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Ewing sarcoma is an aggressive bone and soft-tissue cancer af-
fecting adolescents and young adults. In vitro and in vivo models of
Ewing sarcoma have been instrumental in advancing our under-
standing of Ewing sarcoma biology and essential in evaluating
potential therapies, particularly for metastatic or relapsed disease
for which effective treatment options remain limited. Through an
international collaborative effort between the Children’s Oncology
Group Bone Tumor Committee and the Euro Ewing Consortium,
we review the current landscape of preclinical modeling used in
Ewing sarcoma research encompassing both in vitro (cell lines and

Introduction

Treatments to improve survival for metastatic and relapsed
Ewing sarcoma, a bone and soft-tissue sarcoma of adolescents and
young adults, remain elusive despite large, international efforts.
Thanks to continued work to conduct both somatic and germline
sequencing and retrospective studies associating certain molecular
alterations with clinical outcomes, prognostic molecular features in
Ewing sarcoma are emerging and advancing our understanding of
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tumor organoids) and in vivo (mouse and nonmammalian xeno-
grafts) model systems. We discuss factors that can influence ex-
perimental results, provide testing considerations for both in vitro
and in vivo studies, and descriptions of existing preclinical data
repositories. We highlight current needs in Ewing sarcoma mod-
eling and the importance of enhanced international cooperative
research and patient advocacy efforts which will be critical in
expanding our resources of biologically relevant Ewing sarcoma
models to enable translation of preclinical findings into effective
therapeutic strategies for patients with Ewing sarcoma.

Ewing sarcoma heterogeneity. Recurrent molecular alterations, in-
cluding, but not limited to, STAG2 loss, TP53-inactivating muta-
tions, and copy-number variations (CNV), contribute to the
biological heterogeneity of Ewing sarcoma (1). Advances in our
understanding of Ewing sarcoma biology coupled with the devel-
opment of improved model systems to identify and validate po-
tential therapeutics provide a renewed opportunity for discovery.
Acknowledging the value of understanding the breadth of
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preclinical models for Ewing sarcoma, members of the Children’s
Oncology Group (COG) Bone Tumor Committee and the Euro
Ewing Consortium (EEC) with expertise in Ewing sarcoma mod-
eling and biology engaged in a collaborative effort to collate a
comprehensive, annotated collection of currently available Ewing
sarcoma in vitro, ex vivo, and in vivo preclinical models. In addition,
shared Ewing sarcoma data repositories are detailed. Perspectives on
the benefits of specific models are presented, and the need to im-
prove representation of diverse patient-derived Ewing sarcoma cells
and tissues in preclinical therapeutic studies is discussed. This in-
ternational effort is intended to serve as a resource to advance
thoughtful planning of future preclinical studies and encourage
continued data sharing across the community.

In vitro Modeling of Ewing Sarcoma

To date, the development of a genetically engineered mouse
model (GEMM) of Ewing sarcoma has been unsuccessful and en-
graftment of human Ewing sarcoma cells in mice is inefficient
(24%-50% engraftment; refs. 2-4). Coupled with a moral obligation
to reduce the use of animals in research and an international desire
to minimize the costs of preclinical drug testing, several groups have
developed multicellular in vitro models with the goal of generating
preclinical tools to increase the efficiency of therapeutic discovery
and prioritization of drugs for evaluation in clinical trials (5, 6).
These in vitro models range from simple two-dimensional (2D) cell
lines to more complex three-dimensional (3D) models and use both
well-characterized Ewing sarcoma cell lines that have been in cul-
ture for >40 years and low-passage cell lines more recently derived
from patients with Ewing sarcoma. We hypothesize that these newer
models will provide more physiologically relevant tools to evaluate
small-molecule and cellular therapies and improve the efficiency of
identifying promising therapies for evaluation in clinical trials.

2D cell line models of Ewing sarcoma

Over the past several decades, academic institutions, translational
research centers, and commercial entities have spearheaded the
expansion, production, and availability of numerous patient-derived
Ewing sarcoma cell lines for preclinical investigations. In contrast to
the extensive heterogeneity and varied molecular landscape of other
carcinoma and sarcoma cell lines, Ewing sarcoma tumor genomes
are less complex, have a low mutational burden, and are defined by
reciprocal translocations between the EWSRI gene on chromosome
(chr) 22 and the FLII gene on chr 11 or other members of the ETS
family of transcription factors, including ERG, ETVI, and FEV (7,
8). The resulting gene fusions operate as chimeric oncogenic tran-
scription factors to rewire the transcriptome and epigenome of
Ewing sarcoma tumor cells, both inducing and repressing tran-
scription (9). Elegant work has described that the amount or level of
EWS:FLI1 can dynamically change in Ewing tumor cells, resulting
in behaviorally distinct cell states such as migratory EWS::FLI1
“low” and proliferative EWS::FLI1 “high” states (10). In addition,
excess EWS::FLI1 expression is overtly toxic to cells (11, 12). The
shifts in cellular function related to the EWS::FLI1 expression level
lend to difficulties in both disease modeling and therapeutically
targeting the fusion oncoprotein (2, 13).

Broad cataloging of deposited, published, or commercially
available Ewing sarcoma cell lines reveals the generation of 47 cell
lines harboring EWSRI::FLI1 fusions, with 20 between EWSRI exon
7 and FLI exon 6, 11 between EWSRI exon 7 and FLII exon 5, and
eight cell lines harboring EWSR1::ERG fusions (Table 1). Consistent
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with prior work, compilation of the associated genomic and tran-
scriptomic sequencing data shows the most frequent mutations
detected in cell lines are in the cohesin complex subunit STAG2,
CDKN2A, and TP53—molecular alterations often coincident with
poor patient outcomes (Table 1; refs. 7, 8).

Importantly, short tandem repeat (STR) DNA profiling of
established Ewing sarcoma cell lines has grown in importance as an
effort across research groups to annotate, authenticate, and validate
cultured cell lines for preclinical studies. Of note, multiple patient-
derived Ewing sarcoma cell lines have differing STR profiles
depending on the institutional and commercial resource. This di-
vergence is evident in 11 of 52 cell lines with available STR profiles
(A-673, CADO-ES1, CHLA-32, CHLA-258, CHLA-352, CHP100,
EW-8, MHH-ES-1, SK-ES-1, SK-N-MC, and TC71) with discrep-
ancies in distinct STRs listed in the Cellosaurus database (Supple-
mentary Table S1). Although five of the 11 cell lines (A-673,
CHP100, CHLA-258, MHH-ES-1, and SK-ES-1) only show varia-
tions in one STR, three of the 11 cell lines (CHLA-352, SK-N-MC,
and TC-71) show variations in multiple STRs (Supplementary Table
S1). These discrepancies in STR allele copy numbers and frequen-
cies for well-characterized cell lines indicate genetic drift, differences
in passage number, clonal selection, and institution-dependent de-
terminations of CNVs and loss of heterozygosity. Despite these data
and the ongoing challenges in cataloging information about cell line
passage number, recent evidence supports the relative genomic and
transcriptomic stability of many established Ewing sarcoma cell
lines over time (14). Furthermore, multiomics efforts across Ewing
sarcoma cell lines to characterize Ewing sarcoma fusion-driven gene
regulation show preserved core transcriptional signatures that are
both induced and repressed in an Ewing sarcoma fusion-dependent
manner (9).

Interestingly, there is ample evidence that carcinoma cell lines
derived from genetically complex cancers such as cervical and breast
cancers may undergo substantial genetic evolution in long-term
culture, thus compromising reproducibility of experimental results.
Conversely, at least some Ewing sarcoma cell lines seem to be ge-
netically, transcriptionally, and phenotypically stable in culture (14).
Indeed, even though there is a spectrum of stability among Ewing
sarcoma cell lines, even one of the most widely used cell lines A-673
that harbors a BRAF mutation (V600E)—an atypical event in Ewing
sarcoma—in addition to the driver oncogene EWSRI::FLI1 seemed
to be much more stable than carcinoma cell lines (14).

3D spheroid models of Ewing sarcoma

Spheroids are simple, self-organizing aggregates of tumor cells—
typically formed without added extracellular matrix (ECM) and
cultured in low-attachment conditions using Ewing sarcoma cell
lines or low-passage primary cells. Spheroid cultures recapitulate
several features of tumors, including the hypoxic tumor microen-
vironment (TME; the surrounding nonmalignant cells and matrix
that influence tumor growth, progression, and treatment response)
and 3D cell-cell interactions, which are absent in 2D cultures
(15, 16). These are matrix-free models typically grown in low-
attachment plates and established from either established com-
mercially available cell lines or from passaged or unpassaged pri-
mary patient-derived cells. Over the past two decades, several
studies have demonstrated the use of 3D spheroids from Ewing
sarcoma cell lines (16-18). Recently, a practical approach to culture
Ewing sarcoma cell line models in 3D spheroid cultures in media
that better mimic the metabolite composition of human plasma
(i.e., physiologic media) has been described, which more faithfully
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recapitulates the characteristics of patient tumors (16). Hence, de-
spite the limitations of cancer cell lines in general, Ewing sarcoma
cell lines, if grown under appropriate conditions (3D and in phys-
iologic media), are readily propagatable and serve as genetically
stable models that continue to be the workhorse of Ewing sarcoma
research.

Ewing sarcoma spheroid models generated from primary patient-
derived Ewing sarcoma tissue (PDES) can be readily established
and, in some cases, propagated on plastic. In contrast to established
cell lines, PDES do not have limitless replicative capacity. Moreover,
the transcriptome of these cells clusters independently from estab-
lished cell lines (19). Consistent with the importance of the ECM in
Ewing sarcoma biology (20), PDES express and secrete proteins
associated with organization of the ECM, including fibrillin-1, col-
lagen type VI alpha 3 chain, integrin subunit beta 1, collagen type VI
alpha 2 chain, and collagen type VI alpha 1 chain (21). PDES form
multicellular 3D structures when seeded in low-adherence condi-
tions (19). PDES 3D structures may be useful tools to investigate the
efficacy of candidate new treatment combinations and increase
understanding of how best to combine treatments for patient ben-
efit. In contrast to rapidly proliferating established cell lines which
are sensitive to chemotherapeutic agents targeting dividing cells,
PDES models are more resistant (19). The effect of drugs on PDES
seems to more closely reflect the clinical response and outcomes of
patients from whom they were derived than those reported in
established cell lines.

However, spheroids do not fully model the complexity of the
Ewing sarcoma microenvironment, which affects response and
systemic drug delivery in patients (22-24). To overcome this limi-
tation, some groups are combining spheroids with scaffolds to
mimic the bone microenvironment or developing matrix-embedded
tumoroid models (25). These models have the advantage of com-
bining tumor cells with cells of the TME under physiologic me-
chanical stresses, which can affect tumor growth, metastasis, and
drug delivery (25).

Patient-derived tumor organoid models of Ewing sarcoma

In contrast to spheroid models, tumor organoids are multicellular
models that recapitulate cellular heterogeneity (incorporating tumor
cells and cells of the TME), spatial organization, and the molecular
and functional features of the tissues from which they are derived
(26). Patient-derived tumor organoids (PDTO), also referred to as
tumoroids, can be established directly from cancer cells obtained
from surgical biopsies or resections (26-28). A key advantage of
these models is their ability to incorporate the ECM and preserve
cell-cell interactions, while also mimicking patient-specific therapy
responses (26, 27, 29-32). The suitability of PDTOs for drug re-
sponse screening has driven its use in drug development and pre-
cision medicine (26, 33). PDTOs offer a platform for cost-effective,
high-throughput, rapid drug screening (Research Square rs.3.rs-
5039845/v1; ref. 34). To enable a more accurate representation of
tumor complexity for translational research, PDTOs can be cultured
short term to preserve the heterogeneous cell populations of the
original tumor, which are lost during extended culture and pas-
saging (Research Square rs.3.rs-5039845/v1; refs. 28, 34). In con-
trast, long-term passaged PDTOs serve as expandable and shareable
resources that can facilitate in-depth investigations into tumor bi-
ology (Research Square rs.3.rs-5039845/v1; ref. 34).

Although PDTOs have been developed for most epithelial can-
cers, progress in establishing sarcoma organoid models has only
recently gained momentum. A recent article described the
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establishment of more than 100 patient-derived sarcoma organoid
models across more than 20 histologies, including Ewing sarcoma,
leveraging a specific geometry compatible with high-throughput
rapid drug screening (34). These unpassaged models maintain the
cellular diversity of the TME, preserve key molecular features, and
recapitulate patient-specific responses (34, 35).

Short-term PDTO models offer several advantages, such as pre-
serving microenvironmental cell components beyond tumor cells
and minimizing clonal selection and de novo loss or acquisition of
mutations and CNVs, which can increase with extended culture (34,
36-38). Moreover, short-term PDTOs can be generated from in-
dolent, slow-growing sarcomas, as well as pretreated cases (34, 36).
This enables the possibility of modeling Ewing sarcomas that lack
more aggressive features (e.g., TP53 mutations), which are less likely
to establish as patient-derived xenografts (PDX), as well as to de-
velop a longitudinal series across the treatment history of a patient
(34). Yet, short-term PDTOs are typically severely limited by the
number of cells obtained from clinical samples. Therefore, it re-
mains critically important to develop renewable models that can be
maintained long term. Although short-term PDTOs lose cellular
heterogeneity and become more akin to cell lines over time in
culture, they offer the benefit of serving as a resource of tumor cells
that can be propagated and shared with the research community to
facilitate the study of Ewing sarcoma biology and drug responses in
a more physiologically relevant system than traditional cell lines
(Research Square rs.3.rs-5039845/v1). Feasibility to establish long-
term Ewing sarcoma tumoroids was recently demonstrated (31).
Both short- and long-term Ewing sarcoma PDTOs may also serve as
a foundation for developing immunocompetent tumoroids by in-
corporating a patient’s own immune cells, such as peripheral blood
mononuclear cells, T cells, or tumor-infiltrating lymphocytes (39).
These models could be utilized to investigate patient-specific re-
sponses to checkpoint inhibitors (39, 40). Additionally, chimeric
antigen receptor T cells (CAR-T) can be introduced to evaluate
responses either preclinically, during CAR-T development, and
indication-finding studies, as well as for personalized approaches
using approved CAR-T products (41).

Although efforts to establish sarcoma PDTOs have been limited
to date, published protocols and the high success rates observed—
particularly for short-term models—should encourage greater
community-wide efforts in this field. The single most critical factor
for advancing patient-derived models is access to tissue. Coordi-
nated efforts through large collaborative organizations such as the
COG and EEC, inclusion of procurement of research samples in
ongoing trials, and collaborations with clinicians within and across
research centers will be essential to overcome this barrier and fur-
ther propel research in Ewing sarcoma tumoroid development.

Developing Ewing sarcoma models using human stem cells
Recent advancements in human pluripotent stem cell (hPSC)
technologies and hPSC-based tumor modeling have enabled new
insights into the oncogenic function of the EWS::FLI1 fusion pro-
tein (42-44). We now benefit from a wide array of hPSC lines and
more efficient protocols for generating induced pluripotent stem
cells (45), alongside advanced differentiation techniques that allow
for the creation of hPSC-derived cells and organoids (46, 47), which
can simulate various stages of human development. Moreover,
combining these hPSC culture protocols with recent advancements
in genome editing tools enables the systematic exploration of how
cellular context and oncogenes interact in a high-throughput, un-
biased manner (48). This is particularly relevant for pediatric
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Table 1. Published or commercially available Ewing sarcoma cell lines.

Name

Fusion
status

Origin

Age (sex) Disease stage

Genetic variants

Source

Year
established
(clinical
outcome)

A-673

TC-7

TC-32

CHLA-9

CHLA-10

CHLA-32

SK-N-MC

EW-7

EW-8

(Rh1)

TC-244

TC-248

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

EWSRI1-
FLI
fusion
(ex7-
ex6)

Muscle (primary)

Humerus
(primary)

lleum and
adjacent soft
tissue (primary)

Thoracic mass
(primary)

Thoracic lymph
node
(metastatic)

Pelvic (primary)

Retro-orbital

metastasis
(metastatic)

Pleural effusion

(metastatic)

Abdominal mass
(primary)

Unknown

Unknown

15 (F)

22 (M)

17 (F)

14 (F)

14 (F)

8.5 (F)

12 (F)

20 (F)

17.8 (M)

Unknown

Unknown

Unknown

Relapse and
metastatic
(after
treatment)

Diagnosis
(before
treatment)

Diagnosis
(before
treatment)

Relapse (after
treatment)

Diagnosis
(before
treatment)

Relapse (after
treatment)

Unknown

Diagnosis
(before
treatment)

Unknown

Unknown

TP53 (AT19Qfs*5)
homozygous; CDKN2A
(c1_471del471)
homozygous; BRAF
(V60OE) heterozygous

TP53 (R213X and G245C);
CDKN2A (homozygous
deletion)

STAG2 (Y636fs); CDKN2A

(homozygous deletion)

STAG2 (V628insTDI);
CDKN2A (exonic loss)

TP53

TP53 (R342X)

TP53 (expression loss)

CDKN2A (deletion)

STAG2 (N475fs); TP53
(Y2200)

CDKN2A (homozygous
deletion)

TP53 (D259Y); CDKN2A
(homozygous deletion)

ATCC, #CRL-1598 (PMID:

4357758 and 12606131)

DSMZ, #ACC 516 (PMID:
3004699)

COG (PMID: 3004699)

COG (PMID: 15289350)

COG (PMID: 15289350)

COG (PMID: 15289350)

ATCC #HTB-10; DSMZ,
#ACC 203; PMID:
4748425, 8040301

IARC (PMID: 6713356)

PPTP; DSMZ, #ACC 493

(PMID: 17154184)

(PMID: 25010205)

(PMID: 9846984)

1973

1981

1979

(deceased)

Unknown

Unknown

Unknown

1971

1982

Unknown

Unknown

Unknown
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Table 1. Published or commercially available Ewing sarcoma cell lines. (Cont’d)

Preclinical Models for Ewing Sarcoma

Fusion
Name status

Origin

Age (sex)

Disease stage

Genetic variants

Year

established

(clinical
Source outcome)

TTC-547 EWSRI-
FLI
fusion
(ex7-
ex6)

STA-ET-1 EWSRI-
FLI
fusion
(ex7-
ex6)

POE EWSRI1-
FLI
fusion
(ex7-
ex6)

MIC EWSRI1-
FLI
fusion
(ex7-
ex6)

EW-22 EWSRI1-
FLI
fusion
(ex7-
ex6)

EW-24 EWSRI-
FLI
fusion
(ex7-
ex6)

MS-EwS-  EWSRI-

15 FLI
fusion
(ex7-
ex6)

PSaRC219 EWSRI-
FLI
fusion
(ex7-
ex6)

SBKMS-  EWSRI-

KS1 FLI

(SBSR- fusion

AKS) (ex7-
ex6)

SK-ES-1 EWSRI1-
FLI
fusion
(ex7-
ex5)

RD-ES EWSRI1-
FLI
fusion
(ex7-
ex5)

Pelvis (primary)

Humerus
(primary)

Unknown

Unknown

Unknown

Unknown

Metastatic

Pleural fluid
(metastatic)

Extraosseous
inguinal lymph
node
(metastatic)

Bone (primary)

Humerus
(primary)

13 (F)

13 (F)

Unknown

Unknown

Unknown

Unknown

Unknown

M)

Unknown

M)

17 (F)

18 (M)

19 (M)

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Relapse

Relapse

Unknown

Unknown

Unknown

TP53 (1263del); CDKN2A
(homozygous deletion)

CDKN2A (homozygous
deletion)

TP53 (L194R)

STAG2 (R216*); TP53
(E285K)

STAG2 (T463_L464fs);
TP53 (R175H)

TP53 (K164E); PIK3CA
(H1047R)

Unknown

Unknown

Unknown

STAG2 (Q735X); TP53

(C176F)

TP53 (R273C)

(PMID: 25010205) Unknown

Prof. Heinrich Kovar, CCRIl;  Unknown
PMID: 8378080

Institut Curie (PMID: Unknown
25010205)

Institut Curie (PMID: Unknown
25223734)

Institut Curie (PMID: Unknown
25223734)

Institut Curie (PMID: Unknown
N423975)

University Children’s Unknown
Hospital Minster (PMID:
30879952)

University of Pittsburgh 2019
(PMID: 36658219)

Technische Universitat Unknown
Munchen (PMID:
19289832)

ATCC, #HTB-86; DSMZ, 1971
#ACC 518; (PMID:
327080)

ATCC, #HTB-166; DSMZ, Unknown
#ACC 260 (PMID:
8378080)
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Table 1. Published or commercially available Ewing sarcoma cell lines. (Cont’d)

Year
established
Fusion (clinical
Name status Origin Age (sex) Disease stage Genetic variants Source outcome)
SK-NEP-1 EWSRI- Pleural effusion 25 (F) Relapse (after STAG2 (expression loss); ATCC, #HTB-48 (PMID: 1971
FLI (metastatic) treatment) TP53 (G245S); CDKN2A 17154184)
fusion (homozygous deletion)
(ex7-
ex5)
ES-1 EWSRI1- Left thigh 45 (F) Diagnosis TP53 (R248Q); CDKN2A PPTP (PMID: 20164919) Unknown
FLI (primary) (before (homozygous deletion)
fusion treatment)
(ex7-
ex5)
ES-4 EWSRI1- Lung/pleura 18 (M) Relapse CDKN2A (homozygous PPTP (PMID: 20164919) Unknown
FLI (primary) deletion)
fusion
(ex7-
ex5)
ES-8 EWSRI1- Femur (primary) 10 (M) Relapse STAG2 (5’ deletion); TP53  PPTP (PMID: 20164919) Unknown
FLI (C135F); CDKN2A
fusion (homozygous deletion)
(ex7-
ex5)
CHP100 EWSRI1- Bone and spine 12 (F) Unknown TP53 (H233fs) Children’s Hospital of 1972
FLI (primary) Philadelphia; DSMZ, #ACC
fusion 830 (PMID: 10079,
(ex7- 33460449)
ex5)
6647 EWSRI1- Pleural effusion 14 (F) Relapse (after STAG2 (multi-exon (PMID: 327080) 1974
FLI (metastatic) treatment) deletion); TP53 (S5241F);
fusion CDKN2A (exonic loss);
(ex7- BRCA2 (S2186T)
ex5)
TC-215 EWSR1- Unknown Unknown Unknown STAG2 (tandem (PMID: 25010205) Unknown
FLI duplication); TP53
fusion (Y126C)
(ex7-
ex5)
EW-1 EWSRI1- Pleural effusion 19 (M) Unknown TP53 (R273C); CDKN2A IARC; (PMID: 6713356) 1980
FLI (metastatic) (deletion)
fusion
(ex7-
ex5)
EW-2 EWSRI- Peripheral blood 19 (M) Unknown TP53 (R273C) IARC (PMID: 6713356) 1980
FLI (circulating
fusion tumor cells)
(ex7-
ex5)
CHLA- EWSRI1- Lung metastasis 14 (F) Relapse (after  TP53; CDKN2A PPTP; COG (PMID: Unknown
258 FLI (metastatic) treatment) (homozygous deletion) 15289350)
fusion
(ex10-
ex6)
ES-2 EWSRI1- lleum/bone 14 (F) Relapse STAG2 (E523X); TP53 PPTP (PMID: 25010205) Unknown
FLI marrow (R175H)
fusion (metastatic)
(ex10-
ex6)
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Table 1. Published or commercially available Ewing sarcoma cell lines. (Cont’d)

Year
established
Fusion (clinical
Name status Origin Age (sex) Disease stage Genetic variants Source outcome)
TC-240 EWSR1- Unknown Unknown Unknown STAG2 (R216X); TP53 (PMID: 25010205) Unknown
FLI (R175H)
fusion
(ex10-
ex6)
TC-253 EWSRI1- Unknown Unknown  Unknown STAG2 (N842fs); TP53 (PMID: 25010205) Unknown
FLI (R273C)
fusion
(ex10-
ex6)
PSaRC318 EWSRI- Lung (metastatic) 17 (M) Relapse (after  BARD1 (E59Afs*8); CDKN2A University of Pittsburgh Unknown
FLI treatment) and CDKN2B (deletion) (PMID: 36187937)
fusion
(ex10-
ex6)
ES-7 EWSRI1- Right fibula/bone 15 (M) Relapse STAG2 (M1212fs); TP53 PPTP; (PMID: 20164919) Unknown
FLI marrow (H179Q)
fusion (primary)
(ex10-
ex5)
TC-138 EWSRI1- Bone (primary) Unknown Unknown STAG2 (expression loss); (PMID: 25010205) Unknown
FLI ™M) CDKN2A (homozygous
fusion deletion)
(ex10-
ex5)
ES-6 EWSRI1- Right femur/rib/ 17 (M) Relapse STAG2 (L264P); TP53 PPTP (PMID: 20164919) Unknown
FLI vertebra (expression loss)
fusion (primary)
(ex9-
ex4)
EW-16 EWSR1- Unknown Unknown Unknown TP53 (K120Sfs*3); CDKN2A  Institut Curie (PMID: Unknown
FLI M) (deletion) 1423975)
fusion
(ex8-
ex7)
SK-PN- EWSRI1- Retroperitoneum 17 (M) After chemo TP53 (C176F) homozygous; ATCC, #CRL-2139 (PMID: 1978
DW FLI (primary) (after PTEN (c.1_79del79) 3024811)
fusion treatment) homozygous; RB1 (W78%)
homozygous
EW-5 EWSRI1- Paraspinal 16.8 (M) Diagnosis (after TP53 PPTP (PMID: 31693904) Unknown
FLI (primary) treatment)
fusion
EW-18 EWSRI1- Unknown Unknown Unknown TP53 (C176F) IARC (PMID: 20164919) Unknown
FLI
fusion
MHH-ES-1 EWSRI- Bone (metastatic) 12 (M) Unknown STAG2 (Q735fs); TP53 DSMZ, #ACC 167 (DOI: Unknown
FLI (S215del) 10.1016/0165-4608(89)
fusion 90568-2)
NCH- EWSRI1- Lung (metastatic) 15 (M) Relapse Unknown PPTP (PMID: 31927611) Unknown
EWSI FLI
fusion
MS-EwS- EWSRI- Thoracic cavity 19 M) Relapse Unknown University Children’s Unknown
6 FLI (metastatic) Hospital Minster (PMID:
fusion 29464090)
EWS-502 EWSRI- Unknown Unknown Unknown TP53 (C135F) (PMID: 23145994) Unknown
FLI
fusion

(Continued on the following page)
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Table 1. Published or commercially available Ewing sarcoma cell lines. (Cont’d)

Year
established
Fusion (clinical
Name status Origin Age (sex) Disease stage Genetic variants Source outcome)
CHLA- EWSRI1- Peripheral blood 17 (M) Relapse STAG2 (L791fs); TP53 COG (PMID: 24312454) Unknown
352 ERG (circulating (autopsy and (R273H); CDKN2A
(COG- fusion tumor cells) after (homozygous deletion)
E-352) (ex7- treatment)
ex8)
CHLA-25 EWSRI- Unknown 2.6 (F) After chemo STAG2 (multi-exon COG (PMID: 24312454) Unknown
ERG (after deletion); TP53 (R273H)
fusion treatment)
(ex7-
ex7)
SK-PN-LI  EWSRI1- Right scapula 3IM) Unknown STAG2 (S704fs); TP53 (PMID: 2987426) 1979
ERG (primary) (R273H and V272L)
fusion
(ex7-
ex7)
TC-106 EWSRI1- Skin: scalp 19 M) Diagnosis TP53 (exonic splice site: (PMID: 3004699) 1982
ERG (metastatic) (before E224D); CDKN2A
fusion treatment) (homozygous deletion);
(ex7- BRCA2 (K3326X)
ex7)
TC-4C EWSRI1- Unknown Unknown Unknown STAG2 (multi-exon (PMID: 25010205) Unknown
ERG deletion); TP53 (L194R)
fusion
(ex7-
ex7)
CADO- EWSR1- Pleural effusion 19 (F) Unknown CDKN2A (homozygous DSMZ, #ACC 255 (PMID: Unknown
ESI1 ERG (metastatic) deletion) 1756482) (deceased)
fusion
EW-3 EWSRI1- Pleural effusion 14 (M) Unknown STAG2 (R216*); TP53 IARC; Institut Curie (PMID: 1980
ERG (metastatic) (c.852_858del7) 6713356)
fusion
MS-EwS-  EWSRI- Bone marrow 10 (M) Relapse Unknown University Children’s Unknown
34 ERG (metastatic) Hospital Minster (PMID:

fusion

30879952)

Comprehensive inventory of Ewing Sarcoma cell lines established from pediatric and young adult primary and metastatic tumors with associated mutations,

source, and clinical information.

Abbreviations: CCRI, St. Anna Children’s Cancer Research Institute; del, deletion; DSMZ, Leibniz Institute; ex, exon; F, female; fs, frameshift; IARC, International

Agency for Research on Cancer; M, male.

tumors, especially fusion-driven sarcomas like Ewing sarcoma
(49, 50). Unlike other cancers that develop through stepwise accu-
mulation of multiple genetic mutations, Ewing sarcoma arises from
a single EWSRI::ETS chromosomal rearrangement, most frequently
the EWSRI::FLII fusion oncogene. This fusion protein is highly
cancer specific and is deeply influenced by the epigenetic/genetic
context provided by the cell of origin and its differentiation state. It
is now clear that EWSRI::FLII cannot indiscriminately transform all
cells; rather, the unique combination of the cell of origin and the
fusion protein dictates the cellular and clinical characteristics of the
resulting Ewing sarcoma tumor (51-55).

Although hPSC-based protocols are still being refined, multi-
lineage approaches offer a valuable expansion to the toolkit available
for Ewing sarcoma research. It is now possible to generate multiple
candidate Ewing sarcoma cells of origin through reprogramming,
creating cell resources enabling the study of fundamental mecha-
nisms of Ewing sarcoma biology both in vitro and in vivo (56). This
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approach holds the potential to develop powerful new models of the
disease, providing unprecedented insights into the early stages of
tumor formation—insights that are difficult to capture using exist-
ing patient-derived models.

Human mesenchymal stem cells (hMSC) are multipotent precur-
sors that can be differentiated in vitro into various cell types, typically
osteoblasts, chondrocytes, and adipocytes, but also along the endo-
thelial linage. EWS::FLI1 overexpression in adult hMSCs blocks their
differentiation and generates a transcriptome profile reminiscent of
Ewing sarcoma (57). Many of these EWS::FLI1-regulated genes are
more strongly induced when the oncogene is expressed in pediatric
hMSCs (hpMSC), whereas numerous genes that are among the most
prominent Ewing sarcoma markers are induced in hpMSCs but not in
their adult counterparts (58). Notably, although hpMSCs provide a far
more permissive environment, hpMSCs that express EWS::FLII are,
like EWS::FLI1-expressing adult hMSCs, unable to form tumors in
vivo. In addition to the age of the MSC donor, the anatomic site of
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MSC origin may affect susceptibility to EWS::FLI1-induced trans-
formation as has been demonstrated for mouse osteochondrogenic
precursors, which were found to be more susceptible when derived
from the stylopod than from the zeugopod (59). Similarly, CRISPR-
mediated EWSRI::FLII translocation in MSCs is insufficient to gen-
erate transforming models within 1 year (60). However, the addition
of STAG2, TP53, and CDKN2A mutations to this approach resulted in
fully transforming models. Gordon and colleagues developed an ap-
proach that exploits the in vitro potential of hPSCs to differentiate
into cells from the three germ layers when forming embryoid bodies
(EB; ref. 36). EWS:FLI1 expression in EBs derived from p53-deficient
human embryonic stem cells leads to in vitro transformation, yet EB-
derived cells lack tumor formation capacities in vivo (36).

Challenges of in vitro models

Despite the tremendous advances in preclinical modeling of
Ewing sarcoma in recent years, numerous challenges remain. First,
because of standard treatment protocols and availability of clinical
specimens, the field largely lacks paired models of diagnosis and
relapse. Resolving this challenge will require concerted efforts to
collect research-specific biopsies from patients beyond standard
clinical protocols, an effort that will require community support
from patients and their families to undergo additional procedures.
The number of patient samples required to model the heterogeneity
of Ewing sarcoma is yet to be determined and underscores the need
for cooperative international efforts. Both serial models from the
same patient to evaluate heterogeneity and resistance, in addition to
more focused studies on residual populations, are expected to more
clearly identify targets for therapy in resistance and minimal re-
sidual disease states.

In vivo Modeling of Ewing Sarcoma

GEMMs of Ewing sarcoma

GEMMs can recapitulate and model cancer initiation and evo-
lution in an immune-competent background, providing dynamic
insights into disease pathogenesis and tumor host interactions,
ideally allowing for rapid preclinical drug testing. However, at-
tempts to genetically model Ewing sarcoma in the mouse have been
frustrating. Strategies introducing human EWS::FLII in limb bud
mesenchyme, osteoblast precursors, neuronal tissue, or muscle,
using a variety of promoters to drive the gene fusion and Cre lines
to conditionally activate the transgene, resulted in either no phe-
notype at all, embryonic lethality, tissue damage, and/or develop-
mental defects but not tumorigenesis (2, 61). These negative
findings raised questions about context- and developmental stage—
specific oncogene dosing and toxicity. As de novo gene activation via
binding to GGAA microsatellites is a key pathogenic activity of
EWS::FLI1, distinct GGAA microsatellite landscapes in mice and
humans may explain the failure to generate Ewing sarcoma in mice.
However, recent results obtained in Drosophila, zebrafish, and an
early study driving EWS:FLI1 expression from the ubiquitous
ROSA26 locus with MxCre-mediated activation in adult mice sug-
gest species-independent transforming activity of the fusion protein
(62, 63). Torchia and colleagues induced EWS::FLII activation at
post-natal days 2 to 3, whereas the majority of tested conditional
EWS::FLI1 mouse models activated the fusion gene during em-
bryogenesis with no resulting tumor formation (2). However, when
targeted to the mesenchymal lineage of embryonal endochondral
bone formation and activated in a narrow time window after birth,
EWS::FLI1 expression resulted in Ewing sarcoma-like tumorigenesis
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with long latency (12, 64). Similarly, Tanaka and colleagues (65)
demonstrated that mouse osteochondrogenic progenitors derived
from the embryonic superficial zone of long bones collected from late
gestational embryos and ex vivo transduced with EWS::FLI1 were able
to form Ewing sarcoma-like tumors in nude mice. A recent study
using embryonic mouse mesenchymal stem-like cells reports a two-
step epigenetic mechanism of EWS::FLI1-driven tumorigenic trans-
formation with the fusion oncogene causing immortalization and
developmental arrest, followed by post-natal humoral tumor pro-
motion identifying pubertal growth factors (i.e., high levels of insulin-
like growth factor 1 and insulin) as candidate drivers of tumorigenesis
(66). These results suggest that transplantation models of genetically
engineered mice with EWS::FLI1 targeted to embryonal mesenchymal
precursors may hold promise as alternative disease models for pre-
clinical drug development.

Humanized mouse models

Alternative approaches to the development of an immunocom-
petent murine model of Ewing sarcoma have been ongoing, given
the historical lack of a robust genetically engineered in vivo mouse
model. Humanized murine models have been increasingly utilized
to allow for the study of human adult carcinomas and testing of
emerging immunotherapies in these cancers (67-69). Several dif-
ferent approaches exist for the development of a humanized murine
model (70, 71). The Hu-PBL model utilizes direct infusion of ma-
ture human peripheral blood leucocytes (PBL) into immunodefi-
cient (SCID) mice (70). The benefit of this model is the relative
accessibility of PBLs and the potential for paired PBLs with human
tumor sample (autografted PBLs with Ewing sarcoma PDX).
However, a significant limitation of this model is the relatively high
rate of GVHD. Another humanized model is the bone marrow,
liver, and thymus model. This model utilizes transplant of fetal liver
CD34" progenitor cells and fetal thymus into immunodeficient mice
(70). The benefit of the bone marrow, liver, and thymus model is
that the implantation of human thymus material allows for HLA-
restricted T-cell development and more robust development of
T-cell populations. This model is limited by the availability of fetal
tissues and is prone to the development of chronic GVHD. In
contrast, the CD34" model utilizes infusion of CD34" stem cells,
obtained from human cord blood, into an immunodeficient mouse
(70). Total body irradiation is used for conditioning to prevent
GVHD and allow for successful engraftment. The use of pre-
conditioning in this model leads to exceedingly low rates of GVHD.
The CD34" model allows for engraftment of all immune cell sub-
populations, although relatively more limited myeloid and NK cell
populations. It has been demonstrated that serotyping and aligning
HLA-A*02 status is sufficient to prevent acute rejection in the set-
ting of organ transplant and is true in humanized solid tumor
cancer models as well (72, 73). Given this finding, it will be im-
portant that HLA-A*02 status is matched between Ewing sarcoma
cell lines and CD34" cord blood donors when utilizing the CD34"
humanized mouse model to prevent tumor rejection. As efforts to
develop humanized mouse models continue to improve, it is ex-
pected that clinical efforts to minimize GVHD in humans may
similarly be employed in mouse models to facilitate the engraftment
and use of these models in preclinical studies (74, 75).

Studies investigating the Ewing sarcoma TME and agents tar-
geting the TME using humanized mouse models are ongoing (76, 77).
Previous work has demonstrated that Ewing sarcoma tumors utilizing
the A673 cell line can be successfully established in NSG-SGM3 mice
engrafted with CD34" cord blood stem cells (78). More recent work
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has demonstrated that the study of Ewing sarcoma xenografts in the
CD34" humanized mouse model leads to increased rates of sponta-
neous pulmonary metastases as compared with identical tumors de-
veloped in NSG mice (77). The use of humanized mouse models for
in vivo studies of Ewing sarcoma is an emerging and important tool to
study agents expected to affect or be affected by the tumor immune
microenvironment, including immune checkpoint blockade and cel-
lular therapies such as CAR-T.

PDX models

The development and use of immunodeficient mouse strains
harboring xenografted tumor tissue have enabled insights into tu-
mor biology and aided in the identification and evaluation of drugs
that may be applicable to pediatric cancer (79, 80). Several efforts in
establishing PDX mouse tumor models across the spectrum of pe-
diatric cancer have resulted in an assembly of validated and bio-
logically relevant models, which have become the gold standard for
preclinical drug testing (81-85). PDX models are generally defined
as models developed from direct implantation of patient tumor
tissue into immunodeficient mice without prior culture or expan-
sion in vitro, serially propagatable for at least two to three genera-
tions and recapitulate the molecular alterations of the source patient
tumor. Recapitulation of tumor heterogeneity and gene alterations
have made PDX models a unique biological surrogate of the patient
and represent a unique and powerful tool for understanding and
predicting drug responses. Drug responses in PDXs have been
shown to correlate with clinical responses in a variety of co-clinical
studies (79, 86-89). As such, there has been a shift from the use of
xenografts established from cell lines expanded in in vitro culture, or
cell line-derived xenografts (CDX), to PDXs for the evaluation and
prioritization of drugs in the United States (85, 90). In Europe, the
Innovative Therapies for Children with Cancer Pediatric Preclinical
Proof-of-concept Platform (ITCC-P4; https://itccp4.com/) repre-
sents a sustainable, comprehensive preclinical drug-testing platform
offering ~400 pediatric cancer PDX models, including 34 Ewing
sarcoma models, which allow for the conduct of single-mouse co-
clinical trials. A table of molecular and clinical characteristics of
existing PDX models is summarized in Table 2.

Nonmammalian models

Nonmammalian models can also shed light on Ewing sarcoma
biology and the function of EWS::FLI1 and related fusions. Zebra-
fish has proved to be a successful and tractable model of human
Ewing sarcoma. Transgenic expression of human EWS:FLI1 in
developing zebrafish led to the development of malignant round
blue cell tumors with histologic and transcriptional activity simi-
larity to human Ewing sarcoma (62). As with most GEMMs, this
early zebrafish model was limited by developmental toxicity of the
transgene, leading to low penetrance. Vasileva and colleagues (91)
recently introduced an inducible model of EWS::FLI1 expression in
zebrafish that overcame this limitation with rapid development of
small round blue cell tumors at high penetrance. The tumors re-
semble human Ewing sarcoma at the histologic level and in the
expression of canonical Ewing sarcoma markers such as CD99 and
NKX2-2. Using this model, Vasileva and colleagues uncovered a
novel role for heparan sulfate proteoglycans in tumor growth and
showed that a heparan sulfate proteoglycan inhibitor decreased
Ewing sarcoma tumorigenicity in vitro and in vivo. Zebrafish and
humans share almost 85% of disease-causing genes, and the fish and
human immune systems are highly similar, which will make this
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model a powerful platform for exploring biology and therapeutics of
Ewing sarcoma.

More recent work from the same investigators showed that the
expression of human EWS:FLI1 specifically in neural crest cells
during early development leads to Ewing sarcoma tumors (bioRxiv
2024.10.27.620438). Single-cell analysis of RNA expression, chro-
matin accessibility, and EWS::FLI1 genomic binding demonstrated
that EWS::FLI1 functions as an aberrant pioneer factor, hijacking
developmental enhancers to reprogram neural crest cells to a me-
soderm state. A striking manifestation of oncogenic reprogramming
of neural crest to mesoderm is the formation of ectopic fins
throughout the fish body. The association of neural crest-derived
Ewing sarcoma with the fins of fish may also explain why human
Ewing sarcomas are often found in bones of the limbs. These data
provide an explanation for the mixed neuronal/mesenchymal nature
of Ewing sarcoma cells and indicate that neural crest may be a cell of
origin for human Ewing sarcoma.

Another, complementary, the use of the zebrafish system for
preclinical modeling of Ewing sarcoma is the strategy of xeno-
grafting human cancer cells into zebrafish embryos and larvae
(roughly day 1-day 7 of development). These early-life stages have
several advantages. As adaptive immunity does not develop until
after day 7, embryos and larvae readily tolerate human cell xenografts.
Furthermore, each breeding pair can produce serval 100 transparent
embryos per week, making it straightforward to generate and visualize
large numbers of xenografted test subjects. Drug screening is simple
to perform by adding test compounds to the water (92, 93). Using this
system, Distel and colleagues have tested effects of YK-479, the TEAD
inhibitor K-975, and allosteric C-terminal Hsp90 inhibitors against
Ewing sarcoma (94). In another study in zebrafish, these investigators
showed that Ewing sarcomas are sensitive to combination therapies
targeting antiapoptotic proteins MCL-1 and BCL-XL, a finding they
further confirmed in an Ewing sarcoma PDX mouse model and
highlights the utility of zebrafish as a relevant preclinical drug
screening tool (95).

In terms of a non-vertebrate model of Ewing sarcoma, Molnar and
colleagues (96) used Drosophila to test the effects of EWS:FLI1 and
discovered a natural spontaneous variant designated EWS:FLIIFS, in
which the 69 amino acid C-terminal tail of the fusion is replaced by a
new 64 amino acid sequence. The variant fusion was the only one
tolerated by the developing fly salivary gland tissue. Surprisingly, mul-
tiomic analysis of the fly tissues showed enrichment of EWSRI::FLII-
related gene sets and pathways, including DNA replication, excision
repair, and mismatch repair. Immunoprecipitation/mass spectrometry
experiments demonstrated that Drosophila EWS::FLI1 interacts with the
Drosophila homologues of human EWS::FLI1 protein partners, includ-
ing RNA pol II subunits, chromatin remodelers, and components of the
spliceosome. The Drosophila model recapitulates the major neomorphic
aspects of the fusion oncogene function, ie., activation of transcription
from GGAA microsatellites and competition of ETS transcription fac-
tors. Most recent work by the same group has shown that EWS::FLI1FS
lower toxicity is owed to reduced protein levels caused by its frame-
shifted C-terminal peptide (97). Using this knowledge, they have gen-
erated Drosophila lines that express full-length, unmodified
EWS:FLI1 and described a positive linear correlation between the
upregulation of transcription from GGAA microsatellites and a wide
range of EWS:FLI1 protein concentrations. In contrast, GGAA
microsatellite-independent transcriptomic dysregulation presents rela-
tively minor differences across the same range. These results highlight
the functional relevance of varying EWS:FLI1 expression levels and
provide experimental tools to investigate in Drosophila the molecular
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pathways affected by the EWS:FLI1 “high” and “low” states observed in
human tumors (97).

Descriptions of in vitro and in vivo models, pros and cons of their
use in experiments, and model considerations are summarized in
Fig. 1.

Preclinical Data Resources

In concert with the development of preclinical models, several
informatics platforms have been assembled to catalogue and house
molecular characterization data from primarily mouse xenograft
models. Models generated by the NCI Pediatric Preclinical Testing
Program (PPTP)/Pediatric Preclinical Testing Consortium (PPTC)/
Pediatric In VivO Testing (PIVOT) preclinical testing groups have
housed model data into the Patient Derived Cancer Models Data-
base that contains information about each mouse model in addition
to demographic and clinical characteristics of the source patient
(https://www.cancermodels.org; ref. 98). Additionally, the Tree-
house Childhood Cancer Initiative has developed an accessible da-
tabase of pediatric patient tumors and PDX models with associated
clinical, demographic, and model characterization data (https://
treehousegenomics.ucsc.edu/). Although not specifically a reposi-
tory for pediatric-specific models, the PDX Network Portal houses
patient tumor and PDX data across a wide range of tumor types
(https://portal.pdxnetwork.org/; ref. 99). Efforts to assemble legacy
preclinical testing data conducted by the PPTP/PPTC/PIVOT group
are underway to enable access of drug efficacy data to external
investigators (http://preclinicalpivot.org). Similarly, the ITCC-P4
consortium, described in more detail in subsequent sections, has
developed an open access platform containing searchable data on
models and drug testing data (https://r2-itcc-p4.amc.nl/). PDX
models generated by Cancer Prevention and Research Institute of
Texas investigators have housed model information, pathology
images, and an array of omics data into the Pediatric PDX Explorer
platform, a searchable database that incorporates functionalities that
enable online analysis (https://datacommons.swmed.edu/cce/ppdxe/
data.php; ref. 100). The St Jude Pediatric Cancer portal includes
in vitro and in vivo model-associated data for solid (https://cstn.
stjude.cloud) and liquid tumors (https://propel.stjude.cloud; ref. 101).
Using the cBioPortal platform, the PedcBioPortal was developed to
house omics data from >200 preclinical models developed by the
PPTP/PPTC group and is also linked to other pediatric cancer ge-
nomics initiatives such as NCI TARGET (https://pedcbioportal.org;
ref. 81). There is ongoing efforts through the NCI Childhood Cancer
Data Initiative to connect preclinical model data with patient de-
mographic and genomic data obtained across a continuum of pedi-
atric clinical studies (https://ccdi.cancer.gov/explore), as well as the
related NCI Genomic Data Commons which houses pediatric patient
genomics data (https://portal.gdc.cancer.gov; refs. 102, 103). These
resources serve as invaluable data repositories to guide model selec-
tion for preclinical studies, as well as a minable resource to enable
hypothesis-driven studies (Table 3).

The data produced by modern sequencing instruments is highly
amenable to sharing, reuse, and continuous reanalysis. Unlike ear-
lier generations of genomic and transcriptomic technologies, mas-
sively parallel sequencing methods produce data that have less
“batch effects.” This is a particular benefit for rare tumors, like
Ewing sarcoma, for which multiple groups may want to combine
locally produced data into a larger unified cohort. In these instances,
raw sequence-level reads (BAM, CRAM, or FASTQ) may be shared
or, alternatively, processed variants or summarized gene counts, so
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long as similar library preparation methods and standardized bio-
informatics pipelines are used at all sites. For instance, an analysis of
structural rearrangements in Ewing sarcoma led to the identification
of a pattern of looped translocations called chromoplexy, involving
EWSRI, FLI1, ERG and additional loci (104). A data reanalysis of
additional Ewing sarcoma genomes, sequenced elsewhere, led to the
validation of this pattern.

Data reanalysis and sharing have also been useful for full tran-
scriptome data [RNA sequencing (RNA-seq)]. The Ewing sarcoma
transcriptome is highly complex and its analysis benefits from large
sample sizes. The UCSC Treehouse initiative has assembled a uni-
formly processed set of 12,747 cancer transcriptomes, which in-
cludes 80 samples marked as Ewing sarcoma (105). Combining this
dataset with RNA generated elsewhere, a pan-cancer atlas of human
cancer was developed (106). The atlas was built using a scale-
adaptive unsupervised approach that led to an initial set of
455 distinct classes of cancer and non-neoplastic tissue. Ewing
sarcoma clustered distinctly from all other cancers, including other
mesenchymal entities, in a clearly distinguished class. Notably, this
class contained only FET::ETS fusions and clarified the diagnosis of
tumors previously diagnosed as Ewing sarcoma that harbored other
fusions. A convolutional neural network (OTTER) was then trained
on these classes and made available online (https://otter.ccm.
sickkids.ca/). This facilitated matching of locally sequenced RNA-
seq to a large atlas, helping to refine diagnosis for newly diagnosed
patients. This system also enables an objective evaluation of the
degree to which models of Ewing sarcoma recapitulate human
disease in situ. The same approach can be used to assess the degree
to which experimental perturbations influence the overall tran-
scriptional signature in models.

In vivo Drug Efficacy Studies

Given poor outcomes for patients with metastatic or relapsed/
refractory disease, there is an urgent need to identify new thera-
peutic strategies and streamline preclinical testing and translation to
benefit high-risk patients (107, 108). There has been considerable
preclinical work both in optimizing delivery of chemotherapeutic
regimens used in the upfront and relapsed setting, as well as in-
vestigation of novel therapeutics such as small-molecule inhibitors
and immunotherapy in animal models. Here, we describe some of
the efforts thus far and discuss key recommendations for future in
vivo preclinical testing.

Establishment of chemotherapy backbones in vivo

As chemotherapy regimens remain the standard of treatment in
both upfront and relapsed disease in patients, efforts have focused
on optimization of chemotherapy regimens using in vivo models.
Work from the early-phase preclinical pharmacology program at St.
Jude has established mouse in vivo dosing and scheduling with ac-
companying pharmacokinetic data of standard chemotherapy regi-
mens and many small-molecule inhibitors (https://cstn-gateway-prod.
azurewebsites.net/p/pdfs/Standard_Of_Care_Drug Regimens.pdf and
https://cstn.stjude.cloud/resources#pkreports). Although many novel
therapeutics have emerged and shown promising preclinical results,
the use of single agents is unlikely to result in significant therapeutic
benefit in the clinic. We currently lack a complete understanding of
how Ewing sarcoma cells resist standard chemotherapy and focused
efforts to measure dynamic changes and targets serially in the context
of how chemotherapy would aid translation of therapies to clinical
trials. Thus, a priority for future preclinical studies will be testing
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Table 2. Published Ewing sarcoma PDX models.

Other
Fusion Diagnostic/ Age®  Previous molecular Related Center
PDX ID status recurrent®  Treatment® Site® (sex®) treatment alterations® dels PDX developed
HSJD-ES-001 EWSRI-FLIT R After Scapula (P) 21.7 G/D, I/T, RT, and STAG2 mutation Hospital Sant Joan
fusion treatment M) HIFU de Déu (PMID:
(ex7-ex5) 30140378)
HSJD-ES-002 EWSRI-FLIT D Before Fibula (P) 12.2 None Two-copy gain of chr8 and PDX: Hospital Sant Joan
fusion treatment M) focal deletion of the CDKN2A HSJD- de Déu (PMID:
(ex10- locus on chromosome 9p21. ES- 29358035)
ex5) 006
HSJD-ES-003 EWSRI-FLIT R After Lung (M) 17.0 GEIS21 (high risk) ~ Gain of chr8. Hospital Sant Joan
fusion treatment F de Déu (PMID:
(ex10- 36603685)
ex5)
HSJD-ES-004 EWSRI-FLIT R After Mediastinum 18 (M) SEHOP 2001 Gain of chr8 and loss in the Hospital Sant Joan
fusion treatment (M) locus encoding for CDKN2A. de Déu (PMID:
(ex7-ex6) Wild type for STAG2 and 26056084)
TP53.
HSJD-ES-006 EWSRI-FLIT R After Lung nodule 13.7 GEIS21 (standard One-copy gain of chr8 and PDX: Hospital Sant Joan
fusion treatment M) M) risk) focal deletion of the CDKN2A HSJD- de Déu (PMID:
(ex10- locus on chromosome 9p21. ES- 26056084)
ex5) Wild type for STAG2 and 002
TP53.
HSJD-ES-008 EWSRI-FLIT D Before Humerus (P) 13 (M) None Copy-neutral LOH in PDX: Hospital Sant Joan
fusion treatment chromosome 3 and 20. HSJD- de Déu (PMID:
(ex7-ex6) ES- 33837665)
012
HSJD-ES-009 EWSRI-FLIT R After Skull (M) 10.7 GEIS21 (standard Gain of chr8 and loss in the Hospital Sant Joan
fusion treatment M) risk) locus encoding for CDKN2A. de Déu (PMID:
(ex7-ex5) 30420447)
HSJD-ES-0T11 EWSRI-FLIT R After Pleura (M) 13.9 SEHOP 2001, VIT Gain of chr8. Hospital Sant Joan
fusion treatment F de Déu (PMID:
(ex7-ex6) 30140378)
HSJD-ES-012 EWSRI-FLIT R After Skull (M) 14.7 GEIS21 (high risk);  Copy-neutral LOH in PDX: Hospital Sant Joan
fusion treatment M) 1/T; G/D chromosome 3p and 20q. HSJD- de Déu (PMID:
(ex7-ex6) ES- 33669730)
008
HSJD-ES-013 EWSRI-FLIT R After Trapezius (M) 18.6 GEIS21 (standard CNAs in regions of PDX: Hospital Sant Joan
fusion treatment M) risk) chromosomes 8, 14, and HSJD- de Déu (PMID:
(ex7-ex6) 17 that include loss of TP53, ES- 33033246)
STAT3, and BRACI genes. 017
HSJD-ES-014 EWSRI-FLIT R After Mastoid (M) 10.6 EuroEwing 2012 Gain of chr8 and loss in the Hospital Sant Joan
fusion treatment M) locus encoding for CDKN2A. de Déu (PMID:
36603685)
HSJD-ES-015 EWSRI-FLIT R After Lung (M) 18.3 GEIS21 (standard Gain of chr8. Hospital Sant Joan
fusion treatment M) risk) de Déu (PMID:
(ex7-ex6) 33837665)
HSJD-ES-016 EWSRI-FLIT R After Lung (M) 12 (M) GEIS21 (high risk) Gain of chr8 and loss in the Hospital Sant Joan
fusion treatment locus encoding for CDKN2A. de Déu (PMID:
(ex7-ex6) 33669730)
HSJD-ES-017 EWSRI-FLIT D Before Pleura (P) 17.9 None CNAs in chromosomes 7, 9,10, PDX: Hospital Sant Joan
fusion treatment M) 12, and 15 (involving the loss HSJD- de Déu (PMID:
(ex7-ex6) of CDKN2A locus). ES- 33837665)
013
HSJD-ES-021 EWSRI-FLIT R After Paraspinal (M) 5.8 EuroEwing 2012 Unknown Hospital Sant Joan
fusion treatment F de Déu (PMID:
(ex7-ex5) 36603685)
HSJD-ES-026 EWSRI-FLIT R After Tibia (P) 14.8 EuroEwing 2012, G/ Unknown Hospital Sant Joan
fusion treatment (@) D, I/T, and RT de Déu (PMID:
36603685)
HSJD-ES-033 EWSRI-FLIT R After Lung (M) 9.3 GEIS21 (standard Unknown Hospital Sant Joan
fusion treatment M) risk), G/D, I/T, de Déu (PMID:
and RT 36603685)
IC-pPDX-3 EWSRI-FLIT D Before Humerus (P) 16 (F) CDKN2A deletion Institut Curie (PMID:
fusion treatment 31668005)
(ex7-ex6)
IC-pPDX-5 EWSRI-FLIT D Before Tibia (P) Unknown Institut Curie (PMID:
fusion treatment 32049009)
(ex7-ex6)

(Continued on the following page)

OF12 Mol Cancer Ther; 2025 MOLECULAR CANCER THERAPEUTICS

G20z JoquianoN 0} U0 3sanb Aq ypd-8zy0-GZ-10W/S90959€/82+0-G2-LOIN'E9 L L-GESL/8S | L0 L/10p/jpd-ajoniepow/Bi0 sjeunolioee)/:dpy woy papeojumoq



Table 2. Published Ewing sarcoma PDX models. (Cont’d)

Preclinical Models for Ewing Sarcoma

Other
Fusion Diagnostic/ Age®  Previous molecular Related Center
PDX ID status recurrent®  Treatment® Site® (sex®) treatment alterations® dels PDX developed
IC-pPDX-8 EWSRI-FLIT D Before Sacrum (P) STAG2 R614* Institut Curie (PMID:
fusion treatment 32049009)
(ex10-
ex8)
IC-EW-1 (IC-pPDX- EWSRI-FLIT R After Retro- 5.2 CHX (Vc, If, and Ac; STAG2 0.02 Mb homozygous Institut Curie (PMID:
18) fusion treatment  peritoneal (D) Dx, Et, and Cy) deletion 37723198)
pararenal
M)
IC-pPDX-52 EWSRI-FLIT D Before Sacrum/ilium Unknown PDX: IC- Institut Curie (PMID:
fusion treatment P) pPDX- 32049009)
(ex7-ex6) 87
IC-pPDX-80 EWSRI-FLIT D After Chest (P) 8.2 CHX (Vg If, Dx, Cy, Unknown Institut Curie (PMID:
fusion treatment " Et, Ca, and Ac; 32049009)
(ex7-ex6) Tz, Ir; Vb, Ce;
CHIP)
IC-pPDX-87 EWSRI-FLIT R After Sacrum/ilium 135 CHX (Vg If, Dx, Cy, TP53 R175C; PDX: IC- Institut Curie (PMID:
fusion treatment P M) Et, Ac, and Zo) RECQL4 p.Pro466Leu VP; pPDX- 32049009)
(ex7-ex6) TP53 LOH; and CDKN2A/2B 52
homozygous deletion
IC-EW-7 (IC- EWSRI-FLIT R After Thoracic left 13.3 CHX + RT (Vg If, Unknown Institut Curie (PMID:
pPDX-141) fusion treatment P) () Dx, Cy, Et, and 37723198)
Ac)
IC-EW-8 (IC- EWSRI-FLIT R After Lung (M) 71 (F) CHX (Vg If, Dx, Et, Unknown Institut Curie (PMID:
pPDX-152) fusion treatment and Ac) 37723198)
IC-EW-10 (IC- EWSRI-FEV R After Vertebra Th1l  18.0 CHX (Vg If, Dx, Cy, TP53 p.Arg280Lys VP; Institut Curie (PMID:
pPDX-164) fusion treatment (M) M) and Et; Tz, Ir, and TP53 LOH 35565457)
Vb)
GR-EW-3 EWSRI-FLIT R After Femur (P) 15.4 CHX (Vc, If, Dx, Cy, TP53 p.Arg273Cys VP; Gustave Roussy
fusion treatment M) and Et) TP53 LOH; (PMID: 37723198)
CDK4 amplification
(16 copies)
GR-EW-5 EWSRI-FLIT R After Lung (M) 15.3 CHX (Vg If, Dx, Cy, ARID2 p.Tyr1099GlyfsTer7 VP; Gustave Roussy
fusion treatment F Et, Ac, and Zo) CHEK1 deletion (1 copy) (PMID: 37723198)
GR-EW-7 EWSRI-FLIT R After Subperitoneal 18.3 CHX + RT (Vg If, RAD54B p.Lys132Asn VUS; Gustave Roussy
fusion treatment muscular M) Dx, Cy, and Et; TOP2A (PMID: 37723198)
M) Tz, Ir; Me, Bu; Vb, p.Lys607ArgfsTerll VP
Vr)
GR-EW-9 EWSRI-FLIT R After Lung (M) 8.9 CHX (V¢ If, Dx, Cy, Unknown Gustave Roussy
fusion treatment M) Et, and Ac; Tz, Ir) (PMID: 37723198)
GR-EW-10 EWSRI-FLIT R After Lung (M) 23.6 CHX (V¢ If, Dx, Et;  Unknown Gustave Roussy
fusion treatment F Tz, and Ir; Ac, Cy, (PMID: 37723198)
and Vr)
GR-EW-11 EWSRI-FLIT R After Arm right (M) 12.8 CHX (Vc, If, Dx, and  TP53 p.Tyr197Cys VP; TP53 LOH Gustave Roussy
fusion treatment " Et) (PMID: 37723198)
NAN-EWS-2 EWSRI-FLIT R After Scapula bone 6.6 CHX + RT (Vg If, Unknown Centre hospitalier
fusion treatment  right (P) M) Dx, Cy, and Et; universitaire de
Me, Bu; Vb) Nantes (PMID:
37723198)
VHIR-EW-2 (T761) EWSRI-FLIT R After Lung (M) 10.6 CHX (Vg If, Dx, Cy, STAG2 c.819+1G>A VP; Vall d’Hebron
fusion treatment () and Et) FGFR1 p.Lys687Glu VP Research Institute
(PMID: 37723198)
SJEWS001321_X1  EWSRI-FLIT D After Tibia (P) 10 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS030393_X1 EWSRI-FLIT R After Lung (M) 17 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS030565_X1  EWSRI-FLIT R After Lung (M) 14 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS031703_X1  EWSRI-FLIT D After Pelvis (P) 15 (M) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS046144_X1  EWSRI-FLIT D Before Chest wall (P) 15(M) None Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS049193_X1 EWSRI-FLIT R After Lung (M) N (M) CHX TP53 mutation St. Jude Children’s
fusion treatment Research Hospital

(PMID: 28854174)
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Table 2. Published Ewing sarcoma PDX models. (Cont’d)

Other
Fusion Diagnostic/ Age®  Previous molecular Related Center
PDX ID status recurrent®  Treatment® Site® (sex®) treatment’ alterations? models PDX developed
SJEWS049193_X2 EWSRI-FLIT R After Lung (M) M (M) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS056156_X1  EWSRI-FLIT R After Rib (M) 22 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS056156_X2 EWSRI-FLIT R After Rib (M) 22 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS063826_X1 EWSRI-FLIT R Axilla 17 (M) Unknown St. Jude Children’s
fusion Research Hospital
(PMID: 28854174)
SJEWS063834_X1 EWSRI-FLIT R Chest wall 14 (F) Unknown St. Jude Children’s
fusion Research Hospital
(PMID: 28854174)
SJEWS063829_X1 EWSRI-FLIT D After Femur (P) 8 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS063834_X2 EWSRI-FLIT R Lung (M) 14 (F) Unknown St. Jude Children’s
fusion Research Hospital
(PMID: 28854174)
SJEWS071780_X1  EWSRI-FLIT D After Chest wall (P) 18 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS071783_X1  EWSRI-FLIT R After Chest 20 CHX Unknown St. Jude Children’s
fusion treatment ™M Research Hospital
(PMID: 28854174)
SJEWS071783_X2 EWSRI-FLIT R After Lung (M) 20 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS071783_X3 EWSRI-FLIT R After Lung (M) 20 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS071783_X4 EWSRI-FLIT R After Spleen 20 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS071785_X1  EWSRI-FLIT R After Spine 12 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
SJEWS071783_X5 EWSRI-FLIT R After Liver (M) 20 CHX Unknown St. Jude Children’s
fusion treatment M) Research Hospital
(PMID: 28854174)
SJEWS071785_X2 EWSRI-FLIT R After Periorbital (M) 12 (F) CHX Unknown St. Jude Children’s
fusion treatment Research Hospital
(PMID: 28854174)
TCCC-EWS37 EWSRI-FLIT Before Unknown 9 (M) None Unknown Baylor College of
fusion treatment Medicine, Houston
(PMID: 30548185)
TCCC-EWS38 EWSRI-FLIT Before P) 12 (M) None Unknown Baylor College of
fusion treatment Medicine, Houston
(PMID: 30548185)
TCCC-EWS70 EWSRI-FLIT Before P) 12 (M) None Unknown Baylor College of
fusion treatment Medicine, Houston
(PMID: 30548185)
TCCC-EWS82 EWSRI-FLIT Before Unknown 14 (F) None Unknown Baylor College of
fusion treatment Medicine, Houston
(PMID: 30548185)
EW#1 EWSRI-FLIT After Lung (M) 49 CHX Wild-type TP53 IRCCS Istituto
fusion treatment (D) Ortopedico Rizzoli
(ex7-ex6) (PMID: 31434953)
EW#2 EWSRI-FLIT R Before Shoulder and 28 None Wild-type TP53 IRCCS Istituto
fusion treatment soft tissue M) Ortopedico Rizzoli
(complex P) (PMID: 31434953)
type)
EW#3 EWSRI-ERG After (D) 14 CHX Wild-type TP53 IRCCS Istituto
fusion treatment (D) Ortopedico Rizzoli

(PMID: 31434953)
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Preclinical Models for Ewing Sarcoma

Table 2. Published Ewing sarcoma PDX models. (Cont’d)

Other
Fusion Diagnostic/ Age®  Previous molecular Related Center
PDX ID status recurrent®  Treatment® Site® (sex®) treatment alterations® dels PDX developed
EW#4 EWSRI-FLIT After Pelvis (P) 17 (F) CHX Wild-type TP53 IRCCS Istituto
fusion treatment Ortopedico Rizzoli
(ex7-ex6) (PMID: 31434953)
EW#5 EWSRI-FLIT After Femur (P) 25 CHX Wild-type TP53 IRCCS Istituto
fusion treatment M) Ortopedico Rizzoli
(ex7-ex5) (PMID: 31434953)
EW#6 EWSRI-FLIT After (W) 7 (F) CHX Unknown IRCCS Istituto
fusion treatment Ortopedico Rizzoli
(ex7-ex6) (PMID: 31434953)
XEN-EWS-021 EWSRI-FLIT D After Spine (M) 18 (F) Single dose of Dx/ STAG2 mutation (<50% variant NClI, Bethesda
fusion treatment Cy prior to allele frequency); (PMID: 27608846)
excision P53 homozygous mutation

2Diagnostic/recurrent: Diagnostic (D) refers to samples obtained during the initial treatment period including those obtained prior to therapy as well as after
initial preoperative chemotherapy. Recurrent (R) refers to samples obtained after the initial treatment period at a time of disease recurrence.

bTreatment: Yes (Y) refers to patients who received some form of therapy within 1 month of sample acquisition. No (N) refers to patients who did not receive any
therapy within 1 month of sample acquisition.

“Site: refers to the site that the sample was acquired from the patient. Primary site (P) and metastatic sample site (M) are noted.

dAge: refers to the age of the patient at the time of sample acquisition.

€Sex: male (M) or female (F).

fPrevious treatment; Ac, actinomycine; Bu, busulfan; Ca, carboplatin; Ce, celecoxib; CHIP, mitomycine, cisplatin, and irinotecan; CHX, chemotherapy; CNA, copy-
number alteration; Cy, cyclophosphamide; Dx, doxorubicin; Et, etoposide; G/D, clinical protocol including gemcitabine and docetaxel; GEIS21 (high risk), clinical
protocol including G/D window phase, followed by five cycles of mP6 chemotherapy; surgery; RT; followed by G/D maintenance therapy; GEIS21 (standard risk),
clinical protocol including five cycles of mP6 chemotherapy (cycles 1, 2, and 4 with cyclophosphamide, doxorubicin, and vincristine; and cycles 3 and 5 with
ifosfamide and etoposide); surgery; radiation therapy; HIFU, high intensity focused ultrasound; I/T, clinical protocol including irinotecan and temozolamide; If,
ifosfamide; Ir, irinotecan; Me, melphalan; RT, radiotherapy; SEHOP 2001, clinical protocol including six cycles of VIDE chemotherapy (day 1 vincristine, followed by
days 1-3 with doxorubicin, ifosfamide, and etoposide); Tz, temozolomide; Vb, vinblastine; V¢, vincristine; VIT, clinical protocol including vincristine, irinotecan, and

temozolomide; VP, phenotypic variance; Vr, vinorelbine; VUN, variant of uncertain significance; Zo, zoledronic acid.
90ther molecular alterations: copy-number alteration, loss of heterozygosity, phenotypic variance, and variant of uncertain significance.

combinations of backbone chemotherapeutic agents with novel
therapeutics.

Modeling transcriptional heterogeneity and plasticity in
therapeutic studies

Despite the characteristic “quiet genome” of Ewing sarcoma,
Ewing sarcoma tumors exhibit profound transcriptional and epi-
genetic heterogeneity. In particular, the EWS::FLI1 fusion regulates
the expression of both neural and mesenchymal transcriptional
profiles through complex transcriptional and epigenetic mecha-
nisms (53-55). Moreover, Ewing sarcoma cells are highly plastic and
exhibit profound transcriptional and phenotypic state heterogeneity
that is controlled by both cell-intrinsic and cell-extrinsic signals
(109). In particular, the relative expression level and transcriptional
activity of the EWS::FLII fusion and the TME, respectively, are key
determinants of cell state (10, 110-112). Ewing sarcoma cell pro-
liferation requires an optimal EWS:FLI1 protein threshold, fre-
quently referred to as EWS:FLI1 “high” state, whereas relatively
reduced EWS::FLI1 concentrations at the EWS:FLI1 “low” state
were found associated with a mesenchymal migratory and invasive
phenotype (10). Fluctuations between these two cell states have been
proposed to drive Ewing sarcoma metastasis (10). There is in-
creasing evidence that these altered states contribute to therapeutic
response and resistance and that drug treatment itself can further
influence this plasticity (113, 114). To advance therapeutics for
high-risk patients, it is essential to design preclinical studies that
investigate both treatment effect and response in the context of
cellular plasticity.

Two recent publications model this transcriptional heterogeneity
in in vivo models. Recent spatial transcriptomic analysis of Ewing

AACRJournals.org

sarcoma models revealed marked spatial differences in gene ex-
pression between tail vein—derived and subcutaneous tumors (115).
In addition, marked intratumoral heterogeneity of transcriptomic
and phenotypic states was observed in these models. Notably, pro-
tumorigenic ECM gene programs were enriched in cells in invasive
foci and along tumor border adjacent to tumor stroma (115). Many
of these ECM-enriched signatures recapitulate the EWS:FLI1 “low”
state phenotypically and transcriptionally and these ECM-secreting
tumor cells were also regionally identified in patient tumor biopsies.
In further support of this, Dasgupta and colleagues (116) evaluated
the transcriptional programs of spontaneous lung metastases that
formed following serial orthotopic intratibial injection and showed
that metastatic tumors had transcriptional profiles distinct from
parent cells. Significantly, and consistent with studies above, the
signatures of these metastatic cells showed enrichment of ECM and
epithelial-mesenchymal transition gene signatures. Moreover, sim-
ilar genes were upregulated in lung metastases isolated from patients
(116). These studies together demonstrate that phenotypic hetero-
geneity of tumor cells is inherent to the biology of Ewing sarcoma
and is evident during tumor evolution and metastatic progression in
patient tumors in vivo. Given that targeted and cytotoxic drugs can
have differential effects on tumor cells in different states, it will be
critical that these important biological features be considered in the
development of novel therapeutic regimens.

Modeling considerations for in vivo preclinical testing

As we design future preclinical therapeutic studies, we provide
recommendations and considerations for in vivo model selection to
ensure biologically rational testing of therapeutics. When selecting a
model for preclinical studies, investigators should consider key
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Model type

Pros

Cons

Testing considerations

V Cheap and widely available

V Universally accepted

x Genetic drift complicated testing
of genetic variants

x Clonal selection limits tumor
heterogeneity

Increasing passage number results in
genetic drift from primary tumor,
affecting tumor biology and drug responses

Clonal selection limits evaluations
of tumor heterogeneity

STR profiling is essential for validation

Patient-derived
3D spheroids

L tumor cell
representative of tumors

v Replicate in culture

« Option for personalized model to screen
therapeutics

&/ Cost effective

Limited replicative potential

Not universally accepted

X X X

Uncertain transcriptomic stability

S Self-organizing tumor cell aggregates

Derived from cell lines or low-passage
primary cells

» Grown in 2D or 3D to replicate conditions
% of the TME

<\ Multicellular model capable of culture
24 with ECM

v Inexpensive to establish directly
from surgical samples

Require careful validation

v e, tumor cell

representative of the tumor

« Possible to establish short-term models
from aggressive and indolent tumors

<

Therapeutic responses have
clinical predictive value

Not easily passaged and lose stromal
when

Passaging can affect drug responses

XX X X

Uncertain long-term culture stability

Recapitulate tumor spatial organization,
molecular phenotypes, and functional
features

/' Adaptable for medium- to high-throughput
“ drug screening

Multicellular model that includes ECM and
cells of the TME

>
% |

NSG mouse

Engraft the widest range of solid tumors
and hematologic cancers

Most widely used model for
implanting primary human tumors

Used for studying metastasis

Used for studying CAR-T cells

Increased risk of infection

Less tolerant of radiation and may require
dose reduction

Expensive maintenance

X X XX

Require hair removal or imaging to
Assess tumor growth

Deficient in B, T, and NK cells

Used for solid tumor and leukemia/
lymphoma studies

Athymic nude mouse

Engraft most fast-growing solid
tumors

Less prone to infection

CL €L < X

More tolerant of radiation and
chemotherapy

Lack hair, allowing easier tumor
measurements and imaging

Less expensive than nsg mouse

Variable engraftment of slower-growing
tumors

Limited use for testing CAR-T cells;
NK and B cells affect CAR-T cells

Expensive maintenance

X X X X

Less likely than NSG to develop
spontaneous metastases

" Deficientin T cells

5.7 Maintain some B-cell and NK-cell functions

A Not typically used for leukemia or lymphoma
because of the presence of B and NK cells

Humanized mouse

Engraft most cell line—derived and
patient-derived tumor models

Allow study of immunotherapies in
relevant context

L K K[« X

Allow study of agents on the ews
tumor immune microenvironment

X

Expensive to generate and maintain

x Do not allow study of agents with
significant myelosuppression

Need limited HLA-A2 matching to
successfully establish tumors

‘®
Nl

PDX tumors

V Recapitulates patient tumor cell
heterogeneity and molecular alterations

V Therapeutic responses have clinical
predictive value

Labor and cost intensive

Not amenable to testing immunotherapy

X XX

Loss of human tumor stromal cells
limits evaluation of tumor stromal
effects on drug responses

Tumor site (primary vs. metastatic) may
influence drug responses

</\ Genetic drift from primary patient tumor with
7 increased passage number affects tumor
biology and drug responses

/'~ Variable tumor engraftment due to tumor
#% heterogeneity may require staggered mouse
enrollment in drug efficacy studies

Variable drug responses occur across
different immunodeficient mouse strains

Drosophila

Inexpensive
Powerful genetics

Many well-characterized tissue-specific
driver lines available

x Evolutionarily more distant from humans

x Lack vertebrate immune system and
vasculature

K Tissue proliferation and differentiation are
indirect readouts of tumor biology

</~ Readily adaptable for high-throughput
“% screening

Limited routes of administration

. PKI/PD relationships are not well defined

Zebrafish

Very strong developmental genetics
support cell-of-origin studies

EWRS

LI1 is highly tumorigenic

Excellent for imaging, functional genetics,
and drug screening

&/ Full vertebrate immune and
lympho-vascular systems

x Lack orthologs of some human and
mouse genes

¥ Fewer available cross-reacting antibodies

x Shorter-term larval xenograft assays

<\~ Genetic and xenograft models can be used
% for medium-throughput screens

Limited routes of administration

PK/PD relationships are not well defined

Figure 1.

Advantages and disadvantages of Ewing sarcoma (EwS) preclinical models. Summary of preclinical models with associated pros and cons for each model type.
Testing considerations for each model type are provided.
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Table 3. Databases for pediatric cancers and preclinical models.

Preclinical Models for Ewing Sarcoma

Database Data resources Data address Reference
Patient Derived Cancer Models Database PDX model characterization data https://www.cancermodels.org (86)
Treehouse Childhood Cancer Initiative Clinical and PDX genomics data https://treehousegenomics.ucsc.edu/
PDX Network Portal (PDXNet) Clinical and PDX genomics data https://portal.pdxnetwork.org/ (87)
PIVOT Data Portal PDX model and drug efficacy study http://preclinicalpivot.org
data
ITCC-P4 R2 Genomics Analysis & Visualization Clinical and PDX genomics data https://r2-itcc-p4.amc.nl/
Platform
Pediatric PDX Explorer Clinical and PDX genomics data https://datacommons.swmed.edu/cce/ppdxe/  (88)
data.php
St Jude PeCan Cloud Models Portal Clinical and PDX genomics data https://cstn.stjude.cloud (89)
PedcBioPortal Clinical and PDX genomics data https://pedcbioportal.org (69)
NCI Childhood Cancer Data Initiative Clinical and genomics data https://ccdi.cancer.gov/explore (90)
NCI Genomic Data Commons Clinical and genomics data https://portal.gdc.cancer.gov on

validation criteria, including confirmation of the EWSRI::FLII fu-
sion and other defining mutations (via STR profiling or sequenc-
ing), transcriptomic fidelity to primary Ewing sarcoma tumors, and
preservation of histologic features. In vivo performance parameters
such as engraftment rate, metastatic potential, and treatment re-
sponse should also be evaluated. Importantly, the model’s relevance
to the clinical context—whether newly diagnosed, relapsed, met-
astatic, or specific molecular subtypes—should guide its applica-
tion. These considerations help ensure that model selection aligns
with the intended research question and enhances translational
relevance.

Tumor establishment can be accomplished via intratibial
(orthotopic modeling), subcutaneous (heterotopic modeling), or tail
vein injection (metastatic modeling), as well as a spontaneous
metastatic model (amputation model). Each model is hypothesized
to provide strengths and weaknesses for therapeutic discovery and
translation. For example, intratibial or intrafemoral tumors have
cross-talk with the bone TME, whereas spontaneous metastatic or
disseminated tail vein injection may more reliably recapitulate tu-
mor initiation in a metastatic niche. One focus is on the develop-
ment of drugs that target and prevent formation of tumors in the
metastatic setting, such as inhibitors of TGFp and Wnt/B-catenin
pathways. Nuclear translocation of f-catenin in Ewing sarcoma al-
ters the actin cytoskeleton to increase migration/invasion, and
pharmacologic inhibition of canonical Wnt signaling prevented
metastatic lung colonization in a spontaneous metastasis model
(117-119). Thus, testing of agents that block these important signals
in metastatic niches should be performed in relevant models i.e.,
spontaneous metastasis or tail vein models rather than subcutane-
ous tumor models.

Alternative platforms have emerged to interrogate Ewing sar-
coma metastasis. The Pulmonary Metastasis Assay is an ex vivo
approach using precision-cut lung slices from immunodeficient
mice that allows direct visualization of tumor cell colonization
within the lung microenvironment (120). This system preserves
tissue architecture and enables pharmacologic manipulation while
reducing animal usage. Zebrafish xenograft models also support
real-time, high-throughput evaluation of Ewing sarcoma cell mi-
gration, intravasation, and metastatic spread. Owing to the trans-
parency and genetic conservation of zebrafish embryos, these
models are especially valuable for rapid screening of metastasis-
modulating agents (94, 121). Together, these platforms offer
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complementary tools to better understand Ewing sarcoma dis-
semination and therapeutic vulnerabilities beyond conventional
murine systems.

An important consideration when developing in vivo models
using CDX or PDX is the location of implantation. Most studies
using in vivo models of Ewing sarcoma, especially those looking for
preclinical efficacy of novel drugs, involve subcutaneous injections
of cells suspended in Matrigel or PBS or involve subcutaneous
implantation of fragments of tumors (either CDX or PDX). Sub-
cutaneous tumors are technically simple to grow and easy to mea-
sure using calipers, thus facilitating large studies of drug efficacy.
This is the approach generally adopted by the PPTP/PPTC/PIVOT
programs (122). With the growing recognition of the importance of
nonmalignant cells in the TME on the behavior of cancer, ortho-
topic tumor implantation approaches have been gaining traction.
The main approaches taken in Ewing sarcoma are intratibial in-
jection, implantation of tumor fragments into the pretibial space,
and renal subcapsular implantation. It is becoming increasingly
clear that the behavior of tumors depends significantly upon the
location of implantation. One significant difference between sub-
cutaneous tumors and tumors growing in an orthotopic location is
the influence of microenvironment on metastatic behavior. One of
the earliest studies directly comparing the behavior of xenografted
tumors implanted subcutaneously with the same tumors implanted
in the pretibial space was conducted by Goldstein and colleagues
(123). In that study, which included two Ewing sarcoma PDX
models and one cell line model, no distant metastases were observed
in 45 mice subcutaneously implanted with a xenograft fragment,
whereas 27% to 67% of mice (depending on the model) exhibited
some evidence of distant metastasis after orthotopic implantation.
Although not formally studied in Ewing sarcoma, a recent study of
osteosarcoma demonstrated differences in response to doxorubicin
between intra-osseous tumors and intramuscular tumors (124).
These studies provide support for the use of orthotopic implanta-
tion models of Ewing sarcoma (and other sarcomas) despite the
increased technical difficulty of these approaches because the in-
teractions between tumor cells and the local microenvironment
affect all aspects of tumor biology and cannot be appropriately
modeled in the subcutaneous space.

Other groups have developed orthotopic models utilizing intra-
tibial or intrafemoral injection of single-cell suspensions, which can
be derived from cell lines or from PDX models. These models are

Mol Cancer Ther; 2025

OF17

G20z JoquianoN 0} U0 3sanb Aq ypd-8zy0-GZ-10W/S90959€/82+0-G2-LOIN'E9 L L-GESL/8S | L0 L/10p/jpd-ajoniepow/Bi0 sjeunolioee)/:dpy woy papeojumoq


https://www.cancermodels.org
https://treehousegenomics.ucsc.edu/
https://portal.pdxnetwork.org/
http://preclinicalpivot.org
https://r2-itcc-p4.amc.nl/
https://datacommons.swmed.edu/cce/ppdxe/data.php
https://datacommons.swmed.edu/cce/ppdxe/data.php
https://cstn.stjude.cloud
https://pedcbioportal.org
https://ccdi.cancer.gov/explore
https://portal.gdc.cancer.gov
https://aacrjournals.org/

Dela Cruz et al.

probably appropriate for the study of localized tumors and their
response to various treatments because they mimic the interactions
between tumor cells and normal bone. This was well demonstrated
by Vormoor and colleagues (125) who used advanced imaging
techniques, including PET and MRI, to define the interactions be-
tween tumors grown after intrafemoral injection of bone sarcoma
cells and the surrounding normal bone. Nevertheless, although mice
injected with sarcoma cells via the intratibial or intrafemoral ap-
proach develop distant metastases, this approach may not ade-
quately model the entire metastatic cascade. Although not formally
studied in Ewing sarcoma, Maloney and colleagues (126) demon-
strated that within 30 minutes of intratibial injection of osteosar-
coma cells, lungs are already seeded with cancer cells, suggesting
that intratibial injection, like tail vein injection, simply seeds cells
into the vasculature, rather than recapitulating the entire process of
metastasis.

Renal subcapsular injections and injections into muscle have also
been used to study Ewing sarcoma growth and progression. Al-
though metastasis can develop after such implantations, the crucial
interactions between tumor cells and the normal constituents of the
Ewing sarcoma microenvironment (e.g., bone, soft tissue, and lung)
cannot be studied in these models (127, 128).

In addition to using relapse-derived models, resistance can also
be modeled through experimental induction. Serial passaging of
xenografts under chemotherapy exposure or cyclic treatment pro-
tocols can enrich for resistant subpopulations while preserving tu-
mor histology and molecular features. Such strategies have been
applied in other sarcomas and offer a practical route to develop
relapse-relevant models for preclinical testing (82, 83).

A major limitation of all mentioned models is the inability to
study the interactions between cancer cells and the immune system
as all these models rely on immune-deficient mice. Of course, not all
immune-deficient mice are the same and different strains have
different complements of immune cells that can interact with
implanted tumor fragments. The use of different models with
varying degrees of immune deficiency allows investigators to ad-
dress some elements of the influence of the immune system on
metastasis. Interestingly, the articles cited earlier in this section used
a wide variety of mouse strains, including NSG mice (123, 125),
Rag2/yc knockout mice (125), athymic nude mice (127), and NOD-
SCID mice (128), which at least supports the contention that any of
these strains can be used for modeling tumor/immune system in-
teractions. The newest models being developed focus on so-called
humanized mice, as described in more detail earlier in this review.
These approaches, if combined with orthotopic implantation to
ensure an appropriate microenvironment, have the potential to
propel forward our understanding of tumor-immune interactions
and of spontaneous distant metastasis by more accurately capturing
all of the elements that affect tumor behavior in patients (77, 78).

Several high-profile examples in Ewing sarcoma highlight how
preclinical findings, especially from CDX or subcutaneous PDX
models, have failed to predict clinical outcomes. Insulin-like
growth factor 1 receptor and PARP inhibitors both showed
strong preclinical efficacy but limited clinical benefit, due in part
to non-representative models, lack of metastasis or resistance
features, and preclinical dosing that did not reflect clinical
pharmacokinetics (129-131). Preclinical studies performed by
the PPTC/PIVOT consortium reinforce the importance of using
pharmacokinetically informed dosing, clinically relevant drug
exposures, and modeling of relapse or metastasis to improve
translational success (82). These lessons emphasize the need for
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more rigorous, context-aware study design to guide clinical
prioritization.

In vivo drug efficacy study designs

Conventional drug efficacy studies in mouse xenograft models
typically enroll five to 10 mice into each treatment arm and sub-
sequent comparisons of tumor growth differences to assess treat-
ment response. Although this approach can be used to evaluate the
activity of a small number of drugs, it is not a feasible study design
for larger numbers of agents or drug combinations. To address the
challenge of an ever-increasing number of drugs and/or drug
targets to be tested utilizing PDX models, the development of
alternative preclinical study designs, such as the single mouse trial
(n = 1 mouse per PDX model per drug), twin mouse trial
(n = 2 mice per treatment arm per PDX model), or adaptive trial
study designs (two-stage mouse enrollment strategy based on re-
sponse from an initial cohort of n = 3 mice per treatment arm per
PDX model) is required to enable testing of multiple drugs across
multiple PDX models while decreasing mouse utilization required
for testing (132, 133). Furthermore, metrics for assessing the an-
titumor activity of drugs or drug combinations include assess-
ments of tumor volume change over time or at a predetermined
timepoint and comparison of event-free survival utilizing tumor
volume relative to baseline thresholds (e.g., doubling or quadru-
pling in tumor volume relative to baseline) as study endpoints
(122, 134). Various recommendations for experimental study de-
sign and assessments of antitumor activity using PDX models have
been developed, including consensus recommendations developed
by the NCI PDX Development and Trial Centers Research Net-
work (122, 133-136). Assessment of antitumor activity using two
or more response metrics (e.g., comparisons of tumor volume
changes and event-free survival) and tumor responses resulting in
tumor regression or prolonged growth inhibition (stable disease)
are generally considered to be more compelling for further in-
vestigation than treatments with statistically significant differences
in tumor growth but in the setting of ongoing growth within the
treatment group.t

North American and European
Collaborative Preclinical Testing

Efforts

In 2001, a workshop organized by the NCI and the COG iden-
tified the need for establishing a mechanism to evaluate and pri-
oritize drugs for pediatric cancer (137). This meeting laid the
foundation for the establishment of the NCI-sponsored PPTP in
2003, which incorporated in vitro cell lines and primarily CDX
models in preclinical drug testing (122). Standards for defining drug
responses in xenograft models have been developed to allow as-
sessments of drug activity, which have been helpful in guiding drug
comparisons and selection for translation into human clinical trials
(122, 134). The PPTP has since undergone several iterations as the
PPTC in 2015, which shifted to the standard use of primarily PDX
models in preclinical testing, and most recently PIVOT in 2021,
which expanded the number of testing sites from five to seven
centers, with each center specializing in testing on particular tumor
histologies. Enactment of the RACE for Children Act in 2020, which
mandated pharmaceutical companies to evaluate drugs for pediatric
cancer if a drug targets a protein “relevant to the growth or pro-
gression of a pediatric cancer,” resulted in an increase in the
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number of drugs requiring evaluation and prioritization for pe-
diatric cancer (138, 139). Additional preclinical testing groups
within the United States, such as the Pediatric Research in On-
cology Xenografting Consortium, along with efforts in Europe
through the EEC New Ewing Therapeutics Strategy group and the
ITCC-P4, have been established to provide data critical for drug
prioritization in pediatric cancer (140, 141).

In the frame of the IMI Innovative Medicine Initiative, the EU
funded the ITCC-P4 (www.itccp4.eu) consortium in 2018, which
associated academic and industrial partners with the goal of de-
veloping a large-scale PDX platform representing more than
400 high-risk pediatric cancers. This collection of PDX models in-
cludes 34 Ewing sarcoma PDX models generated either from pri-
mary (n = 17) or relapse (n = 17) disease. All PDXs had
comprehensive molecular characterization (whole-exome and low-
coverage whole-genome sequencing, DNA methylation profiling,
and RNA-seq and gene expression profiling), as well as their
matched human tumors and germline samples. All processed mo-
lecular and drug-testing data are collected in the consortium’s
centralized data repository (https://r2-itcc-p4.amc.nl/), allowing
data downstream analysis, visualization, and interpretation. For
sustainability of this platform, this comprehensive repertoire of
modern laboratory models of pediatric tumors is now available to
pharmaceutical companies and academic institutions for drug
testing in the frame of the non-for-profit ITCC-P4 gGmbH. The
aim is to systematically test new treatment options for children and
adolescents with cancer and to contribute data to regulatory ap-
proval processes to make the development of new cancer therapies
for children and adolescents more attractive for pharmaceutical
companies and academic research institutions. The founding part-
ners of the new ITCC-P4 gGmbH are several high-profile research
institutions and biotech companies across Europe.

Notable international collaboration efforts relevant to Ewing
sarcoma include recent efforts from the ACCELERATE Paediatric
Strategy Forum which, in 2023, discussed the role of the DNA
damage response pathway (DDR) and its inhibitors in Ewing sar-
coma. Investigators extensively reviewed relevant biology and ra-
tionale of the DDR and DDR inhibitors in Ewing sarcoma and other
pediatric cancers, preclinical testing, and the development of DDR
inhibitors as part of pediatric investigation plans with the FDA-
such as talazoparib in combination with liposomal irinotecan for
relapsed/refractory Ewing sarcoma (142).

A Pediatric Molecular Targets List has been developed to catalog
proteins relevant to pediatric cancer and provide industry collaborators
with pediatric-focused information of molecular targets to guide deci-
sions around pediatric development of a given drug asset (143). Drugs
targeting molecules contained within the Pediatric Molecular Targets
List may prompt industry collaborators to engage preclinical testing
groups, which initiates the process of establishing collaborative work
agreements, preclinical testing plan development, material transfer, PDX
model establishment, and testing and analysis of testing data, a process
which is typically achieved within a year depending on the complexity of
the preclinical study (144). Efforts within the COG Bone Tumor
Committee and PIVOT are underway to coordinate the development,
prioritization, and testing of drugs and drug targets with the goal of
facilitating the identification and clinical development of the most
promising drugs for Ewing sarcoma. Additionally, a collaborative effort
including the NIH, FDA, industry, and knowledge leaders in pediatric
oncology convened the Federation for the National Institutes of Health
Convening experts in Oncology to Address Children’s Health in quar-
terly meetings from 2022 to 2024 to comprehensively review existing
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preclinical and clinical data on targets relevant to pediatric oncology
with the goal of identifying targets that would benefit from additional
preclinical testing and provide consensus recommendations on target
prioritizations for pediatric cancer (https://fnih.org/our-programs/
convening-experts-in-oncology-to-address-childrens-health-coach/).

Patient Advocacy in Ewing Sarcoma
Research

As an additional component to this international collaborative
effort, we engaged patient advocates as collaborative partners to help
guide preclinical research priorities in Ewing sarcoma. There re-
mains an urgent need to better understand and model disease
relapse and resistance. An impediment to improving our under-
standing of disease relapse and resistance in Ewing sarcoma re-
sults, in part, from the infrequent practice for pediatric patients of
tissue sampling at times of treatment relapse and disease pro-
gression resulting in fewer opportunities for obtaining tissue and
generating research models. However, informal surveys of patients
and family members around the topic of research-only tumor
biopsies or rapid autopsy programs have revealed general favor for
participation in these efforts if tissue collection may have the
potential to guide care or improve understanding of disease.
Partnerships with patient advocates to identify and support pro-
grams enabling tumor tissue donation (particularly from relapsed
and/or refractory cases via research-only biopsies or rapid autopsy
tissue procurement) will be invaluable. These efforts will help
expand access to tissue and models that will improve our under-
standing of disease relapse and resistance, leading to insights into
novel therapies for EwS and other cancers.

Conclusions

Although the past decade has yielded significant insights into the
genetic landscape of Ewing sarcoma, improved understanding of the role
of the EWS::FLII fusion in driving Ewing sarcoma biology and multiple
agents tested preclinically and clinically for patients with Ewing sarcoma,
we continue to struggle in identifying agents that are durably effective in
Ewing sarcoma, particularly for patients with relapsed or metastatic
disease. Motivated by a collective frustration in the lack of improvement
in the survival of patients with high-risk Ewing sarcoma, an increase in
the number of potential drugs in the therapeutic armamentarium, and
improvements in Ewing sarcoma modeling, we assembled an interna-
tional collective of investigators to organize a comprehensive catalogue
of existing Ewing sarcoma preclinical models, identify gaps in prior
preclinical study strategies, and highlight how existing resources can be
leveraged to facilitate the identification and clinical translation of active
drugs into the clinic for patients with Ewing sarcoma.

A summary of molecular and clinical annotation of Ewing sar-
coma preclinical models provided in this review can serve to stan-
dardize model referencing in experiments and aid in the rational
selection of Ewing sarcoma tumors with specific biological features
represented (e.g., STAG2 loss, TP53 mutant, and CDKN2A deleted)
to explore differential sensitivities of and resistance to drugs across
genomically distinct Ewing sarcoma. We have provided perspectives
on the consideration of different in vivo model types for use in
preclinical studies detailing both immunocompetent and immuno-
deficient Ewing sarcoma models, the pros and cons of these models,
and the effects of different modes of tumor establishment on Ewing
sarcoma biology and potential impact on drug responses. Addi-
tionally, agents anticipated to elicit immunomodulatory responses
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should be considered for testing in models with the appropriate
immune cells present. This “right model for the right drug” ap-
proach will help continue to develop our understanding of the TME
and its impact on Ewing sarcoma cell behavior.

Improved understanding of therapy resistance mechanisms and
characterization of resistant Ewing sarcoma subpopulations within in-
dividual patients remains a significant challenge. Although the existence
of treatment-naive Ewing sarcoma models is relatively rare, assembly of
pre-therapy, as well as longitudinal models (tumor models generated
from the same patient using tumors obtained at various timepoints
along the therapy continuum) will serve as incredibly valuable tools that
can provide insights into primary resistance mechanisms. Hence,
studies involving sequential, longitudinal treatment of models mim-
icking current standard therapies for Ewing sarcoma, genomic char-
acterization of longitudinally treated models, and studies probing drug
resistance using available preclinical models should be prioritized.
Similarly, efforts to assemble well-annotated paired, longitudinal sam-
ples from patients with Ewing sarcoma, and deposition of genomic data
in accessible informatics platforms will be equally invaluable in im-
proving our understanding of therapy resistance over time and across
Ewing sarcoma subtypes. Incorporation of tumor and blood sample
collections before and after therapeutic interventions as correlative bi-
ology objectives in future clinical trials in Ewing sarcoma represents
opportunities to collect samples and generate models that will be es-
sential in understanding and validating mechanisms of therapy resis-
tance. As an international community, we propose concerted efforts to
use existing models (and generation of new ones) in studies focused on
understanding tumor subpopulations, tumor evolution, and resistance
mechanisms with the spirit of open sharing of data.

We hope the current review serves as a robust preclinical resource
for Ewing sarcoma biologists and establishes a roadmap for con-
tinued advancement of Ewing sarcoma translational biology from
the international community. Our overarching goal is to move the
needle toward improving the translation of preclinical findings into
successful clinical trials by improving representation of Ewing
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