

Univariate Kaplan-Meier analysis (Supplementary Figure Sla) indicated no signif-
icant correlation of clinical variables (sex, disease state, and age) or SUVmax with OS
(all p-values > 0.05). To investigate continuous SUVmax and incorporate more variables,
a multivariate Cox proportional hazards model was built in the next step. We used
SUVmax and added disease state, as it has shown a trend in Kaplan-Meier analysis
(p-value = 0.09). In combination, both variables showed significant correlation with sur-
vival (overall p-value = 0.02 in log-rank test, Supplementary Figure S1b): higher SUVmax
(p = 0.02, hazard ratio, HR, [95% confidence interval (CI)] = 1.2 [1.0; 1.3]), and relapse
(p =0.05, HR [95% CI] = 5.0 [1.0; 24.9]) were associated with increased risk of death.

3.3. Gene Expression Analysis

We analyzed the expression of 20,722 genes passing preprocessing and quality control
(Figure 1, right panel). To overcome the problem of high dimensionality in such large-scale
analyses, we performed two filtering steps. First, we excluded genes with low expression.
In the second filtering step, we focused on genes that are potentially linked to survival
in EwS. To obtain such genes, we used a machine learning approach on three external,
public EwS datasets: GSE63155, GSE17618, GSE63156 (Figure 3a). The model identified
1491 genes that were predictive in all three external datasets, denoted as “potential survival
genes”. Functional annotation of these genes yielded phosphoprotein, alternative splicing,
polymorphism, acetylation, cytoplasm, cell division, cell cycle, Golgi apparatus, DNA
replication, disease mutation, mitosis, cell junction, and endoplasmic reticulum (Figure 3b).
We focused on the “potential survival genes” for the correlation analysis with SUVmax.
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Figure 3. Diagram of machine learning analysis (second filtering step in gene expression analysis) in
order to obtain “potential survival genes” in Ewing sarcoma (EwS). (a) Random forest classifiers are
applied to 3 public datasets (GSE63155, GSE17618, GSE63156) in 10-fold cross-validation, obtaining
an area under the receiver operating characteristic curve (ROC AUC) of 0.67 to 0.87. These models
yield genes that are predictive for survival for each dataset. The intersection of these 3 gene sets
contains 1491 genes, which we consider as “potential survival genes” in EwS. (b) DAVID functional
annotation of “potential survival genes”. Thirteen terms in category UP-KEYWORDS obtained
significant p-values (Benjamini adjusted p < 0.01). For each term, the number of annotated genes
among the “potential survival genes” and the adjusted p-value is given.

3.4. Correlation Analysis of SUVmax and Gene Expression
3.4.1. Linear Regression

To investigate correlations of gene expression and SUVmax (Figure 1, lower panel), we
applied linear regression modeling for all 1376 genes that remained after the preprocessing
and filtering steps. The volcano plot (Figure 4a) illustrates the effect size (i.e., the slope
of the regression line) and r?. For 645/1376 genes, the regression slope was positive, for
731/1376 genes, the regression slope was negative. A volcano plot depicting slopes and
adjusted p-values is supplied in the supplement (Supplementary Figure S2).

3.4.2. Significant Association of SUVmax and Five Genes

A total of 5/1376 genes showed a significant correlation with SUVmax (adjusted
p < 0.05). Of these, 3/5 genes were positively associated with SUVmax (Figure 4b, top row):
MYBL2 showed a slope of the regression line of 0.149 (95% CI [0.088; 0.211]), indicating
that the gene expression doubled over 6.69 SUV units (r? = 0.58). ELOVL2 showed a
slope of 0.148 (95% CI [0.084; 0.212]), indicating that the expression doubled over 6.76
SUV units (12 = 0.54). NETO2 showed a slope of 0.157 (95% CI [0.086; 0.228]), indicating
that the expression doubled over 6.38 SUV units (r2 = 0.51). In contrast, 2/5 genes were
negatively associated with SUVmax (Figure 4b, bottom row): FAXDC2 showed a slope
of —0.176 (95% CI [-0.246; —0.107]), indicating that the expression halved over 5.67 SUV
units (r* = 0.59). PLSCR4 showed a slope of —0.223 (95% CI [—0.321; —0.125]), indicating
that the expression halved over 4.49 SUV units (2 = 0.51).

113



Cancers 2022, 14, 5999

Expression of MYBL2 according to SV Expression of ELOVL2 according to SUV  Expression of NETO2 according to SUV
© . . Rogesenies . Rogmen
o | . . 22054 22051
FAXDC2 MYBL2 . N aape00uz . aapa00372
ELOVL2e 5% e )
%) . . 2
o PLSCR4 . . NETO2 £ - s .
o ) MVL2 L P & -
- ¥ o c5 . - .+ - NEB
® o NPY1R - . -
] 20HH
*ZDH
g o CLyS2e <201 I R T % % % ™ % % &
— . .SGI'P . SUVmax SUVmax SUVmax
~ SLC38A4 . - GRP
S FRZBegyT1 Expression of FAXDC2 accordingto SUV  Expression of PLSCR4 according to SUV
° NPY5Re  ABCAS " ¢ " ¢
R174% . pna Regresson e Regression e
- | .. o lop0=018;06% CI0.25,011) o slope=022:95% 01032 0.12]
° SLC? TA8 - diP=0.0295 = 2iP=0.0342
o i
S R N
T T T T T T 3 |° >
-0.4 01 00 01 02 03
slope from regression with SUVmax B 0 M 2 s M 15 0
sovm Suvmax
(a) (b)

Figure 4. Results from linear regression modeling of SUVmax and gene expression. (a) Volcano plot.
For each gene tested, the slope of the regression line and r? (Pearson correlation) are given. Five genes
are significantly correlated with SUVmax with adjusted p-value < 0.05 (FAXDC2, MYBL2, PLSCR4,
ELOVL2, and NETO2). In addition, 23 genes show a high effect size of abs(slope) >0.146 (labelled
genes). (b) Scatterplots of significant correlations of SUVmax and log2 gene expression. Expression
of MYBL2, ELOVL2, and NETO?2 is positively associated with SUVmax (top row), whereas FAXDC2
and PLSCR4 are negatively associated (bottom row).

3.4.3. 23 Genes with High Effect Size

Next, we examined genes correlating with SUVmax with high effect size. Effect size is
important, i.e., how much gene expression changes in relation to SUVmax. Genes with a
high difference in expression levels in relation to SUVmax are more likely to have an impact
of biological relevance. To define genes with high effect size, we chose a cutoff for the slope:
abs(slope) > 0.146. Thereby, we obtained 23 genes with high effect size (Figure 4a labelled
genes, Supplementary Table S3). The majority of genes was negatively correlated with
SUVmax (17/23), 6/23 positively. The 23 genes included the five significant correlations, so
the previously described five genes had a high effect size by our definition.

The expression of the 23 genes in the 19 samples is illustrated in a heatmap (Figure 5a),
together with clinical variables and a stratification into two groups of low SUV or high
SUV according to median SUVmax. Visual inspection of the hierarchical clustering of the
samples based on expression showed that the two tumors with the highest glucose uptake
in our cohort (SUVmax 13.6 and 21.3) and two tumors with low SUVmax (2.7 and 4.3)
clustered apart from the other samples. The remaining samples split into two groups: a
cluster with lower SUVmax (5/6 in low SUV group), and a cluster with higher SUVmax
(7/9 in high SUV group). As this sample clustering was based on genes whose expression
changed strongly in relation to SUVmax, it reflected the samples” spectrum of SUVmax
values. This suggested that there was an expression signature for metabolic activity.

The hierarchical clustering of the genes displayed two clusters. In the smaller cluster,
5/6 genes correlated positively with SUVmax. In the larger cluster, 16/17 genes correlated
negatively with SUVmax. Thus, the clustering reflected the two directions of association
with SUVmax.

3.5. Enrichment Analyses

After analyzing single correlations of gene expression and SUVmax, we looked for
shared pathways and processes that correlated with glucose uptake. The aim was to
summarize and generalize the results of the correlation analysis on a functional level.
We investigated whether there were pathways and annotated gene sets distinguishing
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Figure 5. Twenty-three genes with high effect (abs(slope) > 0.146) in linear regression with SUVmax.
(a) Heatmap depicting their expression in our cohort. On top, clinical data is provided about sex
(male or female), disease state (primary disease or relapse), sample type (tumor or metastasis), 2-year
OS, age (<15 years or >15 years), and categorical partitioning of the samples into high SUV or low
SUV (split by median SUVmax). (b) Enrichments among the 23 genes with high effect size found
by Enrichr (raw p-values are provided, * indicates adjusted p-value < 0.05). Top: enrichments of
the “Reactome Database”. Considering terms with adjusted p-value < 0.01 as significant, one term
obtains a significant adjusted p-value (q = 0.0043): “Peptide ligand-binding receptors Homo sapiens
R-HAS-375276". Bottom: enrichments of “GO molecular function”. One term obtains a significant
adjusted p-value (q = 0.0007): “neuropeptide Y receptor activity (GO:0004983)".

3.5.1. Enrichments among the 23 Genes with High Effect Size

First, we examined the functional annotation of genes with high effect size. For the
23 genes that correlated with SUVmax with high effect size, we scanned their annotation
for their prognostic value in cancer entities (Supplementary Table S3), and then performed
enrichment analysis for shared pathways and function.

According to the Human Protein Atlas [71], 14/23 genes are related with survival
in several cancer types. High expression of ABCA5, C5, DNASE1L3, ELOVL2, FAXDC2,
NPY1R, SLC38A4, TES, and ZDHHC?21 predicts a favorable outcome in breast, liver, pan-
creatic, renal, and urothelial cancer. In contrast, high expression of FRZB, MYBL2, MYL2,
NETO2, PLSCR4, and TES predicts an unfavorable outcome in endometrial, head and neck,
liver, pancreatic, and renal cancer.

We tested for enrichment of pathways and functions systematically using the tool
Enrichr [65-67]. The set of 23 genes with high effect size showed significant enrichment for
the Reactome pathway “Peptide ligand-binding receptors Homo sapiens R-HAS-375276"
with q = 0.0043 (Figure 5b, top), which included a subset of the rhodopsin-like G protein-
coupled receptor (GPCR) family. This enrichment was due to four genes: C5, NPYIR,
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NPY5R, and GRP. There were no significant enrichments in GO biological process and
GO cellular component. However, the 23 genes were significantly enriched for the GO
molecular function “neuropeptide Y receptor activity (GO:0004983)” with q-value = 0.0007
(Figure 5b, bottom). NPY receptors are also rhodopsin-like receptors. This enrichment was
based on the two genes, NPY1R and NPY5R.

As the NPY receptors contributed to both enrichments, we further investigated the
role of the NPY pathway in our dataset. The expression of the genes in the NPY signaling
axis was decreased with increasing SUVmax (Supplementary Figure S3). The signaling
molecule NPY showed a slope of the regression line of —0.136 (95% CI [—0.263; —0.009]),
implying expression halved per 7.37 SUV units (r? = 0.18). The NPY receptor NPY1R
showed a slope of —0.334 (95% CI [—0.514; —0.155]), indicating expression halved per 2.99
SUV units (r? = 0.40). NPY5R, another receptor, showed a slope of —0.222 (95% CI [—0.433;
—0.010]), that is, expression halved per 4.51 SUV units (r* = 0.17). In contrast, two other
NPY receptors (NPY2R and pseudogene NPY6R) were expressed constantly, regardless of
SUVmax. NPY2R showed a slope of 0.00007 (95% CI [—0.043; 0.043]; 2= 0.00), and NPY6R
showed a slope of 0.009 (95% CI [—0.030; 0.048]; r? = 0.01). In addition, there were two
paralogs of NPY, namely, PYY and PPY. Their expression was independent of SUVmax as
well: PYY showed a slope of —0.005 (95% CI [—0.056;0.046]; > = 0.00), and PPY showed a
slope of 0.015 (95% CI [—0.025; 0.054]; 2 = 0.03).

All in all, of the 23 genes that were strongly associated with SUVmax, most are
associated with survival in several cancer entities, and therefore play a role in distinguishing
subgroups in entities other than EwS. Our findings, namely, that these genes have different
expression levels in EwS tumors with high or low glucose uptake potentially indicating
a different prognosis, suggest that they may also distinguish subgroups in EwS. Looking
for functional similarities of the 23 genes, we found that the NPY signaling axis seems to
correlate negatively with glucose uptake.

3.5.2. GSEA Based on Regression Results of All 1376 Genes

In addition to enrichments in the set of 23 genes with high effect size, we investigated
enrichments across the entire results obtained from linear regression. To this end, we used
GSEA, which has several advantages compared to enrichment methods working on a set of
genes of interest. First, no cutoff has to be chosen to determine the gene set for enrichment
testing, which makes the whole analysis less arbitrary. Second, GSEA utilizes much more
information because the entire linear regression results serve as input, namely, a list of
genes ranked by their correlation with SUVmax. Using this ranking of genes, the direction
of the association is considered: whether enrichment for a gene set occurs at the top of the
list (among genes that correlate positively with SUVmax) or at the bottom (among genes
that correlate negatively with SUVmax). Thus, GSEA provides a broader view of which
functional gene sets are related to glucose uptake, compared to the analysis limited to the
23 genes with high effect size.

With GSEA, we tested different categories of gene sets. First, we used “hallmark gene
sets” (H), which provided initial insight and a general overview of all categories. We then
focused on more specific aspects. To investigate pathways, we used “curated gene sets:
canonical pathway” (C2cp), which summarized pathways from five databases (BIOCARTA,
KEGG, PID, REACTOME, and WikiPathways). We also scanned for transcription factors
(TFs) whose targets were positively or negatively correlated with SUVmax. Thus, we used
“regulatory target gene sets: TF targets” (C3tft), which contained gene sets that shared TF
binding sites or motifs. Finally, we tested “ontology gene sets” (C5) containing terms from
GO and the Human Phenotype Ontology (HPO).

The results of GSEA—the number of enriched terms found for each category—is
listed in Supplementary Table S4. Across all categories, we observed more significant
enrichments among genes with positive regression slope, i.e., genes upregulated in tumors
with higher SUVmax, than enrichments among genes with negative regression slope, i.e.,
genes upregulated in tumors with lower SUVmax. In H, there were three terms enriched

116



Cancers 2022, 14, 5999

among genes with positive slope, in C2cp there were 16 terms, and in C5 there were
71 terms—all representing basic functions such as cell cycle, DNA replication and repair,
transcription, cytoskeleton, actin-myosin interaction, muscle, and muscle development.
These processes seem to be upregulated in EwS cells relative to increased glucose uptake
and reflect raised metabolic activity.

However, we also found enrichments that cover more specific aspects. Looking at
category C2cp for canonical pathways, two pathways were significantly enriched among genes
with negative slope (Figure 6a): “REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS”
(NES —1.90; q = 0.042) and “WP_GPCRS_CLASS_A_RHODOPSINLIKE” (NES —1.86;
q = 0.036), which both involve rhodopsin-like GPCRs. For both terms, the enrichments
were predominantly due to genes of the NPY signaling axis (so-called core enrichment,
Supplementary Table S5a,b). These findings mirrored the results of the previous enrichment
analysis of Enrichr on the 23 genes with high effect size.
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Figure 6. Enrichment plots of gene set enrichment analysis (GSEA) analysis on 1376 genes
ordered by positive to negative correlation with SUVmax. (a) For canonical pathways
(C2cp), 2 gene sets of rhodopsin-like receptors are enriched among genes that are nega-
tively associated with SUVmax: “REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS” and
“WP_GPCRS_CLASS_A_RHODOPSINLIKE”. (b) Three transcription factors (in C3tft) show enrich-
ment of their target genes among genes that are positively associated with SUVmax: RNF2, E2F
family, TCE3.

Furthermore, in category C3tft of TF targets, three terms showed significant enrich-
ment. The targets of RNF2 (NES 2.26; q = 0.003), of the E2F family of TFs (NES 2.00;
q =0.065), and of TCF3 (NES 1.99; q = 0.048) all showed enrichment among genes posi-
tively associated with SUVmax (Figure 6b, Supplementary Table S5c—e). This may indicate
that the activity of RNF2, the E2F family, and TCF3 was related to the glucose uptake by
EwS cells.

In summary, we identified pathways and TFs that characterized tumors in terms
of glucose uptake. Tumors with higher glucose uptake had more terms than tumors
with lower glucose uptake, especially terms referring to increased turnover, such as cell
cycle, replication, and transcription. This may also reflect the increased glucose uptake.
Furthermore, the activity of the three TFs RNF2, the E2F family, and TCF3 might be
positively associated with glucose uptake, whereas rhodopsin-like receptor pathways
might be negatively associated with glucose uptake in EwS tumors.

4. Discussion

Our large-scale analysis comprehensively examined the correlations between gene
expression and variable glucose uptake from PET. EwS has long been known for its predilec-
tion for glucose utilization and FDG-PET sensitivity [72], and inhibiting glycolysis was
promising [73]. We found genes, signaling pathways, and TFs characterizing EwS tumors
in terms of SUVmax, i.e., glucose uptake and consecutive glycolysis.

Most studies investigating the potential prognostic value of PET have in common that
high SUV values indicate a more aggressive stage of disease and worse survival, although
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the exact cutoff values vary. Nevertheless, it is established that higher glucose uptake
indicates malignancy, in general associated with the Warburg effect [74,75]. As PET signals
such as SUVmax are supposed to be prognostic in EwS, we anticipate that our results
provide novel insight to explain the mechanisms of malignancy, and potentially reveal new
therapeutic options in the future.

4.1. Limitations

Due to the low prevalence, studies of EwS have a small sample size [2]. As the
radiogenomics approach is not established for pediatric sarcoma yet, public datasets of
imaging and expression data are not available. However, we are presently validating our
findings on an external dataset.

Another limitation is the heterogeneity of clinical variables. There are multiple prog-
nostic factors even in EwS, such as age, ethnic background, localized or metastatic disease,
primary site, tumor volume, response to therapy, and primary disease or recurrence, in
which the time to recurrence also has an influence [76]. With this complex interplay of
risk factors, it is futile to stratify patients just by one risk factor. Limited sample sizes do
not allow to create subgroups with respect to multiple risk factors. To compensate for
this, we checked for SUVmax distribution with respect to risk factors that were available
for our dataset. Among the clinical variables, we found no significant differences in SU-
Vmax distribution, suggesting that single risk factors do not introduce an obvious bias into
our data.

A third limitation is the skewed SUVmax distribution in our cohort. The sample with
a very high SUVmax of 21.3 (sample_19) may influence the linear regression more than one
of the other samples with SUVmax between 1.9 to 13.6. To evaluate the sensitivity of our
findings towards sample_19, we compared the results from regression analysis with and
without sample_19. We conclude that the sample with high SUVmax has an impact on the
correlation results in some cases. The significant results rely on the presence of sample_19,
while the findings with high effect size are mostly independent of it. However, there is no
reason to consider that the results based on the 18 samples are more correct than the results
based on the 19 samples. For completeness, we have pointed out the problem that might be
caused by the skewed SUVmax distribution in our cohort. To dispel doubts and to validate
the results, we propose to repeat this analysis on a larger dataset with a better-covered
range of SUVmax values.

As a consequence of the small, heterogeneous cohort, we focused on the results
of robust methods, such as functional enrichment analyses. Based on our findings, we
hypothesized patterns of gene expression associated with metabolic activity.

4.2. Negative Correlation of NPY Axis and SUVmax in Enrichment Analysis

In our enrichment analyses, the expression of genes in the NPY signaling axis and
rhodopsin-like GPCRs were found to be decreased as glucose uptake indicating glycoly-
sis increased.

NPY signaling utilizes rhodopsin-like receptors, thereby promoting inflammation [77,78]
and differentiation. The role of NPY and its receptors in cancer is not completely understood.
NPY receptors are overexpressed in different cancer entities [79]—yet studies are sometimes
contradictory and suggest a very context-specific role of NPY signaling in cancers other
than EwS [80-82].

NPY pathway expression and function in EwS has been studied as well [14,83-87].
NPY and its receptors NPY1R and NPY5R are targets of EWS-FLI1, and therefore upreg-
ulated in EwS [86,88]. NPY signaling was shown to foster bone metastasis in vivo. The
pro-metastatic and proliferation signaling of NPY was conveyed by the receptors NPY2R
and NPY5R [87,88]. However, Tilan et al. [86] showed in vitro that NPY signaling via the re-
ceptors NPYIR and NPY5R promoted cell death. A survival analysis of a publicly available
EwsS dataset on the R2 platform (Savola dataset, n = 44) showed significantly longer overall
and event-free survival for tumors with high NPYIR or NPY5R expression. In our cohort,
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the expression of NPY, NPYIR, and NPY5R was negatively associated with SUVmax. We
infer from this negative association that there is no uniform upregulation of these genes
in all EwS tumors. Instead, the expression seems to be related to the glucose uptake of
the tumor. We hypothesize that there is more NPY signaling promoting cell death in EwS
tumors with low glucose uptake, possibly associated with neuroectodermal differentiation.

4.3. Spectrum of Stemness to Differentiation

Strikingly, many of our findings had a link to stemness or differentiation.

A total of 4/5 genes that were significantly associated with SUVmax in our EwS
cohort have functions regarding stemness or differentiation: FAXDC2 plays a role in
megakaryocyte differentiation; NETO?2 activates tumorigenic, stemness-related signaling
pathways [89,90]; ELOVL2 is upregulated in glioma stem cells in glioblastoma, which is
mediated by stem cell enhancers like SOX2 [91]; MYBL2 maintains an undifferentiated
state of cells [92].

Furthermore, the three TFs whose targets were enriched among the genes that were
positively correlated with SUVmax are associated with maintaining stemness: RNF2 [12,93],
the E2F family [94], and TCF3 [95].

Because of these functional links described in the literature, we consider the possibility
that the genes and TFs associated with stemness in other tumors or tissues are also involved
in stemness in EwS, and may imply increased stemness in tumors with higher glucose
uptake. This hypothesis demands further experimental validation.

Additionally, based on the findings of the NPY axis, we speculate about potential
neuroectodermal and endothelial differentiation of cells at lower SUVmax. Similar findings
were reported in studies on esophageal cancer [29] and lung carcinoma [96], where the
authors found a correlation of high SUVmax and poorly differentiated tumors.

A stem cell-like phenotype is a basic characteristic of EwS, and maintaining stemness
plays an important role [9,10,12]. Our group [12] and Sheffield et al. [19] found that EwS
tumors exhibit a spectrum of stemness varying from stem-like towards mesenchymal,
neuroectodermal, or endothelial differentiation. However, correlation analyses with out-
come were not performed. An analysis of stemness and prognosis was conducted by
Stahl et al. [11], who found a trend of high HIF1A expression—reflecting stemness—and
shortened overall and event-free survival in EwS. This is in concordance with the general
observation that stemness in cancer is predominantly associated with poor prognosis [97].

Given our findings described above, we hypothesize that the spectrum of stemness
to differentiation, which was described for EwS tumors by Sheffield et al. [19], could be
reflected in the SUVmax of the tumor indicating glycolytic activity. Note that we observe
correlations on our study where cause and effect are unknown.

5. Conclusions

In our study, we characterized EwS tumors in terms of their variable glucose uptake
measured as SUVmax in PET. With this, we aimed to identify novel mechanistic candidates,
as SUVmax can be prognostic based on the current literature. Since EwS tumors are quite
uniform at the genomic level, we assessed gene expression. Due to the low incidence of EwS,
we focused on the results of enrichment analyses, as these are more robust to single false
positive findings. Thus, we identified correlations between SUVmax and neuroectodermal
signaling pathways or pathways downstream of stemness-related TFs. We hypothesize
that stemness may be associated with increased glucose uptake. Furthermore, increased
differentiation may correlate with low glucose uptake. These mechanistic candidates
warrant further validation in an external cohort, as well as in experimental and clinical
settings. They may eventually lead to new therapeutic options.

Our study tested the potential of a radiogenomic approach to discover novel candi-
dates to explain the mechanisms of malignancy in EwS. Prospective data collection and
validation is needed in clinical practice in the future. Thus, if we are to reap the benefits of
prospective large-scale analyses, future clinical practice must be adapted accordingly.
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Simple Summary: Pediatric sarcomas, including Ewing sarcoma and osteosarcoma, were first to be
treated with an anticancer vaccine 100 years ago. This review moves on from a historical perspective
to the current progress and challenges of immunotherapy in these immunologically cold bone and
soft tissue sarcomas. We discuss mechanisms of immune escape and immunosuppression employed
by these tumors, and the potential novel directions of the research and therapy. The intention of this
review is to stimulate alternative concepts and treatment strategies.

Abstract: We argue here that in many ways, Ewing sarcoma (EwS) is a unique tumor entity and yet, it
shares many commonalities with other immunologically cold solid malignancies. From the historical
perspective, EwS, osteosarcoma (OS) and other bone and soft-tissue sarcomas were the first types
of tumors treated with the immunotherapy approach: more than 100 years ago American surgeon
William B. Coley injected his patients with a mixture of heat-inactivated bacteria, achieving survival
rates apparently higher than with surgery alone. In contrast to OS which exhibits recurrent somatic
copy-number alterations, EwS possesses one of the lowest mutation rates among cancers, being
driven by a single oncogenic fusion protein, most frequently EWS-FLI1. In spite these differences,
both EwS and OS are allied with immune tolerance and low immunogenicity. We discuss here the
potential mechanisms of immune escape in these tumors, including low representation of tumor-
specific antigens, low expression levels of MHC-I antigen-presenting molecules, accumulation of
immunosuppressive M2 macrophages and myeloid proinflammatory cells, and release of extracellular
vesicles (EVs) which are capable of reprogramming host cells in the tumor microenvironment and
systemic circulation. We also discuss the vulnerabilities of EwS and OS and potential novel strategies
for their targeting.

Keywords: Ewing sarcoma; osteosarcoma; immunotherapy; William Coley; tumor microenvironment;
extracellular vesicles; exosome; immunosuppression; retrotransposon; human endogenous retrovirus

1. Historical Perspectives and Modern Immunotherapy in Pediatric Sarcomas
1.1. William Bradley Coley (1862-1936): The First Focused Effort at Cancer Immunotherapy

Long before James Stephen Ewing, one of the leading US pathologists and the Medical
Director of Memorial Hospital in New York, presented in 1920 the first case of a small
round blue cell “endothelioma of bone” which since then carries his name [1], William
B. Coley was treating hundreds of bone and soft-tissue cancer patients with a significant
rate of success [2—4]. Being a renowned surgeon and the head of the Bone Tumor Service
at the same hospital (nowadays Memorial Sloan Kettering Cancer Center), he pioneered
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the approach of stimulating the body’s “resisting powers” /immunity with the attenuated
bacterial mixtures, paving the road to modern immunotherapy.

By 1896, Dr. Coley reported 160 cases of patients with inoperable malignant tu-
mors treated with the mixture of heat-inactivated bacteria, the Gram-positive S. pyogenes
(erysipelas) and the Gram-negative Bacillus prodigiosus (Serratia marcescens) [3], which be-
came known as “Coley’s toxins”. Starting from 1899, these toxins were commercially
produced by Parke Davis & Co and were widely available to the physicians in North Amer-
ica and Europe until 1951 [2]. Importantly, among a large variety of cancers treated with
Coley’s toxins, the best response was achieved in patients with inoperable bone and soft
tissue sarcomas, including EwS and OS, as well as in osteolytic types of rapidly growing
malignant bone tumors (endothelioma, reticulum cell sarcoma and plasma cell myeloma),
while carcinomas responded poorly to the treatment [5]. Coley himself concluded that the
use of toxins should be limited to sarcomas [4].

Over the course of his 45-year-long career, Coley treated thousands of patients and
published more than 150 monographs on the subject, and yet, his work came under scrutiny
due to a number of reasons. These included variations in bacterial strain activity and lack of
standard bioassays to test their efficacy prior to injecting into patients as well as a complex-
ity and duration of their administration, making it difficult to standardize [5]. Furthermore,
at the beginning of 20th century, radiation and then chemotherapy began to emerge as
promising new cancer treatments (Figure 1). James Ewing, a big proponent of radiation
therapy and Coley’s boss, forbid Coley from using his toxin inside the Memorial Hospital.
The final blow was delivered in 1963, when the Food and Drug Administration (FDA) re-
fused to recognize Coley’s toxin as a proven drug due to the lack of safety and efficacy data,
despite over 70 years of its clinical use, hundreds of publications and, most importantly,
remarkable improvements achieved by this treatment, including an independent controlled
study in 1962 which showed a dramatic response in 20 of 93 cancer patients [6]. His legacy
was saved by his children. Coley’s son Bradley succeeded him as the head of the Bone
Tumor Service at the Memorial Hospital and advocated Coley’s toxin as adjunctive therapy
for bone sarcomas after surgery to prevent metastasis [7]. His daughter, Helen Coley
Nauts became one of the two founders of the Cancer Research Institute (CRI), which was
established in 1953 and since then, is a leading institution in the field of cancer immunology
and immunotherapy.

Ironically, the CRI-sponsored phase I clinical trial of Coley’s toxins conducted in 2012
in Germany revealed both promise and obstacles associated with its use in modern times.
While the main objective of the trial was to establish safety and determine optimal dosing,
one of 12 patients with metastatic bladder cancer had a clear clinical response, experiencing
a 50% reduction in his cancer [8]. The team of researchers and clinicians led by Dr. Jager
faithfully recapitulated Coley’s treatment protocols, of which induction of fever is the key
component of therapy. Patients received subcutaneous injections of Coley’s toxins twice a
week, and the dose was escalated in each patient until a body temperature reached 38 °C
to 39.5 °C, followed by four additional doses. Remarkably, coincident with the highest
body temperature, ten of 12 patients showed a consistent increase in serum IL-6 levels,
and some (including a patient with metastatic bladder cancer) also manifested an increase
in TNF-«, IFN-y and IL-13. The team concluded that fever-induced massive release of
immunoregulatory cytokines may play an important role in tumor regression and suggested
further exploration of Coley’s vaccine as a potent immune modulator [8]. However, further
testing of Coley’s vaccine is under scrutiny again. The major obstacles include the cost
and complexities associated with manufacturing a bacteria-derived product in accordance
with Good Clinical Practice guidelines. Most importantly, no modern hospital institutional
review board will permit maintaining fever as one of the study objectives. Nevertheless,
growing number of pre-clinical and clinical studies into the use of bacteria to combat cancer
provides additional rationale for implementing basic principles established by Dr. William
Coley 100 years ago into the clinical practice [9].
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Figure 1. The 100-year-old battlefield between immunotherapy and radiotherapy in treating patients with
bone and soft-tissues sarcomas. Milestones and major events are documented in a chronological order.

1.2. Conventional and Targeted Therapeutics in Treating EwS and OS

Nowadays, high-risk childhood bone cancers, including EwS and OS, range among
the leading causes of cancer-related deaths in children. Despite a significant increase in the
5-year survival rates among EwS patients with localized disease from less than 10% in the
pre-chemotherapy era to about 75% currently, outcomes have not significantly improved
since late 1990s (Figure 1). Likewise, combination chemotherapy introduced in the 1970s
for treatment of OS increased overall survival rates for patients with localized disease from
20% to approximately 70% today, however patients with metastatic or recurrent disease fare
poorly with only 20% 5-year survival rates [10,11]. The standard protocols for both EwS and
OS patients rely upon extensive surgical resections, high-dose multimodal chemotherapy
and radiation [12-15], putting young survivors at risk of developing long-term disabilities
and therapy-induced secondary cancers [16]. Furthermore, the relapse rates remain high
and less than 30% of patients with metastasis survive for 5 years [12-14], urging the need for
developing tailored therapy approaches, especially for these high-risk groups of patients.

In the past 20 years, multiple new-generation inhibitors of oncogenic driver proteins
and pathways have been tested in clinical trials to enhance efficacy and overcome resistance
to conventional therapies. Due to different reasons, targeting driver mutations in EwS
and OS proved to be challenging. Unlike OS which has no clear driver and is uniformly
characterized by high genomic instability and chromothripsis due to inactivating mutations
in various DNA repair genes, EwS possess relatively stable genome with no recurrent
mutations and gene amplifications [17]. Instead, it is driven by a single well-defined
driver, the EWS-FLI1 fusion protein, which is found in ~85% of EwS cases [12,13]. Yet,
EWS-FLI1 lacks enzymatic activity, and its direct chemical targeting was unsuccessful
so far. Indirect EWS-FLI1 inhibition includes targeting downstream interacting proteins
(e.g., RNA helicase A using YK-4-279, TK216 inhibitors), EWS-FLI1-driven epigenetic and
transcriptional reprograming (e.g., using trabectedin and mithramycin), activated path-
ways (most notably, IGF1R and MEK), epigenetic modifiers (e.g., deacetylase, LSD, BRD4
and EZH2 inhibitors), anti-angiogenic tyrosine kinase inhibitors, and various combinatorial
treatments; an overview of the past and current clinical trials is provided in [15,18,19].
Remarkably, despite their distinct biological and clinical properties, both EwS and OS
exhibit gene expression profiles characteristic of BRCA1/2 mutant tumors (so-called “BR-
CAness”) [20,21], and thus expected to be susceptible to the poly(ADP)-ribose polymerase
(PARP) inhibitors olaparib and talazoparib. Unfortunately, adding these newer agents to
the existing treatment protocols has not improved outcomes, with the acquired and intrinsic
resistance to therapy impeding further progress [14,15]. It becomes increasingly evident
that without re-activating the immune system and re-thinking the designs of clinical trials,
conventional and targeted therapeutics may not substantially improve outcomes in EwS
and OS, where standard-of-care has not been significantly changed in decades [10,11,22],
as well as in the majority of other solid malignancies [23].
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1.3. Immunotherapy of Pediatric Bone Cancers

Complete or partial tumor regression and prolonged remission in some sarcoma
patients treated with Coley’s vaccine provided one of the first clues that activating nat-
ural immunity may have anti-tumorigenic effects. Modern immunotherapies are aimed
at building strong antitumor immunity by re-activating and amplifying pre-existing
antitumor responses and inducing new responses against otherwise cryptic antigens
(e.g., with checkpoint inhibitors, oncolytic viruses, and cancer vaccines) or by adoptive cell
therapies, including engineered CAR T cells, TCR transgenic T cells or tumor-infiltrating
lymphocytes (TIL) (Table 1). Their implementation in the past decade offered exceptional
clinical benefits for patients with certain types of “immunogenic” cancers but even so
there are unprecedented challenges, ranging from developing pre-clinical models, defining
dominant drivers of anticancer immunity and immune escape to the off-target toxicities
and the need to identify optimal combinations for any given patient [24,25]. The majority
of solid tumors remain immune “cold” and at the outset unable to generate an appreciable
de novo immune response that can be capitalized on by immunotherapy, owing to low
mutational burden, lack of MHC expression and other factors.

For example, targeting overexpressed surface molecules, including HER?2 [26], B7-H3 [27]
and the gangliosides and disialogangliosides (GD2 and GD3) [28-30] using antibody-based
therapy and CAR T cells is a promising therapeutic strategy in EwS and OS. Preclinical and
clinical studies have indicated that targeting GD2 generates robust anti-tumor response in
EwS and in some other tumor entities including neuroblastoma [30,31], however off-target
neurotoxicity can occur [32]. The ongoing clinical trials will test its efficacy in patients with
EwS and OS (NCT02107963, NCT04539366).

Similar to the majority of solid tumors in adults [23,33], the above immunotherapy
strategies showed limited efficacy in pediatric cancers, including EwS and OS [19,22,34,35].
As discussed below, this is mainly because of the lack of tumor-specific antigens (TSAs)
and neoantigens [36-38], low expression of the classical human major histocompatibility
complex class I (MHC-I) and thus impaired MHC-peptide presentation [39], upregulation
of checkpoints and the immunosuppressive tumor microenvironment (TME), which is
mostly populated by pro-tumorigenic M2 macrophages. One of the emerging immune
escape mechanisms in cancer also involves an increased secretion of TSAs, TSA-MHC
complexes, oncogenic proteins and RNAs in extracellular vesicles (EVs) [40-42].

Table 1. Immunotherapy of pediatric bone cancers.

Approach Goal Target Therapeutic Agent Major Obstacles Refs
Reactivating and Low expression
Immune amplifying Nivolumab/OPDIVO® low muta tignal bur’den
checkpoint preexisting PD-1 Pembrolizumab/ I logical 7 [19,43-55]
inhibitors antitumor Keytruda® mmuno/ogica
; i Y cold TME
immunity
PD-L1 Atezolizumab / Tecentriq®
CTLA-4 IpilimumabYERVOY®
Dinutuximab /Unituxin® Variable expression in
. . anti-GD2 CAR-T cells P
Tumor specific Direct tumor . EwS and OS
. . GD2 anti-GD2 . [28-30,56]
antigens (TSAs) targeting . Upregulation of
CAR-engineered HLA-G checkpoint
NK cells P
Activation of
Ganitumab, compensatory
IGFIR Dalotuzumab mechanisms, 1571
Toxicity
Not expressed in EwS
. ® P g
HER2 Trastuzumab /Herceptin o clinical benefit for OS [18,45]
B7-H3 Anti-B7-H3 CAR T cells [27]
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Table 1. Cont.

Approach Goal Target Therapeutic Agent Major Obstacles Refs
. . Need for autologous
Antltl.lmor Direct tL.unor Tumor T.SAS or Dendritic cell vaccine DCs, Labor-intensive [58]
vaccines targeting proteins . .
and costly cell isolation
Multiple Attenuated tumor cells, Immunosuppressive
Activation of DC tum(I))r could be pulsed with TME, [22]
responses . GM-CSEF, IL-2 or IL-7 low tumor
antigens . . i s
or siRNAs immunogenicity
irlf:rcrl’:lel?\s: t;lrlr;?: Vaccinia virus/Pexa-Vec Antiviral immunity,
Oncolytic In dligce ¥ Tumor Reovirus/Reolysin Low delivery efficacy, [34,59-62]
viruses immunoseni HSV-1/HSV1716 Immunosuppression, !
unogenic Adenovirus X-Vir T cell exhaustion
cell death
Targeting L-MTP-
immunosuppres- Macrophage TME PE/Mifamurtide, BCG, [63,64]
sive activation Coley’s toxins, .
TME oncolytic viruses
Macrophage All-trans retinoic . .
polarization TME acid (ATRA) Low delivery efficacy [65]
All-trans retinoic
Macrophage/MDSC TME acid (ATRA) Toxicity [66-69]
depletion

Trabectedin

2. Mechanisms of Immune Escape

A better understanding of immune evasion mechanisms employed by tumor to avoid
recognition and killing by the immune system is a key to successful therapy aimed at
combating cancer with minimally invasive and non-toxic modalities. To search for cure
and not just for 5-year overall survival for pediatric patients, it is imperative to establish
critical aspects of the interplay between the tumor and the immune system. Several key
points are discussed below.

2.1. Lack of Tumor-Specific Antigens (TSAs)

Targeted therapeutics and immunotherapy strategies are critically dependent on
identification of druggable TSAs and neoantigens. To achieve maximal clinical efficacy and
minimal toxicity, the ideal target should be immunogenic, highly expressed and presented
on the surface of the majority of tumor but not normal host cells, and play a role in
tumorigenesis. A very few antigens in general (and none of them in pediatric sarcomas)
meet such criteria. In contrast to adult cancers, pediatric tumors exhibit very low mutation
rates and, consequently, much fewer TSAs and tumor neoantigens [22,34,35]. Even OS,
which has relatively high level of copy-number variations and gene deletions [70], exhibits
on average about 7 neoepitopes per tumor and only 2 of them are predicted to be expressed,
while EwS has none [71]. With regard to cell surface proteins, the best studied targets
include B7-H3, GD2, IGF1R (which are shared between OS and EwS) as well as HER2 (for
0S) and CD99, endosialin/CD248, TRAIL-R and STEAP-1 (for EwS) [18,34,45]. These are
being targeted using CAR T cell approaches, bispecific T-cell engagers and antibody-drug
conjugates. While multiple pre-clinical development programs and clinical attempts are
still ongoing [15,18,19], none of them has shown significant clinical benefit so far, in part
due to toxicities associated with their expression in other tissues. Targeting intracellular
TSAs is also problematic, mainly because of low expression of MHC-I molecules that are
required for the intracellular peptide presentation to the effector CD8" T cells [39], see also
Section 2.2. However, class I expression may pertain to advanced EwS and experimental
approaches have been established to induce it [72-74].
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One of the potential solutions to the lack of conventional TSAs in pediatric sarcomas
may be hidden in noncoding regions of the genome, including introns, alternative splicing
variants, gene fusions, endogenous retroelements and other unannotated open reading
frames [75]. According to recent studies, noncoding regions could be the main source of
targetable TSAs in human malignancies [76-79]. Activation of these regions mainly occurs
due to demethylation of the genome and other epigenetic mechanisms that are highly
dysregulated in tumor cells, rising a possibility that the resulting TSAs may be widely
shared between different tumor types and absent from normal tissues [80,81]. In addition,
pediatric sarcomas may also express unique neoantigens from noncoding regions, given
that at least a third of them carry recurrent chromosomal translocations and express char-
acteristic fusion proteins which act as transcriptional and epigenetic regulators [13,15,82].
For instance, in EwS, epigenetic changes are driven by EWS-FLI1, through its ability to
bind to GGAA microsatellite sequences [13,14]. A recent report provided the first evidence
that EWS-FLI1 and potentially other EWS fusions can drive transcription, processing and
translation of neopeptides from the silent genomic regions including GGAA microsatellite
repeats [83], although their presentation on MHC-I, immunogenicity, TCR addressability
and druggability remains to be studied.

2.2. Low Expression of MHC-I and Upregulation of Immune Checkpoints

One of the mechanisms whereby pediatric sarcomas escape T cell-mediated immuno-
surveillance is impaired expression of MHC class I/Human Leukocyte Antigen (HLA) class
I'antigens [39]. About 48-79% of primary EwS and the majority of metastatic lesions, espe-
cially pulmonary metastasis, exhibit low-to-absent MHC class I and II expression [84,85]. In
EwS, low levels of MHC-I correlate with reduced CD8" T cell infiltration and survival [85].
Likewise, ~25-52% of primary and 44-88% of metastatic OS manifest complete loss or
downregulation of MHC-I, being strongly associated with decreased survival [46,86,87].

Upregulating MHC-I expression in pediatric sarcomas may thus be a promising
strategy to activate CD8* T cell-mediated antitumor responses [88]. This can be achieved
by stimulating proinflammatory pathways, such as TNF-TNF receptor-NFkB, type I IFNs-
IFNAR1/2-STAT1/2/3 or type Il IEN-IFNGR-STAT1 [89]. For example, MHC-I expression
in EwS cell lines is induced by IFNy or mediators of dendritic cell maturation, including
TNF [84,90,91]. In particular, treatment with GM-CSF, IL-4, TNF, IL-6, IL-1f3 and PGE,
upregulated MHC-I, ICAM-1 and CD83, and improved recognition of EwS cell lines by TSA-
specific TCR transgenic T cells in vitro [74]. In clinical settings, certain treatments including
irradiation and hyperthermia may induce TNF secretion and MHC-I expression and may
thus render EwS cells more susceptible to MHC-I-dependent immunotherapies [74,92,93].
The MHC-I presentation on tumor cells can also be induced by adenovirus-based oncolytic
virotherapy. Oncolytic adenoviruses selectively replicate in tumor cells, where they induce
the cGAS-STING pathway [94], and promote MHC-I expression. One example is the YB-1-
targeting adenovirus XVir-N-31, which demonstrated substantial antitumor activity in a
murine EwS xenograft model in combination with CDK4/6 inhibitors [62]. It is thus likely
that combinatorial treatments would be necessary to increase MHC-I expression and CD8*
T cell-mediated antitumor immunity.

Concurrent with reduced MHC-I expression, upregulation of immunosuppressive
receptors and checkpoints may contribute to the immune escape in pediatric sarcomas.
For instance, HLA-G and HLA-E, the non-classical MHC-I molecules implicated in the
protective maternal-fetal barrier in the placenta [95], are highly upregulated on tumor and
myeloid cells in the EwS TME. HLA-G is expressed in ~34% of EwS biopsies, and can be
further induced by proinflammatory signaling, including IFNy and GD2-specific CAR-
engineered NK cells [56,91,96]. When expressed on tumor cells, HLA-G and HLA-E were
shown to interact with inhibitory receptors expressed on T cells and NK cells, negatively
affecting cytotoxic functions of both CD8" T cells and NK cells [97]. Yet, in experimental
in vitro model, ectopic expression of HLA-G by myeloid THP-1 cells but not by EwS tumor
cells impeded functionality of CAR T cells, suggesting that immunosuppressive effects
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of HLA-G could be mediated by myeloid cells in the TME [96]. However, expression
of various HLA-G isoforms and lack of specific antibodies are currently hampering the
development of HLA-G targeting approaches in EwS and other tumors [97].

On a similar note, therapeutic targeting of PD-L1 and PD-1 immune checkpoints,
which are expressed in ~20% of pediatric sarcoma patients in EwS and OS [46-52], has
not shown clinical efficacy [43,53,54]. In line with low expression of immune checkpoints
on EwS and OS tumor cells, only 35% of EwS- and OS-infiltrating immune cells express
PD-L1 [47], whereby expression of PD-L1 or PD-1 on T cells is rare for the most part in
EwS and OS [50,55,98,99], and is predominantly observed on macrophages [54]. Yet, ~10%
of post-treatment OS tumors score in the top quartile of immune infiltration, which is
comparable to other strongly immune-infiltrated malignancies, including lung cancer and
renal clear cell carcinoma [100]. The respective groups of OS patients may potentially
benefit from the immune checkpoint blockade.

2.3. Immunosuppressive TME in EwS and OS
2.3.1. Improving CD8" T Cell Infiltration and Antitumor Activity

Only 12-38% of EwS and ~52-68% OS tumors are infiltrated by cytotoxic CD8" T
cells [48,55,91]. Poor CD8* T cell infiltration is a negative prognostic marker associated with
metastatic progression and worse outcomes [85,99,101-104]. Key chemotactic mechanisms
for the recruitment of TILs and activation of antitumor immune responses are the TME-
derived C-X-C Motif Chemokine Ligand 9/10 (CXCL9/10) or stromal-derived Chemokine
(C-C motif) ligand 5 (CCL5) and their respective receptors C-X-C Motif Chemokine Recep-
tor 3 (CXCR3) and CCR5 [105,106]. In EwS, increased expression of CXCL9/10 and CCL5
correlates with infiltration of CD8" CXCR3"/CXCR5" T cells [103]. However, in recur-
rent pediatric sarcomas, EwS-infiltrating macrophages express lower levels of CXCL9/10
compared to OS [107]. Inducing CXCL10 expression in the EwS TME in order to enhance
T cell infiltration may thus be a promising therapeutic strategy. This can be achieved
by intratumoral injection of attenuated pathogens or oncolytic viruses [108], especially
those harboring CXCL10 transgene [109], as well as by using dipeptidylpeptidase 4 (DPP4)
inhibitors to stabilize CXCL10 [110,111].

In spite of higher proportion of TILs in the OS TME compared to EwS, they exhibit
terminally exhausted phenotypes, including expression of co-inhibitory receptors TIGIT,
LAGS3, PD-1 and TIM3 [107]. Apart from the PD-1/PD-L1 axis, their blockade in OS
may thus enhance TILs cytolytic activity. This may be especially relevant in OS with
pulmonary metastases, which show increased T cell infiltration at the interface between
the adjacent healthy tissue and tumor stroma [100,112]. These interfaces are enriched with
activated exhausted CD8* T cells positive for PD-1, LAG3 and IFNy and with myeloid cells
expressing M-MDSC and DC signatures. The core of pulmonary metastases is devoid of
immune infiltrates, suggesting that myeloid cells may exclude TILs [112].

In contrast to OS, circulating lymphocytes in EwS exhibit mixed gene expression pro-
files associated with effector responses (granzyme A and B, and perforin) and intermediate
exhausted phenotypes (TIM-3) [107]. This is partly in line with previous results observing
increased frequencies of circulating PD-1*CD4* and CD8* T cells [113], however immune
checkpoint blockade failed to show clinical response, as discussed above.

2.3.2. Targeting Tumor-Associated Macrophages

The most abundant immune cells in the TME of EwS and OS are tumor-associated
macrophages (TAMs) which exhibit immunosuppressive M2 signatures [104,114-116].
Based on recently published transcriptomic analysis, these M2 macrophages may be
phenotypically and functionally distinct in EwS and OS [107]. In line with this, TAM
infiltration in EwS was indicative of poorer survival [104,115,117], while opposite observa-
tions were made in OS, where infiltration with CD14" /CD163" myeloid cells and M1/M2
macrophages correlated with improved outcomes [67,99,118]. However, infiltration with
CD68" macrophages was associated with worse survival in OS [49], suggesting the exis-
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tence of different TAM populations with opposite activities. Higher density of CD68" and
CD163* macrophages in OS (the CD68* to TIL ratio is 5.9, compared to 2.5 in EwS) may
contribute to OS aggressiveness [119].

Chemotactic signals from the TME recruit monocytes from the bone marrow into the tu-
mor stroma [120], where they polarize into TAMs and pro-tumorigenic M2 macrophages [121]
(Figure 2). Signaling in the TME promotes sarcoma progression by inducing angiogene-
sis [115,122,123], migration [124], extravasation [125] and chemotherapy resistance [126].
TAMs in pediatric bone sarcomas release pro-inflammatory cytokines [115], prevent T
cells from entering the tumor core [112] and impede the activation and degranulation of T
cells [127]. Targeting TAMs may therefore be a promising therapeutic strategy, which is
currently being investigated in multiple pre-clinical studies and clinical trials. This involves
the following directions:

e Macrophage activation using liposome-encapsulated muramyl tripeptide phosphatidyl
ethanolamine (L-MTP-PE or mifamurtide), a constituent of the Mycobacterium cell
wall originally purified from the attenuated Mycoblasma bovis, also known as Bacille
Calmette-Guerin (BCG). BCG vaccine is currently used for treatment of certain types
of cancer and may have a mechanism of action similar to Coley’s toxins. The syn-
thetic L-MTP-PE was shown to stimulate macrophages and to improve survival in
OS [63,64,128,129]. Another approach to activate TAMs are oncolytic viruses, which
are capable of inducing immunogenic tumor cell death (ICD). This is accompanied
by release of TSAs and danger- and pathogen-associated molecular patterns (DAMPs
and PAMPs), switching TAMs to antitumorigenic M1 macrophages [130].

e  Blocking the immunosuppressive M2 polarization and depleting myeloid-derived
suppressor cells (MDSCs) using all-trans retinoic acid (ATRA). Treatment with ATRA
reduced metastasis in an OS mouse model [65] and improved the efficacy of CAR T
cells against pediatric sarcomas in vivo [66].

e Depleting TAMs and MDSCs using chemotherapeutic agents. For example, trabecte-
din, which is a natural product from sea squirt shown to inhibit transcription factor
bindings such as FUS-CHOP in myxoid liposarcoma or EWS-FLI1 in EwS [131], en-
hanced CD3* T cell infiltration in OS and other cancers as well as oncolytic virotherapy
against EwS xenograft in a mouse model [67-69]. Trabectedin is currently tested in a
clinical trial for EwS (NCT04067115).

e  Other therapeutic options include block of recruitment and reprogramming me-
tabolic switches.

Immune Surveillance in Healthy Stroma Local and Systemic Immunosuppression and Inflammation in Cancer
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Figure 2. Inmunosuppressive tumor environment and immune evasion mechanisms in EwS and OS.
Oncogenic drivers and epigenetic changes in EwS, OS and other cancers activate proinflammatory
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pathways and increase secretion of cytokines, chemokines, growth factors and EVs. Proinflammatory
microenvironment attracts resident tissue macrophages and blood-circulating monocytes, while
skewing their differentiation and promoting accumulation of M2 macrophages and immature myeloid
cells with tolerogenic properties. Together with cancer-associated fibroblasts (CAFs), these cells
(TAMs/M2 and MDSCs) constitute a majority in the TME. They fail to efficiently activate T cells
and, instead, may induce T cell anergy and exhaustion. Additional contributing mechanisms may
include re-expression of retroelements (LINEs and SINEs) and endogenous retroviruses including
HERV-K in tumor cells. Dissemination of these virus-like RNAs in tumor EVs and their potential
uptake by immune cells and CAFs may induce innate immune responses in these cells, leading to
chronic inflammation. Tumor EVs bearing TSAs and pre-formed TSA-MHC complexes may also
function as a decoy to divert antitumor immunity from cancer cells, especially when taken up by
bystander host cells.

Therapeutic approaches directed at targeting TAMs and summary of clinical trials in
sarcomas are discussed in detail elsewhere [132-134].

2.4. Immunogenicity and Response to Immunotherapy of EwS and OS in the Context of Bone and
Soft Tissue Sarcomas

Bone and soft tissue sarcomas (STS) of children and adults comprise a heterogenous
group of tumors with distinct biological properties, albeit they all share non-immunogenic
properties and non-responsiveness to immunotherapy [22,43,135-137]. The most common
bone tumors include EwS, OS and chondrosarcoma, while fibrosarcoma, gastrointestinal
stromal tumors (GIST), leiomyosarcoma, liposarcoma, rhabdomyosarcoma (RMS), undiffer-
entiated pleomorphic sarcoma and synovial sarcoma are the most frequent STS [138].

Immune infiltrates are heterogenous between sarcoma entities and age-dependent [139].
Sarcomas driven by mutations and copy number alteration tend to be T cell-inflamed, while
translocation-driven sarcomas are immunologically cold [101,140,141]. Remarkably, muta-
tion rates among sarcomas are low compared to other tumor entities [142], with pediatric
sarcomas exhibiting the lowest numbers of mutations per Mb (EwS 0.24; OS 0.38 and RMS
0.33, the most frequent pediatric STS, compared to adult STS 1.06) [141,143]. Expression of
immune checkpoints and clinical response to immune checkpoint blockade in sarcomas is
dynamic, variable, and dependent on the histologic subtype. PD-L1 expression is sparse on
the pediatric sarcomas EwS, OS and RMS, similar to the majority of adult STS (~20% PD-L1
expression) [144-146]. Consistent with this, the majority of pediatric and adult sarcomas do
not respond to immune checkpoint blockade and predictive markers for responsiveness to
ICI are yet to be determined [54,147]. The exceptions are the undifferentiated pleomorphic
sarcoma and alveolar soft-part sarcoma, which are inflamed tumors with higher muta-
tional burden [43,142], positive for PD-L1 in up to 40% of cases and partially responsive
to immune checkpoint blockade [145,148,149]. Specific immunotherapeutic approaches in
sarcomas have been reviewed elsewhere [22,26,137,150,151].

2.5. Extracellular Vesicles (EV's) as Means of Immune Escape

Communications between tumor and host cells in local and distant tumor sites are
mediated by diffusible molecules such as cytokines, chemokines and lipids as well as
to a large extent by extracellular vesicles (EVs) that create permissive environment for
tumorigenic progression (Figure 2). EVs do so by transferring nucleic acids, proteins, lipids
and various metabolites from tumor to various host cells, and vice versa [152-154]. As such,
the EV cargo reflects the cell of origin and its physiological conditions, representing an
important source of cancer-associated biomarkers. Most importantly, the EV cargo is en-
capsulated into lipid bilayer membrane and thus protected from degradation. When taken
up by bystander normal and malignant cells, the EV cargo and is capable of functionally
reprogramming the acceptor cells.

The EVs are comprised of highly heterogeneous populations of vesicles, whose secre-
tion and composition are influenced by environmental conditions and tissue homeostasis.
Most studies are focused on the nanosized vesicles (30-200 nm) originating from endoso-
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mal compartments (exosomes) or plasma membrane (ectosomes), which are believed to be
important players in extracellular communications in healthy and diseased states [154-156].
The original hypothesis proposed in early 1980s implicated exosomes (EVs) as garbage
bags for removal of unwanted proteins or harmful metabolites from the cells [157,158].
Indeed, secretion of cellular waste in EVs (or in specialized EV subsets) may be important
for maintaining cellular homeostasis in normal and cancer cells. Recent findings have
indicated that secretion in exosomes is essential for removal of damaged DNA and that
blocking exosomal pathways provokes innate immune responses and induces senescence-
like phenotype or apoptosis in normal cells due to accumulation of nuclear DNA in the
cytosol [159]. Packaging in EVs is also required for expulsion of chemotherapy drugs and
cellular toxins [160,161]. The EV-mediated waste management may be especially important
for cancer cells, given their high proliferation and metabolic rates, and deficiencies in DNA
repair pathways.

As discussed in numerous comprehensive reviews, tumor-derived EVs influence all
major hallmarks of cancer, including immune evasion, tumor-promoted inflammation,
angiogenesis, metabolic and epigenetic reprograming of the recipient cells, extracellular
matrix remodeling, cancer metastasis and drug resistance [40,153,162]. In bone sarcomas
and in cancers that preferentially metastasize to bones (such as prostate and breast car-
cinomas), EVs secreted by tumor cells are also capable of interfering with osteogenesis
to promote tumor-supporting microenvironment inside the bone [163-166]. Particularly,
OS-derived EVs enhanced angiogenic activities of endothelial cells, triggered macrophage
dedifferentiation and increased a number of osteoclast-like cells and cancer-associated
fibroblasts (CAFs) in local TME and metastatic sites [167,168]. Using murine NIH3T3
fibroblasts which are more susceptible to oncogenic transformation, it was also shown
that OS EVs may induce tumor-like phenotype in non-transformed cells [169]. Moreover,
OS EVs promoted epigenetic changes in mesenchymal stem cells (MSCs) but not in pre-
osteoblasts, indicating that MSCs are highly susceptible to the EV-mediated epigenetic
transformation [170]. Given that MSCs of osteogenic lineage are believed to be potential
cells of origin for OS [171], their reprogramming by OS EVs can be an early event during OS
development. Other mechanisms may involve a membrane-associated form of TGF3 which
is transported in OS EVs to MSCs, leading to enhanced production of the proinflammatory
cytokine IL-6 [172]. Likewise, IL-6 secreted by stromal cells in EwS TME was shown to
contribute to EwS progression by protecting from apoptosis and promoting migration [173].
Using IL6- and TGFf3-blocking agents may thus be a viable therapeutic option for OS and
EwS patients [172].

Lack of TSAs and low expression of MHC molecules have been described in previous
sections as one of the major impediments for therapeutic targeting of EwS and OS cells.
The available evidence suggests that their release in EVs could be one of the mechanisms
employed by tumor cells to eliminate their specific antigens and MHCs and to reduce their
recognition by cytotoxic T cells. Indeed, presence of tumor-derived MHCs and antigens
(including pre-formed functional TSA-MHC complexes) in EVs is a well-documented
phenomenon [40-42], albeit its role in EwS and OS remains to be elucidated. Dissemination
of tumor EVs harboring TSAs and their subsequent acquisition and cross-presentation
by bystander immune and non-immune cells may also act as a decoy to divert antitumor
immunity from cancer cells. Remarkably, EVs carrying MHC-peptide complexes can
directly activate cognate receptors on T cells, but the efficacy of antigen presentation is
increased when EVs are attached to the surface of mature DCs [41,42]. However, this
mechanism known as cross-dressing [174] may be compromised in tumor settings, given
accumulation of MDSCs and immature DCs.

EwS EVs may be directly involved in generation of immature proinflammatory
myeloid cells in local TME and systemic circulation. We showed that EwS EVs induced
secretion of IL-6, IL-8 and tumor necrosis factor (TNF) by primary CD33* myeloid cells
and CD14* monocytes, and inhibited their maturation into antigen-presenting DCs [175].
In particular, CD14* cells differentiated in the presence of EwS EVs exhibited a semi-
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mature phenotype and immunosuppressive activity, including reduced expression of
co-stimulatory molecules CD80, CD86 and HLA-DR, activation of the innate immune
response gene expression programs, and the ability to interfere with activation of CD4*
and CD8" T cells. Therefore, EwS EVs may contribute to systemic inflammation and
immunosuppression by skewing differentiation and maturation of blood-circulating and
tumor-infiltrating myeloid cells.

Mechanistically, induction of immunosuppressive myeloid cells is primarily mediated
by various protein and RNA constituents present in tumor EVs [176]. EwS EVs carry multiple
mRNAs encoding oncogenic drivers, including EWS-FLI1, EZH2 and stem cell-associated
proteins [177,178], some of which can be transferred to the neighboring mesenchymal stem
cells [179]. Whether or not EV-derived RNAs are actually capable of driving a sustainable
protein expression in the recipient cells is an open question, given that the majority of these
RNAs, including mRNAs and microRNAs, are severely fragmented and present in less than
one copy per EV [180,181]. Additionally, given that the RNA lifetime is relatively short,
massive production of RNA-containing EVs and their highly selective uptake might be
required to reprogram the recipient cells by a particular RNA in EVs [180].

Of further consideration, our recent whole transcriptome analysis of EVs isolated
from plasma of EwS patients and cell lines showed that the vast majority of RNAs in
these EVs (up to 70-90%) are derived from satellite repeats, endogenous retroelements and
retroviruses (ERVs), including HSAT2, LINEs, LTR/ERVs, SINE/Alu, and 7SL RNA [182].
Similar results were reported for EVs from low-passage brain cancer cell lines [183] and
patient-derived glioma stem cell-like cultures [180], as well as from co-cultures of breast
cancer cells with stromal fibroblasts [184]. Compared to the respective parental cells, these
EV preparations exhibited a significant enrichment with ERV, LINE, SINE and other repeat
RNAs. Transcriptional activation of the respective heterochromatic genomic regions could
be attributed to demethylation of the genome and other epigenetic changes characteristic
of many if not all human malignancies [80,81]. In turn, their release in EVs could be a pro-
tective mechanism directed at preventing activation of innate immune responses in tumor
cells, given highly immunogenic virus-like features of these transcripts. Moreover, we [182]
and others [183] provided preliminary experimental evidence that at least some of these
RNAs may be transferred in tumor EVs to normal cells, essentially mimicking viral infection
(Figure 2). In contrast to other RNAs in EVs, retroelement-derived transcripts including
LINE-1 and HERV-K may retain some coding and replicative potential and may potentially
be able to propagate in the “infected” cells via reverse transcription mechanisms [185,186].
Further investigation into these mechanisms may provide unique insights into cancer-
associated inflammation, evasion of antitumor immunity and immunosuppression, and
open novel directions for therapeutic targeting.

3. Conclusions and Perspectives

The development of efficacious immunotherapies in immune-inert pediatric sarco-
mas requires addressing both the tumor cell itself and the TME. Immunogenicity of the
tumor cell can be increased by upregulating MHCs and/or immune stimulatory molecules
such as CD83 and ICAM-1 on the tumor cell surface, or by increasing its sensitivity to
immune checkpoint inhibitors. A combination of these approaches is warranted. In turn,
immunogenicity of the tumor environment can be enhanced by altering macrophage
differentiation and polarization or by administering activating cytokines. Additional
tumor microenvironment-directed approaches could be designed to interfere with the
immunosuppressive mechanisms active in the immunological deserts, e.g., blocking im-
munosuppressive EVs or immunosuppressive metabolic mechanisms, or probably both.
This can be achieved by engineering bifunctional TCR or CAR transgenic T cells that
could simultaneously manipulate the TME and target tumor-specific cell surface antigens.
Moreover, epigenetic activation of gene expression from non-coding sequences may pro-
vide targetable neo-epitopes even in immune inert malignancies. Finally, expression of
immunogenic neo-epitopes from non-coding sequences can be combined with repression of
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non-coding sequences associated with immune suppression or tolerance. Multifunctional T
cell engineering can be envisioned, where transgenic TCR or CAR T, or NK cells recognizing
tumor cells are designed to co-express immune stimulatory and TME manipulating gene
products, such as those affecting macrophage polarization and/or molecules repressing
EVs. Lastly, a better understanding of the role of sarcoma EVs in mediating immune
dysfunction and ways of alleviating this are needed. We also need to establish whether EV-
induced immune disruption (e.g., via releasing retroelement RNAs and inducing systemic
inflammation) is a more widespread phenomenon across other cancers.
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Simple Summary: Ewing sarcoma is a cancer arising most frequently in teenagers and young
adults. For many patients, outcomes are the same today as they were 30 years ago, emphasising
the need for more effective treatments to eradicate the cells responsible for progression and relapse.
These cells responsible for progression and relapse have been identified using assays that evaluate
functional characteristics and expression of cell surface markers. For the first time, we reveal ABCG1
as an additional potential cell surface marker of progression. In rare cancers like Ewing sarcoma,
commercial development of new drugs is seldom a priority, reflecting the small number of patients
and lack of well-characterised molecular subtypes. Therefore, rather than creating new drugs, which
can take 20 to 30 years, repurposing of existing drugs may be an efficient cost-effective strategy to
accelerate novel molecularly targeted therapy into clinical trials for patients with Ewing sarcoma.
To identify candidate molecular targets, we have used a combination of functional assays and
transcriptomic analyses to characterize the cells responsible for progression and relapse. We have
then applied a bespoke in silico pipeline to find drugs with known safety profiles that bind to
these targets. In the future, after preclinical validation of efficacy and specificity in Ewing sarcoma,
some of these drugs may be assessed as combination treatments in clinical trials, with the goal of
improving outcomes.

Abstract: Outcomes for most patients with Ewing sarcoma (ES) have remained unchanged for the last
30 years, emphasising the need for more effective and tolerable treatments. We have hypothesised that
using small-molecule inhibitors to kill the self-renewing chemotherapy-resistant cells (Ewing sarcoma
cancer stem-like cells; ES-CSCs) responsible for progression and relapse could improve outcomes and
minimise treatment-induced morbidities. For the first time, we demonstrate that ABCG1, a potential
oncogene in some cancers, is highly expressed in ES-CSCs independently of CD133. Using functional
models, transcriptomics and a bespoke in silico drug-repurposing pipeline, we have prioritised a group
of tractable small-molecule inhibitors for further preclinical studies. Consistent with the cellular origin
of ES, 21 candidate molecular targets of pluripotency, stemness and chemoresistance were identified.
Small-molecule inhibitors to 13 of the 21 molecular targets (62%) were identified. POU5F1/OCT4 was
the most promising new therapeutic target in Ewing sarcoma, interacting with 10 of the 21 prioritised
molecular targets and meriting further study. The majority of small-molecule inhibitors (72%) target one
of two drug efflux proteins, p-glycoprotein (1 = 168) or MRP1 (1 = 13). In summary, we have identified a
novel cell surface marker of ES-CSCs and cancer/non-cancer drugs to targets expressed by these cells
that are worthy of further preclinical evaluation. If effective in preclinical models, these drugs and drug
combinations might be repurposed for clinical evaluation in patients with ES.
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1. Introduction

Ewing sarcoma (ES) arises in the bone or soft tissue [1], most frequently presenting in
young people aged 10-25 years [2]. Standard of care treatment, including a combination of
multi-agent chemotherapy, surgery and radiotherapy, has improved outcomes for some
patients [1]. However, around 40% of these patients develop multidrug-resistant (MDR)
metastatic disease [2-5], leading to relapse and survival rates normally associated with
metastatic disease (5-year survival 10% [5-7]). Late relapses and chemotherapy-induced
morbidities are additional enduring burdens for patients, their families and carers. A
major unmet clinical need is therefore the introduction of molecularly targeted therapy to
minimise treatment-related toxicity and improve outcomes.

Progression and relapse are driven by subpopulations of cells capable of self-renewal
and migration within tumours that are resistant to current treatments. These cancer stem-
like cells (CSCs) have been identified in a range of adult and paediatric solid tumours based
on expression of cell surface markers, most frequently CD133 (also known as prominim-
1) [8-12]. Ewing sarcoma cancer stem-like cells (ES-CSCs) have been isolated based on
expression of CD133 [13-15]. However, distinct CD133-negative CSCs are present in some
cancers [8-12], including Ewing sarcoma [15]. Therefore, additional approaches, including
formation of clones from single cells and generation of three-dimensional (3D) spheroids,
have been used to improve the identification of ES-CSC [16,17] and CSC in other cancer
types [18-20].

In this study, we have investigated the completeness of CD133 as a cell surface marker
of ES-CSCs and identified ABCG1 as an additional marker of these cells using 3D spheroids
and self-renewal from single cells. The expression and prognostic potential of this ABC
transporter protein has been evaluated in patient-derived cells and tumours in the on-
line dataset GSE17618. Genes that regulate pluripotency, stemness and the MDR ABC
transporter proteins have been identified by comparing the transcriptomes of substrate
adherent two-dimensional (2D) non-CSC and 3D spheroid-derived ES-CSCs. We combined
genes that were differentially expressed in ES cells grown in 3D spheroids and cells grown
in 2D with genes previously reported in patient-derived ES-CSCs [17] to pinpoint candi-
date molecular targets expressed by ES-CSCs. We then developed a bespoke pipeline to
identify small-molecule inhibitors of these targets for further preclinical studies. If these
drugs are effective in preclinical models of ES, they may in the future be accelerated into
clinical trials for evaluation in patients. This repurposing strategy seeks to reuse existing
licensed drugs to treat new indications and is a complementary strategy to de novo drug
development [21,22].

2. Materials and Methods
2.1. Cell Culture

ES cell lines (A673, RD-ES, SKES-1, SK-N-MC, TC-32 and TTC-466) were cultured
as previously described [23] and purchased from the American Type Culture Collection,
Manassas, VA, except for the following cells that were kind gifts: TC-32 cells from Dr.
J. Toretsky (Division of Pediatrics, University of Maryland, Baltimore, MD, USA), the
TTC-466 cells from Dr. P. Sorenson (British Columbia Children’s Hospital, Vancouver,
BC, Canada). Primary ES cell cultures and daughter ES-CSCs were cultured as previously
described [17]. The embryonic stem cell (ESC) culture SHEF-4 (RRID:CVCL_9791) was a gift
from Professor P. Andrews, Centre for Stem Cell Biology, University of Sheffield, Sheffield,
UK [24] and used as a positive control for CD133 and ATP binding cassette subfamily G
member 1 (ABCG1). The glioblastoma cell line (T98G) was a gift from Professor M. Knowles,
University of Leeds, and was a positive control for multidrug resistance-associated protein 1
(MRP1, gene name = ABCC1) [23]. The human embryonic fibroblast line KMST-6 (cultured
in MEM containing 10% FBS and 2 mM glutamine) and Jurkat cells (cultured in RPMI 1640
containing 10% FBS and 2 mM glutamine) were gifts from Dr E. Morrison, University of
Leeds, and used as the positive control and to generate the calibration curve, respectively,
for the measurement of telomere length.
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2.2. Western Blotting

Western blotting (WB) was performed as previously described [23]. Equal loading of
proteins was confirmed using «-tubulin [23] or 3-actin (0.4 pg/mL, A5441, Sigma-Aldrich,
Paisley, UK). For the detection of CD133, protein extracts were heated at 95 °C for 5 min
before cooling on ice and WB (CD133, 1 ug/mL, W6B3C1, Miltenyi Biotech, Surrey, UK).
After incubation with primary antibodies (MRP1 [23] or ABCG1 (1:1000, ab36969; Abcam
Plc., Cambridge, UK)) and secondary antibodies [23], proteins were visualised by image
capture (at different exposure times depending on the intensity of signal) and quantified
using the Li-cor Odyssey infrared imaging system (Li-cor Biosciences, Lincoln, NE, USA).

2.3. Flow Cytometry
2.3.1. Cell Surface Expression of CD133

Cells (5 x 10°) were incubated in FcR blocking buffer (Miltenyi Biotech) and either
anti-CD133/2 (4.5 ug/mL, clone 293C3, Miltenyi Biotech) or the isotype control IgG2b-PE
(4.5 ug/mL, Miltenyi Biotech) antibodies in the dark at 4 °C for 10 min. Cells (10,000 per
sample) were then analysed by flow cytometry using the FACSCalibur (BD Biosciences,
Berkshire, UK).

2.3.2. Co-Expression of ABCG1 and CD133

SK-N-MC cells were incubated in normal goat serum (1:10, Dako, Agilent Technologies,
Santa Clara, CA, USA) in BD Perm/Wash™ Buffer for 30 min at 4 °C. Cells were then
incubated with CD133 (anti-CD133/2, 4.5 pug/mL, clone 293C3) and/or ABCG1 rabbit
polyclonal antibody (100 pg/mL, PA5-13462, Thermo-Fisher Scientific, Paisley, UK) in BD
Perm/Wash™ Bulffer for 1h at 4 °C in the dark. Control cells were incubated with IgG2b-PE
(4.5 ug/mL, Miltenyi Biotech) or rabbit IgG isotype control antibody (100 ng/mL, Dako).
Cells were then incubated with the secondary antibody (2 ug/mL goat anti-rabbit IgG
FITC, A31556, Thermo-Fisher Scientific) in BD Perm/Wash™ Buffer for 30 min at 4 °C in
the dark. Cells (10,000 per sample) were analysed by flow cytometry using the CytoFLEX
(Beckman Coulter, High Wycombe, UK).

2.4. Self-Renewing Ability

Growth of progeny from a single cell as an adherent culture was determined as
previously described [17,18]. A single cell (Poisson distribution probability of A <1 = 0.9)
was seeded into each well of 10 Primaria™ 96-well plates (Corning) and the number of
wells containing >5 cells was recorded after 21 days by light microscopy (Olympus CKX41).
Where possible, single cell self-renewing cell populations were propagated to establish
daughter cell cultures; these are subsequently referred to as ES-CSCs. To examine colony
forming efficiency in soft agar, a single cell suspension (1.8 x 105 cells) in cell-specific media
containing 0.3% agar (Aldrich, Poole, UK), was overlaid on a solid agar bed (0.5% agar
in media). After 21 days, colonies were stained with 8 mM iodonitrotetrazolium chloride
(made up in ddH,O (w/v); Sigma-Aldrich) for 16 h and colony number counted by light
microscopy. Colony forming efficiency = [the number of colonies formed in the field of
view /number of cells seeded] x 100.

For spheroid formation, a single cell was seeded into each well of an ultra-low attach-
ment plate (Corning, UK) in cell line-specific media. The number of spheroids at 21 days
was recorded to calculate the spheroid forming efficiency (SFE); SFE = [number of wells
containing a spheroid/the number of wells seeded with a single cell] x 100. Spheroids
were imaged by light microscopy (Olympus CKX41). For reverse transcriptase quantitative
polymerase chain reaction (RTqPCR), Western blot, immunocytochemistry (ICC) and flow
cytometry, spheroids formed from single cells were collected at 21 days.

2.5. Magnetically Activated Cell Sorting for the Enrichment of CD133-Positive Cells

ES cells (1 x 108) were incubated with 300 uL of CD133 microbeads and 100 uL of FcR
blocking buffer (Miltenyi Biotech). CD133-positive cells were isolated using LS columns
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(Miltenyi Biotech). CD133-negative cells were depleted of labelled (CD133-positive) cells
by passing the cells through two LD columns (Miltenyi Biotech). Cell surface expression
of CD133 was confirmed by flow cytometry immediately after separation: >90% of the
CD133-positive selection expressed CD133, and CD133 was expressed by <5% of the
CD133-negative selected cells. CD133-positive A673 and TC-32 cells remained positive
over 15 passages.

2.6. RNA Expression of Markers of Pluripotency and Differentiation, the Wnt Signalling Pathway
and ABC Transporter Proteins

RNA was extracted using the RNeasy Micro Kit (Qiagen, Diisseldorf, Germany)
and RNA quantity and quality measured using the Nanodrop and Agilent 2100 bioana-
lyzer. RNA (with a RIN > 8) was converted to cDNA by reverse transcription [23]. The
mRNA expression was evaluated using the TagMan® Human Stem Cell Pluripotency Array,
TaqMan® Human Wnt Pathway and TagMan® Human ABC Transporter Array (Applied
Biosystems, Waltham, MA, USA) [23]. To allow direct comparison across the 3 array plat-
forms target Ct values were normalised using the global mean [25-27]. ABC transporter
and pluripotency mRNAs (1 = 140, excluding endogenous control mRNAs) more highly ex-
pressed than other mRNAs (Ct values < 25), expressed (Ct values 25-35) and not expressed
(Ct values >35, [18,28,29]) in 3D spheroids from TTC 466 and SK-N-MC cells were identi-
fied. Unique and shared mRNAs in each group were analysed using the Search Tool for
Retrieval of Interacting Genes/Proteins (STRING) database (http:/ /string-db.org, [17,30])
to identify GO terms. Significant differences in mRNA expression were determined using
Linear Models for Microarray Data (LIMMA) [18]. Target mRNAs were validated using
individual RTqPCR assays if the Q value was <0.1, there was at least a mean Ct difference of
>2 between the compared populations and Ct values were <35 [18]. For mRNA validation,
total RNA (20 ng) was reverse-transcribed and cDNA added to the PCR mix containing
sequence specific reverse and forward primers and probe for PPIA (the housekeeping gene)
or ABCGI1 (Thermo Fisher Scientific; ABCG1 Hs00245154_m1) and 1 x TaqMan® Universal
PCR Master Mix (Thermo Fisher Scientific). RNA expression was calculated using the
comparative Ct method [31].

ABCGI transcripts were characterised in total RNA extracted from SK-N-MC cells
grown as 2D cultures or 3D spheroids, sequenced and aligned as previously described [17].
Normalised read counts were identified in total RNA sequencing data using DESeq?2 [32],
adjusted p values of <0.01 were considered significant.

2.7. Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) sections (4 pm) of spheroids were deparaf-
finised in xylene (2 min) and rehydrated before antigen retrieval in citric acid buffer (10 mM
in ddH,O, pHé, [33]). Endogenous peroxidases were blocked using 3% hydrogen peroxide
for 5 min and endogenous biotin, biotin receptors and avidin-binding sites blocked using
an avidin/biotin blocking kit (Invitrogen, Waltham, MA, USA). Sections were incubated
for 1 h with ABCG1 primary antibody (10 ug/mL, PA5-13462, Thermo-Fisher Scientific)
or rabbit IgG control (10 ug/mL, Dako) at room temperature, followed by incubation
with the secondary antibody. Sections were then incubated with streptavidin—peroxidase
(Abcam Plc.), followed by DAB substrate (Dako) for 10 min and nuclei counterstained
with haematoxylin.

2.8. siRNA Knockdown of ABCG1

Cells (5 x 10*) were seeded and allowed to adhere overnight. Media were replaced
with Accell siRNA Delivery Media (B-005000-500, Dharmacon, Lafayette, CO, USA) alone
or containing ABCG1 siRNA (1.5 uM, E-008615-00-0005, SMARTpool:Accell ABCG1 siRNA,
containing 4 siRNAs targeting exon 6, present in all canonical and novel transcripts (Dhar-
macon) or non-targeting control siRNAs (1.5 uM, D-001910-10-20, Dharmacon) for 72 h.
ABCG1 knockdown was confirmed by RTqPCR.
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2.9. Apoptosis

Cells (5 x 10%) were harvested following treatment with ABCG1 and control siRNA
for 24-72 h and apoptosis measured by annexin V and propidium iodide (PI) labelling of
cells (annexin V-FITC apoptosis detection kit, BD Biosciences, [34]).

2.10. Statistical Analyses

Differences in proliferation and viable cell numbers were log transformed and anal-
ysed by linear regression. Differences in the gradients of each plot were compared using
the extra sum of squares F test. For all other experiments, data were analysed by analysis of
variance (ANOVA followed by a Bonferroni’s or Tukey’s post hoc test), or a non-parametric
Mann-Whitney or unpaired two-tailed ¢-test. Correlations were determined using a Pear-
son’s correlation coefficient (r). p values of <0.05 were considered significantly different.
Statistical analyses were performed using GraphPad PRISM 7.03 (GraphPad Software, San
Diego, CA, USA).

2.11. Identification of Candidate Drugs for Prioritised Molecular Targets

Gene lists were analysed using the STRING database. To identify drugs reported
to target these molecular candidates, we interrogated DrugBank (version 5.1.9 [35]) and
DGI database (DGIdb, version v4.2.0 [36]) to access information on FDA-approved drugs
and their molecular targets. Additional drug-target information was derived from the
literature-based repurposing drugs in oncology (ReDO) database [37]. A polypharmacology
approach identified targets for each drug candidate. Those targets previously associated
with ES using the Open Targets Platform [38] and DisGeNET [39] were employed as
the identification source. Data from DGIdb and Open Targets characterise the strength
of target-disease and drug—target associations. Using DGIdb, the interaction score is
computed from: (publication count + data source count) x (average known gene partners
for all drugs/known gene partners for candidate drug) x (average known drug partners for
all genes/known drug partners for target gene). The Dir DGI score therefore incorporates
data on the number of molecular targets of the drug, the number of drugs that target a gene
and the number of publications and data sources supporting the association. The Dir Assoc
score is generated from the Open Targets database and is a measure of the relationship
between the molecular target and “cancer” as the disease term.

Licensed cancer drugs were identified from the list of drug candidates addressing
>1 ES molecular target using the Cancer Drugs database [40]. ES trials were identified
using clinicaltrials.gov, EU Clinical Trials Register and WHO International Clinical Trials
Registry Platform. For non-cancer drugs previously identified as oncological repurposing
candidates (ReDO database), clinical trial activity in any cancer was extracted using the
ReDO_Trials database of active repurposing trials in oncology [41]. For these repurposing
candidates, a support score was calculated from data in the ReDO database to characterise
the range of data available illustrating the anticancer effects of the drugs (e.g., in vitro,
in vivo, case reports, observational data and clinical trial data).

3. Results
3.1. ES Cell Lines Produce Spheroids and Clones from a Single Cell

Al ES cell lines (6/6) formed clones or spheroids from a single cell when cultured in
soft agar or on ultra-low attachment plates (Table 1, Figure 1), consistent with previous
reports that ES cell cultures contain a self-renewing cell population [8-14,17].
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Table 1. Self-renewing ability of ES cell lines. A single cell suspension of each cell line was seeded
into soft agar or into a 96 well ultra-low adherence plate at a density of 1-10,000 cells. The number
of colonies was counted after 21 days. For studies in soft agar, the mean (+SEM) percentage colony
formation is expressed as the number of colonies counted at 21 days relative to the number of cells
seeded. For cells seeded onto an ultra-low adherence plate, the mean (=SEM) percentage colony
formation is expressed as the number of wells containing a colony of >5 cells relative to the total
number of wells with cells seeded. Results are representative of three independent experiments.
Percentage colony formation was compared using ANOVA and Bonferroni’s post hoc test.

Clone or Spheroid Formation (%)

Cell Line Clone Formation in Soft Agar Ultra-Low Attachment Plate
from a Single Cell 1 Cell 10 Cells 100 Cells 1000 Cells 10,000 Cells
A673 17 +1 18+5 88 £ 10 100 100 100
RD-ES 17 +1 5+1 45 +13 100 100 100
SKES-1 29 £ 2 (p <0.05) 75+ 7 (p <0.05) 98 +2 100 100 100
SK-N-MC 12+1 64 +1 97 +3 100 100 100
TC-32 7+ 0.5 (p <0.05) 15+3 93+9 100 100 100
TTC 466 13+1 4542 9 + 6 100 100 100
A673 RD-ES SKES-1 SK-N-MC TC-32 TTC 466 Number of cells seeded

Soft agar

Ultra-Low Attachment plate

Figure 1. Self-renewing ability of ES cell lines. Single cell suspensions of ES cells were prepared in
0.3% soft agar or 1-10,000 cells seeded into each well of an ultra-low attachment plate (96 wells).
Images show colonies formed at 21 days and are representative of three independent experiments.

The formation of single cell-derived clones and spheroids in soft agar (29 & 2%,
p < 0.05) and ultra-low attachment conditions (75 £ 7%, p < 0.05; Table 1, Figure 1) was
most efficient in the SKES-1 cell line. Spheroid formation was 100% in all cell lines when
combining 100 cells or more (Table 1). Larger spheroids (>400 um), produced cell line-
specific morphology (Figure 1). SKES-1 spheroids produced a relatively uniform sphere of
disseminated or dissociated cells, consistent with spheroid formation in a range of solid



Cancers 2023, 15, 769

tumour cell types [42—46]. For the first time, we identified 3D projections developing from
the central core in five of six ES cell lines (Figure 1). The biological significance of these
projections requires further investigation.

3.2. CD133 Identifies Some Self-Renewing Drug-Resistant ES-CSCs

CD133 protein was detected in all ES cell lines, with the exception of SK-N-MC cells
(Figure 2A and Supplementary Data S1). A673 and TC-32 CD133-positive cells formed
significantly more colonies in soft agar than the CD133-negative SK-N-MC cells (Sup-
plementary Data S1-S3). However, there was no difference in proliferation, cell cycle
status or telomere length across the two cell lines (Supplementary Data S1-S3), phenotypes
frequently associated with CSCs and self-renewing ability [47]. Moreover, expression
and activity of the multidrug-resistant protein MRP1 was increased in CD133-positive
TC-32 cells, but not the A673 CD133-positive population (Supplementary Data S1-S3). The
shared CSC phenotype of both CD133-positive and CD133-negative ES populations demon-
strates that CD133 expression alone is not sufficient to enrich for all the ES-CSC population.
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Figure 2. Characterisation of CD133 cells in ES cell lines. (A) Protein expression of CD133 in ES cell
lines (n = 6) was evaluated by Western blot. Equal protein loading was confirmed by probing the
blots for a-tubulin. The top differentially expressed genes comparing (B) TC-32 and (C) A673 CD133-
positive and -negative cells using LIMMA were not significant. The difference in ACt between the two
groups and corresponding Q values are shown. Genes were considered significantly differentially
expressed if the Q value was <0.1 and the difference in ACt > 2. Genes with Ct values of >35 in
both cell populations were excluded. Dark grey = ABC transporter proteins, grey = pluripotency
associated genes, white = Wnt signalling pathway genes. Results of two independent experiments.
SHEF-4 embryonic stem cells were included as a positive control for CD133 expression throughout.
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Consistently with the cellular origin of ES and the high level of stemness markers
expressed by these tumour cells [48-50], no significant differentially expressed genes asso-
ciated with pluripotency, ABC transporter and Wnt signalling pathways were identified in
CD133-positive and CD133-negative cells (Figure 2B (TC-32) and Figure 2C (A673), Sup-
plementary Data S4). These observations are also consistent with the premise that CD133
can be used to identify some cells with characteristics of ES-CSCs, although pathways
classically associated with the CSC phenotype in other cancer types are also expressed in
CD133-negative ES cells. To investigate the CD133-independent ES-CSC phenotype, we
went on to investigate ES-CSCs enriched through spheroid formation in ES cells with no or
low CD133 expression.

3.3. Gene Expression Profile of CD133 Low or Negative ES 3D Spheroids and 2D Cultures

As TTC 466 and SK-N-MC cells had low or no detectable CD133 protein (Figure 2A),
we compared the transcriptome of TTC 466 and SK-N-MC 3D spheroids and 2D cultures
(Figure 3A). Consistently with the premise that spheroid formation is a feature of CSCs,
expression of the stemness markers LEFTB and LIN28 were significantly increased in SK-
N-MC spheroids compared to cells in 2D culture, whereas expression of LAMA1, COL2A1,
ACTC, GCG, SEMA3A and PODXL were significantly decreased (Q value < 0.1, Figure 3B,D,
Supplementary Data S5A). In TTC 466 spheroids, no markers were significantly increased;
however, expression of FLT1 and GATA6 was significantly decreased compared to cells in
2D culture (Figure 3C,E, Supplementary Data S5A).
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Figure 3. Cont.
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D
Fold changein Increased (l) or
Gene Mean Ct 3D spheroids | Mean Ct cells | Difference in A Ct expression comparing | decreased (D) Qvalue
SK-N-MC cells and 3D | expression in 3D
spheroids spheroids
LAMA1 40.00 33.87 -5.88 -11.77 D 0.0001
COL2A1 39.17 33.93 -5.07 -10.14 D 0.0007
ACTC 37.90 32.96 -4.79 -9.58 D 0.0011
LEFTB 30.47 34.10 3.72 7.44 | 0.0046
LIN28 30.78 34.34 3.57 7.15 | 0.0163
GCG 31.06 27.81 -3.25 -6.51 D 0.0261
SEMA3A 36.27 33.21 -3.14 -6.28 D 0.0650
PODXL 27.25 24.85 -2.42 -4.83 D 0.0892
SOX2 29.09 27.05 -2.23 -4.45 D 0.1361
DNMT3B 28.41 26.27 -2.13 -4.27 D 0.1532
KIT 26.19 23.93 -2.23 -4.46 D 0.1532
DES 35.23 32.39 -2.89 -5.77 D 0.1650
E
Fold change in Increased (l) or
Gene Mean Ct 3D spheroids | Mean Ct cells | Difference in ACt expression comparing decrea}sed‘ (D) Q value
TTC466 cells and 3D | expressionin 3D
spheroids spheroids
FLT1 36.34 30.50 -5.84 -11.69 D 0.0587
GATA6 34.59 30.36 -4.23 -8.46 D 0.0587
SOX17 32.34 36.82 4.48 8.96 | 0.1120
LAMC1 27.47 24.84 -2.62 -5.25 D 0.1420
TDGF1 31.98 34.57 2.58 5.17 | 0.1662
PODXL 31.05 26.71 -4.34 -8.69 D 0.2058
DNMT3B 28.91 26.81 -2.09 -4.19 D 0.2303
FGF5 38.14 33.82 -4.32 -8.65 D 0.2303
IMP2 26.50 23.76 -2.74 -5.48 D 0.3122
OoLIG2 37.53 34.29 -3.24 -6.49 D 0.3122
SEMA3A 29.05 27.14 -1.91 -3.82 D 0.3284
HBZ 31.90 33.81 191 3.82 | 0.3328
TERT 29.48 27.76 -1.72 -3.45 D 0.3692

Figure 3. Expression of pluripotency genes in SK-N-MC and TTC 466 cells in 2D and 3D spheroid
cultures. (A) Summary of strategy to identify shared markers of stemness and MDR in ES cell lines.
RNA (1 pg) from (B) SK-N-MC and (C) TTC 466 cells in 2D and 3D cultures were analysed by RTqPCR
using the TaqMan® Human Stem Cell Pluripotency array. The level of mRNA expression is reported
using the comparative Ct method, after normalisation of target Ct values to the global mean of all
mRNAs. A volcano plot summarising the differentially expressed mRNAs in 2D and 3D spheroids,
displaying the Q value (level of significance) and the difference in ACt between the cells in 2D and
3D spheroids is shown. The vertical dashed lines indicate the ACt thresholds of £ACt of >2 (x-axis)
and the horizontal line a significant Q value < 0.1 (y-axis). Black squares = mRNAs significantly
decreased in SK-N-MC 3D spheroids and with a change in ACt > 2, Black diamonds = mRNAs
significantly decreased in TTC 466 3D spheroids and with a change in ACt > 2, black triangles =
mRNAs significantly increased in 3D spheroids and with a change in ACt >2, black circles = mRNAs
with a ACt of £<2 and Q value > 0.1. Genes with Ct values of >35 in 2D cells were excluded. The top
differentially expressed genes with a Q value of <0.2 comparing (D) SK-N-MC and (E) TTC 466 cells
in 2D and 3D cultures using LIMMA are shown. The difference in ACt between the two groups and
corresponding Q values are shown. Genes were considered significantly differentially expressed if
the Q value was <0.1 and the difference in ACt > 2.

Expression of 20 ABC transporter genes was significantly different in SK-N-MC
spheroids compared to the cells in 2D cultures, although only ABCG1 and CFTR were
differentially expressed greater than twofold (Figure 4A—C). However, ABC transporter
genes, including ABCG1, were not significantly differentially expressed in TTC 466 cells
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grown in 2D or as 3D spheroids (Figure 4D-F). Comparison of the mRNAs in SK-N-MC
and TTC 466 spheroids revealed that 35% of genes were undetected in both populations
and an additional seven (5%) and six (4%) unique mRNAs were undetected in TTC 466 and
SK-N-MC spheroids respectively (Figure 4G). Fifty-six percent of mRNAs were detected
in both spheroid populations and 8% of these were highly expressed (Figure 4G). The
six mRNAs uniquely expressed in TTC 466 spheroids are involved in cell differentiation
(GO:0030154), which may explain why increased expression of pluripotency mRNAs was
not observed in TTC 466 spheroids. Previous studies have shown knockdown of EWSR1-
FLI1 decreases the expression of stemness markers and stem-like properties of ES cells [51].
Whether the lack of shared pluripotency mRNAs increased in the TTC 466 and SK-N-MC
spheroids reflects the different transcriptional activators of TTC 466 (EWSRI1-ERG) and
SK-N-MC cells (EWSR1-FLIT) remains to be seen.
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Figure 4. Expression of ABC transporter proteins by SK-N-MC and TTC 466 cells in 2D and 3D
spheroid cultures. RNA (1 pug) from (A) SK-N-MC and (D) TTC 466 cells in 2D and 3D cultures
were analysed by RTqPCR using the TagMan® Human ABC Transporter Array. The level of mRNA
expression was reported using the comparative Ct method as mean + SEM, after normalisation
of target Ct values to the global mean of all mRNAs. Results are the mean of two independent
experiments. * = Genes with change in ACt > 2 and Q value < 0.1 comparing SK-N-MC cells in 2D
and 3D cultures. Genes with Ct values of >35 in SK-N-MC cells grown in 2D were excluded. Volcano
plot summarising the differentially expressed ABC transporter mRNAs in (B) SK-N-MC and (E) TTC
466 2D and 3D spheroids, displaying the Q value (level of significance) and the difference in ACt
between the cells in 2D and 3D spheroids. The vertical dashed lines indicate the ACt thresholds
of +/—ACt of >2 (x-axis) and the horizontal line a significant Q value < 0.1 (y-axis). Black square
= CFTR which was significantly decreased and black triangle = ABCG1 which was significantly
increased in 3D spheroids compared to 2D cultures. Black circles = ABC transporter proteins with
a ACt of £<2. The differentially expressed genes all have a Q value < 0.1. Mean Ct values of ABC
transporter mRNAs in (C) SK-N-MC and (F) TTC 466 cells grown in 2D and 3D, the difference in
ACt between the two groups and corresponding Q values are shown. Grey = genes with change in
ACt > 2 and Q value < 0.1. (G) ABC transporter and pluripotency mRNAs (1 = 140) detected (Ct
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values < 35), highly expressed (Ct values < 25) and not detected (Ct values > 35) in 3D spheroids
from TTC 466 and SK-N-MC cells. Venn diagrams show the number of mRNAs not detected, unique
or shared for each cell line. (H) Validation of ABCG1 mRNA expression by RTqPCR and reported
as 27 AACH i SK-N-MC cells grown in 2D and 3D culture; expression of ABCG1 is normalised to the
endogenous control gene PPIA and the control cell line, SHEF-4. RNA expression was compared
between 2D and 3D SK-N-MC cells, using a two-tailed t-test. The results are representative of
2 independent experiments. (I) Increased expression of ABCG1 protein in SK-N-MC cells grown
as 3D spheroids compared to 2D cultures was validated by Western blot. Equal loading of each
protein was confirmed by probing the Western blot for 8-actin. The results are representative of
2 independent experiments. (J) High expression of ABCG1 protein expression in the outer 50 um
region of SK-N-MC spheroids detected by IHC; nuclei are labelled with haematoxylin. Black scale
bar = 100 um. IgG control = SK-N-MC spheroid section incubated with the isotype control antibody
(4 ug/mL, Negative Control Mouse IgG1, X0931 (Dako) and 20 ug/uL, Normal Rabbit Serum Control
Ig mix, 086199 (Life Technologies), stained with haematoxylin.

The decrease in expression of the CFTR gene was not validated using RTqPCR or West-
ern blot (results not shown). However, the increase in ABCG1 expression was confirmed
in SK-N-MC spheroids at the mRNA (p = 0.0015, Figure 4H) and protein (Figure 4I) level.
ABCGI is heterogeneously expressed in all ES cell lines (6/6; Supplementary Data S5B). By
IHC, ABCG1 expression was confirmed in the outer proliferating region of 3D SK-N-MC
spheroids but not the hypoxic region or inner necrotic core (Figure 4J; [34]), suggesting
expression of ABCG1 may be regulated by hypoxia and have a functional role in ES cells
under these conditions.

3.4. Functional Role and Characterisation of ABCG1 in ES-CSCs

Knockdown of ABCGI using siRNA had no effect on the viability or apoptosis of
SK-N-MC cells in culture (10 & 0.8% in non-targeting and 10 + 1.1% in ABCG1 siRNA-
treated cells, p > 0.05; Figure 5A). There was also no effect on proliferation (0.93 + 0.1
and 0.94 £ 0.05 in non-targeting and ABCG1 siRNA treated cells respectively, p > 0.05)
or self-renewing ability from a single cell in soft agar (60% in non-targeting and 58% in
ABCGT1 siRNA-treated cells). However, after knockdown of ABCG1 spheroid production
was significantly reduced; 65 £ 3% in non-targeting and 33 & 5% in ABCG1 siRNA-treated
cells (p < 0.0001, n = 10). These data suggest that although ABCG1 may not have a role in
homeostasis of ES cells in 2D, it may affect cell-cell interactions and components of the
tumour microenvironment important in the development of 3D spheroids and possibly
tumours. This hypothesis requires further investigation.

Analysis of ABCG1 RNA in SK-N-MC spheroids and 2D cultures using total RNA
sequencing, revealed expression of 11 previously reported transcripts (www.ensembl.org,
accessed on 27 April 2016; Figure 5B,C) and two novel ABCG1 RNA species (Figure 5C).
Canonical ABCG1 generates the multiple transcripts by alternative splicing (Figure 5C).
Novel transcript 1 is most similar to transcript 4 (ENST00000450121.5), both sequences
missing exon 5 (Figure 5C). However, novel transcript 1 included exons 8-15 and had
an extended 3'UTR region predicted to produce a larger molecular weight protein than
transcript 4. The RNA sequence of novel transcript 2 is most similar to transcript 5
(ENST00000361802.6), the additional 3'UTR sequence unlikely to produce a unique protein
product. Expression of both novel transcripts at the RNA level was increased above canoni-
cal protein producing sequences (transcripts 1, 3-8) in SK-N-MC cells grown as spheroids
compared to 2D cultures, this was most significant for novel transcript 1 (Figure 5D). The
increase in ABCG1 gene expression in SK-N-MC cells from spheroids (Figure 4G,H), might
then reflect expression of novel transcript 1. Further studies are required to investigate this
novel ABCG1 transcript and its role in ES-CSCs.
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Figure 5. Functional role and characterisation of ABCG1 in ES. (A) Representative dot plot of annexin V
and PI labelling of SK-N-MC cells analysed by flow cytometry following knockdown of ABCG1 using
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Percentage of positive cells in
population (number of positive cells
expressed as a percentage of the total

number of cells analysed)

SMARTpool:Accell ABCG1 siRNA and non-targeting control siRNAs. The upper left quadrant shows
the mean percentage of necrotic cells, the upper right = apoptotic cells, lower left = viable cells
and the lower right early apoptotic cells. The percentage of apoptotic cells was compared using
a non-parametric Mann-Whitney two-tailed f-test. (B) Canonical ABCG1 RNA transcripts were
downloaded from Ensembl.gov and labelled with the prefix ENST and unique transcript number.
* = No protein produced from this transcript (www.ensembl.org, accessed on 27 April 2016), # = no
protein produced from this transcript, retained intron (www.ensembl.org, accessed on 27 April 2016)
(C) Canonical transcripts 1 to 11 were detected in SK-N-MC cells in 2D and 3D spheroids. In addition,
two novel transcripts (transcript 1 and 2) were identified in 3D spheroids. Orange box = exon, grey
arrows = direction of transcription, dotted line box = missing exon 5. (D) Novel transcript 1 was
the most highly differentially expressed ABCGI transcript in 3D spheroids compared to cells grown
in 2D.

Since ABCG1 mRNA was increased in ES-CSCs from SK-N-MC spheroids, we exam-
ined its co-expression with CD133. There was no significant difference in the percentage
of cells expressing ABCG1 or CD133 in SK-N-MC cells from 3D spheroids or 2D cul-
tures (Figure 6A,B). Consistently with the increase in ABCG1 in protein extracts from 3D
spheroids (Figure 4H), the level of ABCGI protein per cell was greater in cells from 3D
spheroids compared to 2D cultures (2.5 &+ 0.8-fold increase, p < 0.05, Figure 6C). Levels of
CD133 per cell were also increased (6.3 + 1 fold increase, p < 0.05, Figure 6C), consistent
with the higher expression of ABCG1 protein in TC-32 CD133-positive cells compared
to CD133-negative cells (Figure 6D). Expression of ABCG1 RNA was confirmed at the
protein level in primary patient-derived ES cells (Figure 6E). However, there was no
correlation between the percentage of CD133-positive cell lines or patient-derived cells
and progeny-producing ability measured using the colony formation assay in soft agar
(R? < 0.1) or self-renewing ability from a single cell seeded on low adherent or adherent
plates (R? = 0.002; Figure 6F), suggesting in patient-derived cells CD133 may not identify
cell populations with a self-renewing phenotype.

Interrogation of the publicly available GSE17618 RNA dataset revealed high expression
of CD133, but not ABCG1, was associated with a more than threefold risk of an event and
poor outcome (Supplementary Data S6), consistent with the hypothesis that high expression
of CD133 identifies ES-CSCs that may be responsible for progression and relapse in some
patients (Figure 6G).
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Figure 6. Expression profile of ABCG1, CD133 and MRP1 in ES cell lines and patient-derived cells.
(A) The percentage of SK-N-MC cells grown in 2D and 3D cultures expressing ABCG1 and CD133 was
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was quantified by flow cytometry; 10,000 events were examined for each condition. The percentage
of positive cells is presented as the mean + SEM (n = 6). ABCG1 and CD133 expression in SK-N-MC
cells grown in 2D and 3D cultures was compared using a non-parametric Mann-Whitney two-tailed
t-test. (B) Representative dot plot of ABCG1 and CD133 expression of SK-N-MC cells grown in 2D
and disaggregated 3D cultures, analysed by flow cytometry. Quadrants represent cells with ABCG1
low CD133 high (upper left), ABCG1 high CD133 high (upper right), ABCG1 low CD133 low (lower
left) and ABCG1 high CD133 low (lower right) levels of expression. Red spots = cells in 3D culture,
blue spots = cells in 2D culture. (C) Protein expression of ABCG1 and CD133 in SK-N-MC cells grown
in 2D and 3D culture was quantified by flow cytometry. Data are presented as the fold change in
fluorescence, expressing the median target protein fluorescence in SK-N-MC cells grown in 3D relative
to cells grown in 2D. Results show the mean + SEM for two independent experiments, 3 replicates
per experiment (n = 6). ABCG1 and CD133 expression in 2D and 3D cultures was compared using an
unpaired two-tailed t-test. (D) ABCGI1 protein expression in CD133-positive and CD133-negative
TC-32 cells detected by Western blot. Equal protein loading was confirmed by probing the blots for
B-actin. Results are representative of 2 independent experiments. (E) ABCG1 protein expression
in patient-derived ES cells, determined by Western blot. Equal protein loading was confirmed by
probing the blots for f8-actin. Results are representative of 2 independent experiments. (F) There was
no correlation between the level of CD133 expression and ability to produce progeny from a single
cell. The level of CD133 expression was quantified by flow cytometry and the ability to produce
progeny from a single cell evaluated in 2D adherent culture at 21 days. Correlation was examined
using linear regression. Open circles = cell lines, filled circles = patient-derived cells. (G) Summary of
ABCG1 and MRP1 protein expression in ES cells grown in 2D and 3D culture. Salmon-pink circle = ES
cells grown in 2D, orange circle = ES cells grown in 3D (spheroids), blue circle = ABCGI protein,
green circle = CD133 protein, black line = plasma membrane.

3.5. Identification of Candidate Drugs for ES-CSC Molecular Targets

Candidate small-molecule inhibitors to 62% (13/21) of the unique molecular targets
increased in 3D spheroids from TTC 466 and SK-N-MC cells and ES-CSCs (Figure 7A,B)
were identified using our bespoke pipeline (Figure 7C). Of the 279 drugs directed against the
targets, 66 (24%) are licensed cancer drugs and 213 (76%) are non-cancer drugs (Figure 7C
and Supplementary Data S7). The majority of the drugs (202/279; 72%) target one of the
two ATP-binding cassette (ABC) drug efflux proteins p-glycoprotein (n = 168, includes
n =10 targeting p-glycoprotein and additional proteins) or MRP1 (1 = 13), while 21 drugs
target both p-glycoprotein and MRP1. Forty eight of the 279 (17%) drugs hitting the targets
have been evaluated in oncology trials, whereas the majority of drugs have been evaluated
in non-cancer drug trials (n = 986; Figure 7C, Table 2, Supplementary Data S8).
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B
Full or Alternative gene name Gene | Source of gene
Activated leukocyte cell adhesion molecule, CD166 ALCAM 1
Caveolin 1 CAV1 1
Leukocyte antigen MIC3 CD9 1
Stro-1 CD34 1
Epican CD44 1
DNA (cytosine-5)-methyltransferase 3B DNMT3B 1
Endoglin ENG 1
Gamma-amiobutyric acid receptor subunit beta-3 GABRB3 1
Intracellualr adhesion molecule 1, CD54 ICAM1 1
Integrin beta-1 ITGB1 1
Mast/stem cell growth factor receptor Kit KIT 1
Podocalyxin PODXL 1
Octamer-binding protein 4, OCT-4 POUSF1 1
Thy-1 membrane glycoprotein THY1 1
Vimentin VIM 1
Aldehyde dehydrogenase E3 isozyme ALDH 1
Prominin-1 CD133 1
P-glycoprotein, MDR1 protein, ABCB1 Pgp 1
Multi-drug resistance associated protein 1, MRP1, ABCC1 ABCC1 1
Lin-28, Zinc Finger CCHC Domain-Containing prtoein 1 LIN28 2
LEFTY1, Left-Right Determination Factor 1 LEFTB 2
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GABRB3

Figure 7. Identification of candidate shared stemness and chemoresistance therapeutic targets.
(A) Summary of strategy to identify shared markers of stemness and MDR in ES preclinical models.
(B) Stemness and MDR-associated genes increased in 3D spheroids and patient-derived ES-CSCs.
The full and alternative gene names, the Ensembl gene abbreviation (Gene) and the data from which
genes were identified (Source of the gene) are shown. The source of the gene is presented as 1 or 2,
where 1 = target gene identified from transcriptome analysis of patient-derived ES-CSCs [17] and
2 = target gene identified by comparing transcriptome of SK-N-MC and TTC 466 cells grown in
3D and 2D (Figures 3 and 4). (C) Pipeline to identify candidate drugs based on 21 stemness and
chemoresistance genes. Green ovals = drug-repurposing data sources, pink ovals = public data
sources, blue squares = number of targets or drugs at each step. (D) Predicted interaction between
the 13 shared stemness and chemoresistance genes (excluding p-glycoprotein and MRP1) that have
corresponding candidate drugs using STRING [30]. Five of the genes are known to bind and regulate
vital biological processes, and could be candidate prognostic biomarkers and/or therapeutic targets
in ES. Pink lines = known interaction that has been experimentally determined, extracted from BIND,
DIP, GRID, HPRD, IntAct, MINT and PID databases. Blue lines = known interaction based on data
from curated databases Biocarta, BioCyc, GO, KEGG and Reactome. Grey lines = proteins reported to
be co-expressed. Green lines = interactions identified by text mining. Filled nodes = 3D structure
known or predicted. Coloured nodes = first shell of interacting proteins. White nodes = second shell
of interacting proteins. Parental cells = patient-derived bulk population of ES cells from which the
ES-CSCs were derived [14].

POUS5F1/0OCT-4 interacted with 10/13 of the identified stemness and chemoresistance
genes (Figure 7D), suggesting shared functional protein—protein association networks.
Five of these 10 gene products (POU5F1/OCT4, c-KIT, CAV1, ITGB1 and CD44) interact
(Figure 7D), regulating vital cellular processes (Supplementary Data S9). All these proteins
are highly expressed in ES-CSCs and so may represent candidate prognostic biomarkers
and/or therapeutic targets in ES. We are currently investigating these possibilities. Using
our customised pipeline, we identified two FDA approved small-molecule inhibitors,
allopurinol and phenytoin, that target POU5F1/OCT4 and are used to treat gout and
control seizures in epilepsy, respectively (Table 2, https:/ /www.dgidb.org/genes/POU5
F1#_interactions, accessed on 3 January 2023). These two licensed drugs have the highest
DGIdb interaction scores of the three compounds that interact with POU5F1/OCT4, inhibit
a range of other cancer-relevant molecular targets and are also currently in trials as cancer
therapeutics, making them attractive candidate drugs for further in vitro analysis for ES.
Several inhibitors targeting multiple receptor tyrosine kinases (TKIs) implicated in the
pathogenesis of sarcomas including ES were also identified [52,53], including regorafenib,
which is being evaluated in combination with chemotherapy (NCT02085148 /2013-003579-
36; NCT04055220/REGOSTA; 2021-005061-41 /INTER-EWING-1; Table 2).
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4. Discussion

For the first time, we have identified expression of the membrane-associated ABC
transporter protein ABCG1 on the surface of human ES cells. Levels of ABCG1 were in-
creased in SK-N-MC cells forming 3D spheroids compared to cells in 2D culture. Expression
of ABCGI1 was particularly high in the outer rim of spheroids, suggesting a structural or
transport function between cells within and outside the spheroid. Consistent with this
hypothesis, knockdown of ABCG1 reduced the ability of ES cells to bind to each other
and produce 3D spheroids, reminiscent of the ABCG1-dependent regulation across cellular
and intracellular membranes [54]. ABCG1 protein was detected at lower levels in hypoxic
cells surrounding the necrotic centre of spheroids, consistent with observations in mouse
colon adenocarcinoma spheroids where expression of ABCG1 and hypoxia-inducible factor
1 are inversely correlated [55]. In contrast to studies in lung cancer [56] and normal
haemopoietic stem cells [57], decreased ABCG1 had no direct effect on the proliferation or
apoptosis of ES cells. Decreased ABCG1 is reported to promote apoptosis through increased
expression of the endoplasmic reticulum (ER) stress proteins GRP78 and CHOP [58]. The
ability to tolerate high levels of ER stress conferred by the EWSR1-ETS oncogene [59] may
explain why knockdown of ABCG1 does not induce apoptosis in these ES cells. ABCG1
expression is higher in several cancer types compared to normal tissue [29,56], expression
being associated with higher-grade tumours [60], metastasis [61] and poor response to
chemotherapy [62]. In agreement with these observations, ABCG1 expression is increased
in drug-resistant, self-renewing osteosarcoma cells [18], a second bone cancer characterised
by recurrent disease and acquired MDR. Further studies are required to establish what effect
this lipid ABC transporter protein has on plasma membrane organisation and recruitment
of signalling processes that may regulate cell fate and contribute to tumour development,
evasion and metastasis. Single-nucleotide polymorphisms (SNPs) of ABCG1 in the first
cytoplasmic domain (within intron 2) are associated with survival of patients with non-
small-cell lung cancer [63]. Mutagenesis studies have highlighted the importance of this
region for effective trafficking of ABCGL to the plasma membrane and regulation of choles-
terol efflux [64,65]. However, the clinical relevance of the 17 SNPs identified within the
cytoplasmic region of ABCG1 (amino acids 178-195, exon 5, www.nvbi.nlm.nih.gov/snp,
accessed on 13 July 2022) has yet to be established. In ES 3D spheroids, we identified two
novel ABCGI transcripts, the most abundant transcript (transcript 1) missing exon 5 of the
cytoplasmic region. The cellular functional and clinical significance of this deletion and
these transcripts requires further investigation. These hypotheses and data are consistent
with the premise that ABCGI1 identifies ES cells that are capable of surviving chemotherapy
and may be responsible for progression and relapse in some patients. We are currently
investigating the expression and functional role ABCG1 mRNAs and proteins in ES.

In agreement with the premise that CD133 can identify some cells with a CSC pheno-
type [14,66], the number of CD133-positive cells and level of CD133 expression was higher
in ES cells from 3D spheroids compared to cells grown in 2D. CD133-positive cells shared
common characteristics of cancer stem-like cells including increased colony formation from
a single cell. However, in patient-derived cells there was no correlation between CD133 ex-
pression and self-renewing ability from a single cell. This highlights the difference between
established ES cell lines and cultures more recently derived from patient tumours and sup-
ports the premise that CD133 does not identify all ES cell populations with a self-renewing
phenotype. We are currently investigating the difference in the genotype and phenotype
of ES cell lines and patient-derived cells. Although CD133 is reported to be a biomarker
of stem cells, this is controversial, which may arise from heterogeneity and uncertainty
about its physiological role(s) [67]. In contrast to studies in metastatic melanoma [68], we
found no enrichment of the canonical Wnt pathway in CD133-positive ES cells compared to
CD133-negative cells [69] and the level of CD133 did not predict outcomes. The increased
drug resistance of TC-32 CD133-positive cells compared to CD133-negative cells might
instead be effected through greater levels of the drug efflux protein MRP1, overexpression
of which induces resistance to chemotherapy [23] and high membrane expression predicts
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a worse clinical outcome [27]. This suggests the need for further studies on the intrinsic
and acquired resistance mechanisms in ES.

Increasing evidence suggests that ES can arise in neurally derived mesenchymal stem
cells (MSCs; [70]) or in cells of the neural crest [71]. The interaction between the permissive
cellular environment and the EWSR1-ETS tumour-specific chimeric transcription factors
leading to cellular transformation and ES is poorly understood, although is no doubt im-
portant illustrated by the high incidence of ES in Europeans compared to Africans [72-74].
Rewiring of the transcriptome and epigenome, in addition to rare oncogenic driver events
including STAG2, TP53 and CDKN2A are also known contributing factors [75]. Interest-
ingly, five of six cell lines produced 3D progeny with projections similar to those displayed
by tissue organoids [76], not previously reported in bone cancer. In contrast, the SKES-
1 cells generated a cellular core with surrounding dissociating cells reminiscent of ES
spheroids from CD133-positive STA-ET 8.2 cells [15]. Heterogeneity of spheroid com-
pactness, growth and stability over time may reflect the amount of extracellular matrix
components produced by the different cell lines [77], suggesting these models may be
useful tools to evaluate the efficacy of therapeutic candidates. In this study, we found that
the ES-CSC phenotype was associated with the expression of ABC transporter proteins
and stemness features. However, because of the bystander stemness pathways associated
with the cell of origin, unravelling the functional molecular mechanisms leading to Ewing
sarcomagenesis requires further investigation.

We identified POU5F1 as a promising candidate therapeutic target, interacting with 10
of the prioritised targets. The protein product of this gene (octamer-binding transcription
factor 4, OCT4) regulates several functional characteristics of CSCs, including self-renewal,
survival, drug resistance, epithelial-mesenchymal transition and metastasis [78]. This
is consistent with emerging roles for this protein in the tumorigenesis of adult cancers
and stimulation of expression by the EWSR1 proto-oncogene in several human cancers,
including ES [79]. Using our bespoke pipeline, we identified two FDA-approved drugs
that are off patent and target POU5F1/OCT4, allopurinol and phenytoin. The efficacy
and safety of phenytoin is currently being evaluated in a phase 2 clinical trial as part of a
combination maintenance therapy in patients with clinically advanced sarcoma including
ES [80] and in patients with metastatic pancreatic cancer [81]. A trial combining allopurinol
and mycophenolate mofetil with chemotherapy in patients with relapsed small-cell lung
cancer is expected to start recruitment later this year (the CLAMP trial, NCT05049863). We
are currently investigating the effect of allopurinol and phenytoin alone and in combination
with additional novel drugs and standard of care chemotherapy [82] in ES.

The majority of drugs we identified target the ABC transporter proteins p-glycoprotein
and/or MRP1, which contribute to MDR by reducing the level of drug within cells. Several
ABC transporter proteins have been described in ES, including MRP1, p-glycoprotein,
ABCG1, ABCF1, ABCA6 and ABCA7 [83]. P-glycoprotein has been most frequently stud-
ied, although it does not predict outcome [27,84-86]. Despite the development of third-
generation inhibitors of p-glycoprotein, to date, these drugs are of limited or no clinical
value, and the majority of trials have been stopped due to unacceptable toxicity. In contrast,
high membrane expression of MRP1 in tumours at diagnosis predicts reduced event-free
and overall survival for patients [27]. Interestingly, low levels of ABCF1 in combination
with high levels of IGF2BP3 also predicts poor outcome for patients [87]. Despite the
clinical failure of inhibitors to ABC transporter proteins, several targeted small molecules,
including some TKIs, interact with one or more ABC transporters, suggesting inhibitors
may in some cases be beneficial [88]. Increased understanding of the functional role of
ABC transporter proteins, including ABCG1, in the cells responsible for progression and
relapse is needed to establish which, if any, are worthwhile candidate therapeutic targets to
overcome MDR.
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5. Conclusions

In summary, we have evidence that ABCG1 may be a candidate biomarker that could
be used to select ES patients for treatment. This hypothesis requires validation. We have
identified proteins expressed by ES-CSCs that might be therapeutic targets and used our
bespoke pipeline to identify repurposing drug candidates that have the potential to inhibit
these targets and eradicate ES-CSCs. These drugs include FDA-approved small molecules
to ABC transporter proteins and two inhibitors of POU5F1/OCT-4.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/cancers15030769/s1. Supplementary Methods. Methods relating to data
described in Supplementary Data S1 are described. Supplementary Data S1. Results of experiments
analysing CD133-positive and CD133-negative TC-32 and A673 populations. Supplementary Data S2
(A) Colony formation, (B) proliferation, (C) cell growth, (D) cell cycle, (E) telomere length analyses
and (F) migration in A673 CD133-positive and CD133-negative cells. (G) Protein expression of MRP1
in A673 CD133-positive and -negative cells. Equal protein loading was confirmed by expression of
a-tubulin. (H). Drug efflux activity of MRP1 was quantified by efflux of calcein F compared with
initial fluorescence following loading with calcein AM. Results are shown as means - SEM of three
independent experiments. Calcein F efflux was compared using a non-parametric Mann-Whitney
two-tailed t-test. (I) The effect of doxorubicin (3.5-224 nm) on A673 CD133-positive and -negative
viable cell numbers at 48 h was quantified using the trypan blue exclusion assay. Viable cell number
is presented as the percentage of cells after treatment with doxorubicin relative to the vehicle control
(DMSO); results are shown as the mean + SEM of three independent experiments. ECsy values were
calculated using linear regression and compared using the extra sum of squares F test. Supplementary
Data S3. (A) Colony formation, (B) proliferation, (C) cell growth, (D) cell cycle, (E) telomere length
analyses and (F) migration in TC-32 CD133-positive and CD133-negative cells. (G) Protein expression
of MRP1 in TC-32 CD133-positive and -negative cells. (H) Drug efflux activity of MRP1 was quantified
by efflux of calcein F. (I) The effect of doxorubicin (3.5-224 nm) on TC-32 CD133-positive and -negative
viable cell numbers at 48 h was quantified using the trypan blue exclusion assay. Supplementary Data
S4. Expression of genes associated with differentiation, pluripotency and stemness, ABC transporter
protein mRNAs and those linked with the Wnt signalling pathway in A673 and TC-32 CD133-positive
and -negative cells. Supplementary Data S5. (A) Expression of genes at the RNA level associated
with differentiation, pluripotency and stemness in SK-N-MC and TTC 466 cells in 2D and 3D cultures.
(B) Protein expression of ABCG1 in ES cell lines (n = 6) was evaluated by Western blot. Equal
protein loading was confirmed by probing the blots for GRP75. Supplementary Data S6. Prognostic
significance of CD133 and ABCG1 RNA in diagnosis ES tissue. Supplementary Data S7. Complete
list of drugs (n = 279) directed against the shared stemness and chemoresistance therapeutic targets.
Supplementary Data S8. Drugs directed against the shared stemness and chemoresistance therapeutic
targets and corresponding clinical trial identifiers. Supplementary Data S9. Statistically significant
(by false discovery rate) GO terms and biological processes driven by POU5F1/0OCT4, c-KIT, CAV1,
ITGB1 and CD44. Refs. [18,23,31,34,89-91] are cited in the supplementary materials.
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Simple Summary: EWS-based fusions are aberrantly fused genes that drive Ewing sarcoma and
desmoplastic small round cell tumor (DSRCT). Fusion data may be useful for personalized mRNA
vaccines but are not yet routinely obtained in clinical practice. We present our workflow for the
characterization of EWS driver fusions in a real-world pediatric oncology setting. We use rapid
targeted sequencing of the breakpoint and genetic analysis to determine fusion sequences. We report
amino acid fusion sequences from the EWS gene and the fusion partner gene (FLI1, ERG, FEV,
WT1). Our workflow allows easy discernment of clinically relevant similarities and differences of
EWS fusions. This simple analysis allows an understanding of molecular features of driver fusions
underlying Ewing sarcoma or DSRCT in a real-world setting. This workflow is being utilized to
obtain fusion neoantigen data used in “personalized” cancer vaccine trials under designs that seek to
stimulate an immune response against Ewing sarcoma or DSRCT.

Abstract: (1) Background: EWS fusion genes are associated with Ewing sarcoma and other Ewing
family tumors including desmoplastic small round tumor, DSRCT. We utilize a clinical genomics
workflow to reveal real-world frequencies of EWS fusion events, cataloging events that are similar,
or divergent at the EWS breakpoint. (2) Methods: EWS fusion events from our next-generation
sequencing panel (NGS) samples were first sorted by breakpoint or fusion junctions to map out
the frequency of breakpoints. Fusion results were illustrated as in-frame fusion peptides involving
EWS and a partner gene. (3) Results: From 2471 patient pool samples for fusion analysis at the
Cleveland Clinic Molecular Pathology Laboratory, we identified 182 fusion samples evolved with the
EWS gene. They are clustered in several breakpoints: chr22:29683123 (65.9%), and chr22:29688595
(2.7%). About 3/4 of Ewing sarcoma and DSRCT tumors have an identical EWS breakpoint motif
at Exon 7 (SQQSSSYGQQ-) fused to a specific part of FLI1 (NPSYDSVRRG or-SSLLAYNTSS), ERG
(NLPYEPPRRS), FEV (NPVGDGLFKD) or WT1 (SEKPYQCDEFK). Our method also worked with Caris
transcriptome data, too. Our primary clinical utility is to use this information to identify neoantigens
for therapeutic purposes. (4) Conclusions and future perspectives: our method allows interpretation
of what peptides result from the in-frame translation of EWS fusion junctions. These sequences,
coupled with HLA-peptide binding data, are used to identify potential sequences of cancer-specific
immunogenic peptides for Ewing sarcoma or DSRCT patients. This information may also be useful
for immune monitoring (e.g., circulating T-cells with fusion-peptide specificity) to detect vaccine
candidates, responses, or residual disease.
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1. Introduction

Ewing sarcoma treatment has become relatively standardized with the vincristine,
dexrazoxane + doxorubicin, and cyclophosphamide + mesna cycles alternating with ifos-
famide + mesna and etoposide cycles [1-3]. Dose intensification using higher doses of
chemotherapy or consolidation with high-dose chemotherapy and autologous transplant
has been performed with no or modest improvement, respectively [4-8]. Despite apparent
immunogenicity in a study of EWS-FLI1 consolidative immunotherapy [9], Ewing sarcoma
vaccines against EWS peptides or mRNA coding for EWS peptides have not become part
of standard-of-care or are not in clinical trials yet. Patients with excellent (100%) necro-
sis have a much better prognosis; Ewing sarcoma patients with pelvic tumors or poor
chemotherapy response have a poor prognosis [10-13]. Similarly, poor necrosis, axial
location, relapsed, and/or metastases continue to have poor survival [11-16]. How the
EWS-fusion genes translate into biologic behavior is an active area of research (this issue of
Cancers, Ewing Sarcoma: Basic Biology, Clinical Challenges and Future Perspectives, and
references [17-30]).

In our pediatric and medical oncology practice, we see many high-risk and metastatic
Ewing sarcoma and DSRCT patients, both in person and also using informational /educational
virtual visits. Our pathologists also have extensive experience in diagnosing bone and soft
tissue sarcomas, including the use of an in-house sarcoma NGS panel (refs. [31-34], Figure 1)
and the use of whole exome RNA sequencing reports from Caris since January 2022. An
unmet need exists to not just diagnose Ewing sarcoma and DSRCT using molecular tools
but also to learn more about the nature of the EWS fusion genes and potential best targets
in the context of HLA in each Ewing sarcoma or DSRCT patient [9,28-30]. Collecting
real-world information about EWS gene fusions and resulting peptides may be leveraged to
help design future immunologic approaches including identifying in a more precise manner
(e.g., with HLA binding assays, T-call and B-cell recognition assays) what constructs to
include in personalized cancer vaccines. The first step is to understand which cancer-
specific peptides (neoantigens) are present in a real-world clinical practice setting and then
seek to routinely obtain more information (e.g., HLA type). The HLA type is now routinely
available on Caris reports. Then, we can better understand similarities and differences
between how patients -may possibly stimulate the most effective T-cell and B-cell responses
to EWS neoantigens.

Different breakpoints, or “types”, in the fusion genes have been identified for some
time now, and their prognostic significance has been speculated upon previously [35]. With
the routine availability in our clinical practice of NGS and transcriptome sequencing panels
(e.g., Caris) as part of sarcoma pathology and molecular reports detailing the presence of
fusion genes, we have developed practical tools to investigate whether identical, similar,
or very different peptides are made from the EWS-partner fusion genes in Ewing sarcoma
and DSRCT in our clinical population. Our team is also interested in immunogenicity
analysis of EWS fusion peptides and other cancer-specific peptides (neoantigens) to use
as neoantigen targets for new therapies [36,37]. From this perspective, we share current
efforts and data on EWS-FLI1, EWS-ERG, EWS-FEV, and EWS-WT1 gene fusions from our
Cleveland Clinic NGS sarcoma panel as well as Caris transcriptome data. Thus, we are
at an early stage of using this information to facilitate ongoing analysis and prediction of
the immunogenicity of EWS fusion peptides in the context of HLA. This information may
help to overcome barriers to effective new immunologic approaches against cancer-specific
neoantigens in Ewing sarcoma and DSRCT [36-39].
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Figure 1. Current sarcoma NGS panel at Cleveland Clinic detects many gene fusions (same color)
including 14 involving the EWS gene (Purple at 4 o’clock) [32]. Clinical NGS reports detail which
exons are involved in a fusion gene such as EWS-FI1, EWS-ERG, and EWS-WTT1. Since January 2022
Caris transcriptome reports are also obtained for additional information.

2. Materials and Methods

Pathology reports and gene fusions were analyzed using the Cleveland Clinic NGS
sarcoma panel from January 2019. Since January 2022, we also have available data from
Caris reports for transcriptome analysis. The Cleveland Clinic sarcoma NGS panel is based
on anchored multiplex polymerase chain reaction (PCR) enriched for 34 gene targets [32].
The amplicons were subjected to massively parallel sequencing with 151x2 cycle pair-end
reads. An informatics pipeline was used for read alignment (GRCh37 as reference genome),
fusion identification, and annotation. For in-house NGS or Caris analysis, the sequenced
short reads were aligned to the reference genome (hgl9 or GRCh37) by either Archer
Analysis or Caris transcriptome analysis pipeline. To obtain DNA and peptide sequences
around the fusion junction, result alignment bam file (s) were loaded into Integrative
Genome Viewer (IGV). Breakpoints were manually examined, and DNA sequences were
extracted. This sequence was then translated to a peptide sequence. For ease of comparison,
both fusion partner DNA and peptide sequences were represented with a different color
to identify the exact point of fusion. Figure 2 shows EWS genomic (hg19) breakpoint
distribution.
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Figure 2. EWS fusion genomic (hgl9) breakpoint distribution from 190 Fusion samples. Each
breakpoints on the genomic location with samples/total are labeled on the EWS gene. The top five
locations are further annotated with fusion gene in the box linked with dash line.

This in-house reporting system was used to display data as the DNA sequence span-
ning the fusion gene breakpoint and the amino acid sequence of an in-frame peptide
spanning the gene fusion breakpoint. For ease of interpretation, the data was displayed
to allow “at-a-glance” pattern recognition of identical, similar, or unique EWS-FLI1, EWS-
ERG, EWS-FEV, and EWS-WT1 gene fusions (Figure 3) through visual examine fusion data
via Integrative Genome Viewer [40]. DNA sequences across the gene fusion breakpoint
and translational amino acid sequences were compared in Ewing sarcoma and DSRCT
patients seen in the clinic and during virtual visits [33,34] who had provided paraffin blocks
of tumor samples for analysis using our in-house NGS and/or Caris analysis. We also
had both In-house NGS using Archer and Caris transcriptome using STARfusion data
compared in 18 patients [EWS-FLI1 (n = 14), EWS-WT1 (n = 3), and EWS-FEV (n = 1)] This
allowed us to demonstrate that the generalization of our methods pertain not only out NGS
but other platforms that can help oncologists and others know “at-a-glance” similarities
and difference in individual EWS gene fusions.
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Figure 3. Determination of breakpoint and in-frame analysis to determine polypeptide sequences
corresponding to fusion gene products in a single patient with Ewing sarcoma. (A) EWS gene IGV
view against hg19 reference genome; (B) FLI1 gene IGV view against hgl9 reference genome; (C)
fusion reads IGV view against fusion contig reference. The first translational frame is the in-frame
fusion with peptide sequence of SSSYGQQNPSYDSV between EWS and FLI1 gene.

3. Results

From 190 identified fusion samples with the EWS gene, the breakpoints in a genomic
location are plotted in Figure 2. Most of the fusions are clustered in several breakpoints
including chr22:29683123 (65.9%), chr22:29684775 (9.3%), chr22:29688158 (8.2%), chr22:
29692358 (4.9%), and chr22:29688595 (2.7%), (Figure 2). Additional comparison data using
Caris transcriptome was available for EWS-FLI1 (n = 14), EWS-WT1 (1 = 3), and EWS-FEV
n=1).

A typical analysis is depicted in Figure 3. The presence of start (green) or stop (red)
codons at the bottom of Figure 3 shows out-of-frame sequences compared to read-through
regions for the in-frame sequences. Table 1 shows the frequencies and sequence details
of the most common 24 amino acid polypeptides that span the EWS breakpoints in EWS-
FLI1 fusion. Table 2 details the in-frame sequence of EWS-ERG, and EWS-WT1 fusions.
In-frame analysis showed the EWS motif from exon 7 (SQQSSSYGQQ) accounted for over
80% of gene fusions involving EWS-FLI1, EWS-ERG, EWS-FEV, and EWS WT1, while the
remaining gene fusions involved other parts of the EWS gene.
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Table 1. Frequencies of Common EWS-FLI1 Fusion genes and corresponding polypeptides that span

the EWS breakpoint.
EWS-FLI1 Breakpoint Fusion Peptide Analysis Number (Per Cent)

SQQSSSYGQQNPSYDSVRRG 19
SQQSSSYGQQSSLLAYNTTS 12
SQQSSSYGQONPYQILGPTS 1
SQQSSSYGQQRSGQIQLWQF 1

33/40 (83%)

Other EWS-FLI1 Fusions Peptides

PMDEGPDLDLGSLLAYNTTS 5
GERGGFNKPGGPPLGGAQTI 1
CVEFSSLIDQPVYPDVLASG 1

7/40 (17%)

Table 2. EWS-ERG, EWS-FEV, and EWS-WT1 sequences and corresponding fusion polypeptides that
span the breakpoints in Ewing sarcoma and DSRCT.

Ewing Sarcomas with EWS-ERG Fusions
EWS-ERG exon 7-9 (N = 3/6, 50%) SQQSSSYGQONLPYEPPRRS
Ewing sarcomas with EWS-FEV fusions
EWS-FEV1 exon 7-2 (2/3; 67%) SQQSSSYGQONPVGDGLFKD
DSRCT with EWS-WTT1 fusions
EWS-WTT exon 7-7 (N = 9/12, 75%) SQQSSSYGQQSEKPYQCDFK
EWS-WT1 exon 9-7 (N = 3/12 25%) GERGGFNKPGGEKPYQCDFK

In a real-world clinical practice (PA), using in-frame analysis of EWS-FLI1 peptides that
span the breakpoint showed the EWS breakpoint sequence SQQSSSYGQQ to be the most
common in our analysis (Table 1). The most common FLI1 sequence was NPSYDSVRRG.
Some samples yielded an aspartate (D) instead of asparagine (N) at the FLI1 fusion point,
but on manual inspection, this is related to breakpoint yielding asparagine. Although
many EWS-FLI1 gene fusion events are possible, it seems that a limited number occur.
Furthermore, the majority have identical breakpoints as identified by in-frame peptide
analysis. Using Caris transcriptome data, we confirmed that our method is a general one as
depicted in Figure 4.

Similarly, for EWS-ERG, EWS-FEV, and EWS-WT1, gene fusion analysis using in-
frame peptide sequences, a common EWS sequence in EWS-ERG, EWS-FEV, and EWS-WT1
fusions was also SQQSSSYGQQ (Table 2). Thus, although many EWS-ERG, EWS-FEV, and
EWS-WT1 gene fusion events are possible, it appears a few are more frequently associated
with the development of Ewing sarcoma and DSRCT, respectively.
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Figure 4. Data analysis diagram of how to depict EWS fusion junction breakpoints and corresponding
amino acids. Top: flow diagram of how genomic data is depicted for in-house NGS using Archer
Analysis or Caris transcriptome with STAR fusion detection. Middle and bottom: two examples of
in-frame analysis of Caris transcriptome data to yield fusion peptide data with manual review of

breakpoints of both fusion genes.
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4. Discussion

EWS fusion genes are critical mutations associated with Ewing sarcoma and DSRCT.
How these events translate into the malignant phenotype has and continues to be an area
of very active investigation with many downstream effects resulting from the action of the
EWS fusion genes [9,18,19,22-25,28-30,41-45]. We sought to try to learn whether EWS-FLI1,
EWS-ERG, EWS-FEV, and EWS-WTT1 gene fusions would result in identical, similar, or
very different polypeptides using in-frame analysis. It seems that our method identified
identical polypeptides for a particular fusion event (e.g., EWS-FLI1 exon 7-7). As expected,
some types of fusions were more common than others (Tables 1 and 2). In particular, the
EWS gene breaks and fuses to a partner in a way to often yields SQQSSSYGQQ fused to a
partner sequence for both Ewing sarcoma and DSRCT in 83% of cases. Nevertheless, both
Ewing sarcoma and DSRCT can result from a variety of different fusions involving EWS
and a partner gene. Thus, a unifying pathway of fusion gene action resulting in protein
action (s) may be one of the numerous actions of fusion genes and/or polypeptides leading
to the Ewing sarcoma and DSRCT cancer phenotypes (many paths lead to Rome analogy).
Since effective epitopes for B cells may be different from T cells as reported by Liu et al. [28],
precise knowledge of sequences that span EWS breakpoints to augment the additional
study of best neoantigens will be important for both humoral as well as T-cell responses
to neoantigens.

Our in-frame analysis could have several important future clinical applications includ-
ing (1) identification of different sequences and lengths of peptides that span the specific
breakpoint to test for patient-specific HLA binding to the cancer-specific peptide (e.g.,
selection of best neoantigens for personalized cancer vaccines); (2) analysis of T-cell and
B-cell immune responses prior to immunization, during therapy, after therapy, and in
response to chemotherapy, radiation, cryoablation, or immunologic interventions. These
could include immune-stimulatory drugs, reduction in the tumor inhibitory microenvi-
ronment (e.g., inflammation reduction, stereotactic body radiotherapy (SBRT), freezing
of tumors, and depletion of regulatory t-cells [25,46-48]). This information could also
increase the success of priming and boosting the immune system with vaccines composed
of fusion peptides mRNA for the unique fusion gene sequence in the context of a particular
HLA type and neoantigen binding (personalized mRNA vaccines using precision data).
Furthermore, using Caris transcriptome data, we showed that our method has general
applicability for others interested in helping physicians, genetic counselors, patients, and
caregivers to increase their understanding about cancer-specific sequences resulting from
somatic genetic events in Ewing sarcoma and DSRCT in the oncology clinic. Thus, we are
in at an early stage in the process of starting to obtain more personal and precise data for
better future interventions, the next generation of evidenced based medicine in oncology
as recently described by Subbiah [49].

Not only gene fusions, but also frameshift mutations create neoantigens that start with
a normal sequence and then transition to an unexpected cancer-specific sequence as part of
early or late mutational events in cancer. Thus, our method may have applications not only
for gene fusions such as EWS-FLII1, EWS-ERG, EWS-FEV, and EWS- WT1 but also for other
gene fusions which are commonly found in sarcomas and also somatic frameshift mutations.
Since the best choice of neoantigens in the context of HLA is vital, the collection of both in-
frame fusion peptide data as well as HLA type may someday become a more routine Ewing
sarcoma and DSRCT practice as part of tumor and host testing to f additional immunologic
interventions in higher-risk, metastatic, and relapsed Ewing sarcoma, DSRCT, and other
solid tumor patents (such as fusion-related sarcomas). Since acid decalcification does not
allow for DNA analysis, this is one barrier to general applications for bone sarcomas such as
Ewing sarcoma. Thus, we are currently in the process of implementing improved methods
of tissue fixation (e.g., EDTA) that will facilitate both pathologic and genetic analysis of
bone biopsies and resected samples. This should facilitate future studies in not only Ewing
sarcoma but also osteosarcoma and analysis of samples from bone metastases, too.
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5. Conclusions

Our current sarcoma NGS panel as well as Caris transcriptome data was suitable for
learning additional basic biology about EWS fusion genes including the exact breakpoint
and intra- and intergroup similarities and differences involving EWS-FLI1, EWS-ERG,
EWS-FEV, and EWS-WT1 in-frame polypeptides predicted by the fusion genes. Further-
more, our method of analysis also has possible future applications including analysis of
immunogenicity of fusion peptides and cancer-specific genes such as frameshift mutations,
point mutations, insertions, and deletions to yield cancer-specific neoantigens in the context
of a patient’s HLA type. Although at an early stage, our paradigm of obtaining in-frame
information may then facilitate the better design of more personal, precise, and effective
data-driven immunologic interventions against Ewing sarcoma and DSRCT and other solid
tumors including designing mRNA vaccines using the sequences and peptide size and
HLA binding affinities with the highest chances of success [38,49].

6. Patents

The TC and Cleveland Clinic Foundation has a patent pending for the prediction of
cancer-specific neoantigens such as EWS fusion peptides to HLA.
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