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ABSTRACT
Ewing sarcoma (ES) is thought to arise from mesenchymal 
stem cells and is the second most common bone sarcoma 
in pediatric patients and young adults. Given the dismal 
overall outcomes and very intensive therapies used, there 
is an urgent need to explore and develop alternative 
treatment modalities including immunotherapies. In this 
article, we provide an overview of ES biology, features 
of ES tumor microenvironment (TME) and review various 
tumor- associated antigens that can be targeted with 
immune- based approaches including cancer vaccines, 
monoclonal antibodies, T cell receptor- transduced 
T cells, and chimeric antigen receptor T cells. We 
highlight key reasons for the limited efficacy of various 
immunotherapeutic approaches for the treatment of ES to 
date. These factors include absence of human leukocyte 
antigen class I molecules from the tumor tissue, lack of 
an ideal surface antigen, and immunosuppressive TME 
due to the presence of myeloid- derived suppressor cells, 
F2 fibrocytes, and M2- like macrophages. Lastly, we offer 
insights into strategies for novel therapeutics development 
in ES. These strategies include the development of 
gene- modified T cell receptor T cells against cancer–
testis antigen such as XAGE-1, surface target discovery 
through detailed profiling of ES surface proteome, and 
combinatorial approaches. In summary, we provide 
state- of- the- art science in ES tumor immunology and 
immunotherapy, with rationale and recommendations for 
future therapeutics development.

BACKGROUND
Ewing sarcoma (ES) is thought to arise 
from mesenchymal stem cells in pediatric 
patients.1 2 It is the second most common 
osseous sarcoma in pediatric patients and 
young adults.3 ES can present as conventional 
ES or extraosseous ES, and it is now grouped 
under the undifferentiated small round cell 
sarcomas of bone and soft tissue.4 ES belongs 
histologically to the group of small round 
blue cell tumors that are composed of scat-
tered small tumor cells with a high nucleus/
cytoplasm ratio. They have finely dispersed 
chromatin and are arranged in sheets with 
occasional rosettes and varying degrees of 
neuroectodermal differentiation along with 
areas of necrosis.3 5 6 The neoplastic cells 
commonly harbor a translocation, which 

occurs between the central exons of the ES 
breakpoint region 1 (EWSR1 or EWS) gene 
on chromosome 22 to the central exons of an 
erythroblast transformation specific (ETS) 
family gene such as the Friend leukemia inte-
gration 1 (FLI1) on chromosome 11. This 
leads to the translocation t(11;22) and the 
gene product EWS–FLI1, which characterizes 
ES. The second most common translocation 
occurs between EWSR1 and another member 
of the ETS family, namely, ETS- related gene 
(ERG; chromosome 21), leading to t(21;22).

EWS–FLI1 is a chimeric protein that has 
been demonstrated to lead to tumorigen-
esis and is crucial to maintaining the malig-
nant phenotype in ES.7 EWS–FLI1 acts as a 
transcription factor, in which case the EWS 
portion (which belongs to the RNA binding 
TET family), contributes to the transactiva-
tion domain, and the FLI1 portion (which is a 
gene of the ETS- transcription family) contrib-
utes to the DNA binding domain.6 8

EWS–FLI1 t(11;22)(q24;q12) is the most 
common translocation, seen in 85% of 
patients with ES tumors. Two EWS–FLI1 
fusions have been described: exon 7 of EWS 
to exon 6 of FLI1 and exon 7 of EWS to exon 5 
of FLI1, referred as type 1 and type 2 fusions, 
respectively. Alternative translocations such as 
t(21;22 22;12) resulting in EWS–ERG fusion 
are seen in about 10%–15% of cases.5 8–10 
Approximately 1%–5% of cases show trans-
locations involving fusion of EWS gene and 
other members of ETS family of transcription 
factors. This leads to translocations such as 
EWS and ETS variant 1 (t(2;22)(p22;q12)), 
EWS and E1AF (ETS variant 4 – ETV4/
E1A enhancer binding protein) (t(17;22)
(q21;q12)), and EWS and fifth Ewing variant 
(FEV) (t(2;22)(q33;q12)).9 11 12 Ewing- like 
sarcomas consist of a group of undifferenti-
ated round cell sarcomas that resemble classic 
ES from a morphological standpoint but lack 
the hallmark EWSR1–ETS fusion.4 6 13 These 
tumors were historically classified as ES or 
unclassified round cell sarcomas; however, 
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with improved molecular diagnostics, these have now been 
better characterized.14 To date, four main types of Ewing- 
like sarcoma have been described, and these include 
BCL6 corepressor (BCOR)- rearranged sarcomas, capicua 
transcriptional repressor (CIC)- rearranged sarcomas, 
sarcomas that harbor a fusion between EWSR1 and a 
non- ETS family member gene, and unclassified round 
cell sarcomas.6 13 14 Screening based on whole genome 
sequencing indicated a CIC–DUX fusion presence in up 
to 66% of EWSR-1 negative Ewing- like tumors.15–17 They 
overall tend to present at an older age and even in adults 
up to the fourth decade of life. Most of the data available 
for these tumors in regards to treatment and prognosis 
is based on retrospective reviews; however, except for the 
unclassified undifferentiated small round cell sarcoma, 
they are treated with classical ES chemotherapy and are 
thought to have a worse prognosis.6

Only 25% of patients with metastatic/recurrent classic 
ES can be cured by currently available multimodal treat-
ments that include systemic chemotherapy combined 
with local control either through surgery or radiation.18 
Molecularly targeted therapies are being explored for 
relapsed ES. An attractive target is the EWS–FLI1 fusion 
protein given that it is only found in tumor cells. This 
confers specificity to targeted approaches, and preclinical 
data have demonstrated that the deletion of EWS–FLI1 
fusion protein resulted in ES cell.19–21 However, there is 
not a drug available that can directly inhibit the fusion 
protein.22

There has been some promise with strategies targeted 
to inactivate or reduce the expression or function of 
the EWS–FLI1 oncoprotein; some of these approaches 
include inhibitory oligonucleotides and small- molecule 
inhibitors that can disrupt its transcriptional complex.22 23 
Moreover, these inhibitory oligonucleotides have been 
designed for ES to bind to certain sequences coding for 
the EWS–FLI1 fusion protein in preclinical models and 
has led to decreased expression of the fusion protein and 
subsequently lead to a reduction in tumor growth.24 25 
Unfortunately, these have not been successfully translated 
into the clinic.26

Alternatively, a small- molecule inhibitor of RNA heli-
case A, YK-4–279, has shown in vitro activity against ES,27 
and it competes against RNA helicase A’s specific binding 
site on the EWS–FLI1 protein, which is needed for it to 
function.28 29 TK216 is an analog of YK-4–279, which is 
being tested in a phase Ib clinical trial (NCT02657005). 
TK216 has shown favorable interim results, including a 
deep and sustained clinical response reported for one of 
the patients treated at the highest exposure dose regimen 
and is currently recruiting patients for an expansion 
cohort that will further evaluate the recommended phase 
2 dose regimen of TK216 in combination with vincristine 
for patients with relapsed or refractory ES.

Lysine- specific histone demethylase 1 (LSD1) is a 
histone demethylase required for EWS/FLI1 mediated 
oncogenesis. Sankar et al30 showed that LSD1 inhibitors 
block growth and survival of multiple ES patient- derived 

cell lines. The LSD1 inhibitor SP-3577 is being evaluated 
in a phase I study in patients with relapsed or refractory 
ES. Preliminary data show that SP-3577 is well tolerated 
with a promising PK profile (NCT03600649).

Poly (ADP- ribose) polymerase 1 (PARP1) interacts 
with the EWS–FLI1 protein, and they create a positive 
feedback loop that aids with transcriptional activation, 
which can be disrupted by the use of PARP inhibition.22 31 
This finding, along with the high response rate to PARP 
inhibition preclinically31 and its safety,32 has led to an 
ongoing phase I trial testing a PARP inhibitor, olaparib, 
in combination with temozolamide in adult patients with 
recurrent ES following failure of prior chemotherapy 
(NCT01858168).33

Alternative antineoplastic approaches include histone 
deacetylase inhibitors that work by reversing EWS–FLI1 
mediated histone deacetylation as well as decreasing 
EWS–FLI1 mRNA and protein levels, inhibiting cell 
proliferation as well as by inducing tumor necrosis factor 
related apoptosis- inducing ligand (TRAIL) dependent 
apoptosis of ES cells.22 34–38 Additional approaches being 
explored focus on targeting downstream signaling mole-
cules that are driven by the EWS–FLI1 fusion protein.39–42

In conclusion, given the dismal outcomes and very 
intensive therapies used upfront in the treatment of ES, 
there is a need to explore other treatment modalities in 
order to attempt to increase response and survival rates 
and to decrease the toxicities associated with currently 
available treatments. In this review article, we will focus 
on immunotherapeutic approaches for classical ES.

THE IMMUNE MICROENVIRONMENT OF ES
Cellular immunotherapies using engineered T cells have 
shown impressive clinical activity in hematologic cancers 
such as B cell malignancies.43 Unfortunately, it has proven 
difficult to translate these successes to other types of 
cancer, particularly solid tumors. This might be based on 
the fact that the immediate microenvironment of solid 
tumors is characterized by a number of additional factors 
undermining an effective antitumor immune response.44

CD4+ and CD8+ T cells from the peripheral blood and 
bone marrow (BM) of patients with ES show an exhausted 
phenotype characterized by a more pronounced 
programmed cell death 1 (PD-1) expression when 
compared with healthy donors. The T cells expressing 
PD-1 are dysfunctional in both antigen- specific prolifer-
ation and cytokine production, particularly when inter-
acting with PD-1 ligand (PD- 1L).45

Myeloid- derived suppressor cells (MDSCs) have been 
described as a group of immature monocytic and granu-
locytic cells (figure 1), which suppress immune responses 
through several different mechanisms including nutrient 
depletion, oxidative stress, and activation of regulatory T 
cells (Treg). MDSCs accumulate in blood, lymphoid tissues 
and in the tumor microenvironment as the tumor burden 
increases, whereas they are only rarely found in healthy 
donors.46–48 Importantly, it has been demonstrated that 
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MDSCs are also able to inhibit chimeric antigen receptor 
(CAR) T cells targeting different types of sarcoma.49

In addition to the previous mechanisms, a cancer- 
driven expansion of immunosuppressive fibrocytes in 
patients with ES has been described (figure 1). Zhang et 
al50 were the first to describe this novel type of fibrocytes, 
a subset of MDSC with immunosuppressive properties. 
The F2 fibrocytes express CD45+CD34+ human leuko-
cyte antigen (HLA)- DR+ and have the ability to induce 
angiogenesis and contribute to an immunosuppres-
sive environment. These cells are capable of producing 
extracellular matrix proteins and can induce angiogen-
esis, and rather than acting as antigen presenting cells, 
they mediate immune suppression through their expres-
sion of indoleamine oxidase. In patients with metastatic 
cancer the expansion of F2 fibrocytes correlates with 
a shift toward a Th2 phenotype and enhanced tumor 
growth via induction of angiogenesis as well as increased 
immunosuppression.50

Immune- inhibitory ligands and soluble agents in 
the tumor microenvironment have also been found to 
cause immune tolerance among T cells. HLA- G is a non- 
classical major histocompatibility complex (MHC) class I 
molecule (figure 1), and Spurny et al51 reported that up 
to 34% of ES tumor samples evidenced HLA- G expres-
sion. Importantly, the presence of HLA- G can lead to 
direct inhibition of natural killer (NK) and T cells as well 
as induction and expansion of MDSCs.

TUMOR-INFILTRATING LYMPHOCYTES (TILS)
Across different types of cancer, TILs are often found 
within the malignant tissue, reflecting a potential immune 
response against the tumor. Accordingly, in a pooled meta- 
analysis looking at a variety of tumor types, CD3+ TILs 
as well as CD8+ TILs had a positive effect on survival.52 
Overall, ES does not seem to be a tumor type rich in 
TILs,53 and most groups did not observe a prognostic 
effect of tumor infiltration by CD8+ T cells.53 54 Accord-
ingly, PD- L1 expression by tumor cells, as a mechanism 
mediating peripheral tolerance, is relatively low53 55 and 
does not seem to have a prognostic relevance in ES.53 54

Interestingly, tumor antigen- specific TILs in the tumor 
tissue are in principle capable of recognizing ES cells; 
however, deficient HLA expression on the sarcoma cells 
protects them from being killed.56 The expression of 
HLA is important for the recognition of tumors by tumor- 
reactive T cells (figure 1) and, accordingly, loss of HLA will 
affect a tumor’s susceptibility to a variety of cell- mediated 
immunotherapies.57 Berghuis et al58 evaluated HLA class 
I and class II expression in 67 ES tumors by immunofluo-
rescence. Remarkably, they observed complete or partial 
absence of HLA class I expression in 79% of the ES tissue 
samples. Lung metastases consistently lacked HLA class 
I, and longitudinally tumors demonstrated a tendency 
towards decreased expression on disease progression. 
Yabe et al59 showed that ES patients with reduced HLA class 
I expression in the tumor tissue evidence a significantly 

Figure 1 Immunosuppression in the Ewing sarcoma tumor microenvironment. Low expression of human leukocyte antigen 
(HLA)- A,B,C on Ewing sarcoma cells prevents recognition of tumor- associated antigens by antigen presenting cells and 
effector T cells, while high expression of HLA- G actively suppresses tumor- specific T cells. Tregs also function to dampen the 
antitumoral T cell response, namely through production of suppressive cytokines and binding of CD80 on antigen presenting 
cells (APCs). The binding of CD80 on APCs by Treg CTLA-4 prevents CD80- CD28 costimulation of T cells, resulting in T cell 
anergy. The presence and activity of intratumural Tregs is further augmented by cytokines produced by F2 fibrocytes and 
myeloid- derived suppressor cells (MDSCs). Similarly to Tregs, F2 fibrocytes and other MDSCs also produce cytokines that 
dampen the cytotoxic T cell response. HLA, human leukocyte antigen; TCR, T cell receptor; Tregs, regulatory T cells.
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poorer survival. They also demonstrated that the extent 
of CD8+ T cell infiltration of the ES tumor tissue is closely 
associated with the expression levels of HLA class I, which 
could explain why ES tumor tissue characteristically only 
shows a low content of TILs.

Highlighting a different mechanism behind the 
reduced migration of T cells into the ES tumor tissue, one 
study found that in ES tissue samples, expression levels 
of several Th1- type, interferon- gamma (IFNγ)- inducible 
chemokines such as CXCL9, CXCL10, and CCL5, 
correlated positively with numbers of infiltrating CD8+ 
T cells expressing the corresponding chemokine recep-
tors. Importantly, in this study, comparably high levels 
of tumor infiltrating CD8+ T cells were associated with a 
better overall survival (OS).60

CHECKPOINT INHIBITORS
Immune checkpoint inhibitors, such as monoclonal anti-
bodies directed against PD-1 or PD- L1, have shown clin-
ical efficacy in a variety of solid tumors. However, a clinical 
trial investigating PD-1 checkpoint inhibitor pembroli-
zumab in adults with ES did not result in significant 
clinical activity. This was attributed to a low mutational 
burden and lack of PD- L1 expression in ES tumors.61 In 
addition to the low mutational burden and a resulting 
lack of high- affinity neoepitopes in ES,62–64 the lack of 
potentially tumor- reactive T cells in the tumor tissue and 
HLA loss, as outlined previously, could also play a role. 
Machado et al53 have recently published on the prog-
nostic significance of PD-1 and PD- L1 in Ewing Sarcoma 
Family of Tumors (ESFTs) and did not find any statisti-
cally significance on EFS or OS based on PD-1 expression. 
Up to 26% of tumor cells expressed PD- L1 and suggest 
that it may have a role on survival. They also report and 
review the variance in expression that different authors 
have reported on checkpoint molecule expression in 
ESFTs and attribute that this might be due to differences 
in immunohistochemical staining and antibodies used 
for this.53 Despite some successes in other adult tumors 
particularly melanoma,65 there is still a need for further 
in vivo and clinical trials to explore the benefit of check-
point inhibition in ES, and there are ongoing trials inves-
tigating their use in adults.53 66 As outlined further, there 
are alternative pathways that have been explored in ES 
as immunotherapeutic targets, in addition to checkpoint 
inhibition.

CHEMOKINES
The chemokine network has become recognized as a 
contributor to a broad spectrum of physiological and 
pathological processes including malignancies as part 
of their role as an essential mediator of directional cell 
migration in inflammation and homing of the immune 
system.67 The levels of proinflammatory chemokines such 
as C- X- C motif ligand 9, 10 and 5 (CXCL9, CXCL10 and 
CXCL5), which are T cell chemoattractants, had been 

found to positively correlate with the amount of infil-
trating CD8+ T cells.60 Chemokine C- C motif ligand 21 
(CCL21) is another potent T cell chemoattractant, which 
acts via its receptor chemokine (C- C motif) receptor 7 
(CCR7) or in combination with CXCL9 and CXCL10.68 69 
Dendritic cell (DC) provoked T cell responses may be 
increased secondary to CCL21, and this can lead to more 
efficient antitumor immune responses.70 71 The use of 
CCL21 as a immunotherapeutic approach has been 
successful, and a trial that used DCs expressing CCL21 
demonstrated better results when compared with the use 
of CCL21 along in non- small cell lung cancer.72 Given 
the immunogenic role of CCL21, Sand et al73 analyzed 
the CCL21 expression in both ES cell lines and in 18 
primary therapy- naïve ES samples. This was done by anal-
ysis of RNA expression levels of CCL21. These RNA levels 
were then correlated with the number of infiltrating T 
cells as well as with the CD4+/CD8+ T cell ratio found in 
the ES samples.73 Sand et al found that the CD4+/CD8+ 
T cell ratio had an inverse correlation with the CCL21 
expression level and that elevated CCL21 expression 
levels were associated with improved survival in patients. 
These findings suggest that therapy- naïve patients with ES 
could be tested for CCL21 levels to be used as a prog-
nostic marker as well as a potential role for the use of this 
cytokine in antitumor immunity.73 Importantly, a reversed 
CD4+/CD8+ T cell ratio has been previously reported to 
be a predictor of improved outcome in other malignan-
cies.74 75

The CXCR4- CXCL12 axis (chemokine receptor 
CXCR4 and its ligand CXCL12) has been reported to 
play critical roles in tumor progression, promotion of 
tumor cell proliferation, survival, metastatic processes, 
and angiogenesis.76–79 Lungs and BM are organs that 
have high levels of CXCL12 and are frequent sites of 
metastasis in ES. Elevated CXCR4 gene expression has 
recently been associated with a metastatic phenotype in 
ES,80 and CXCL12 has been shown to lead to neovascu-
larization and ES tumor growth in a mouse xenograft 
model.81 Berguis et al demonstrated an expression level- 
dependent negative prognostic impact of CXCR4 protein 
expression in therapy- naïve ES samples. These findings 
point to a role of the CXCR4- CXCL12 axis promotion of 
ES cell growth.60 82 The same authors also showed that 
CXCL12 induced proliferation of ES cell lines expressing 
high levels of CXCR4 and that this could be inhibited by 
CXCR4- antagonist AMD3100 while AMD3100 alone did 
not inhibit spontaneous cell proliferation. These findings 
suggest that there is a predominant role for paracrine 
nature of signaling (stroma- derived CXCL12) rather 
than autocrine signaling (tumor cell- derived CXCL12).60 
Several CXCR4 antagonists are being evaluated in clin-
ical trials in solid tumors82 83 after having demonstrated 
antineoplastic activity in preclinical and animal tumor 
models.84 Though the disruption of the CXCR4- CXCL12 
via a CXCR4 antagonist, as proposed by Berguis et al 
and supported by Krook et al,85 provides a rationale for 
exploring the use of CXCR4- targeted therapies for ES, 
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more recent data suggest that AMD3100 might actually 
increase ES cell viability and proliferation in vitro,86 and 
further investigation is needed in this area before this 
target can be introduced into the clinic.

Transforming growth factor (TGF)-β coreceptor 
endoglin, an endothelial cell marker, is expressed by 
tumor cells, and its expression correlates with tumor cell 
plasticity in ES. ES cells with reduced endoglin levels 
show a reduced tumor growth in vivo. At last some of 
these effects seem to be mediated by the immunomodu-
lating properties of this cytokine impacting the influx of 
immune cells, expression of HLA and induction of micro-
vasculature.87 88

THE SEARCH FOR TUMOR TARGETS: INTRACELLULAR 
ANTIGENS
The identification of appropriate tumor antigens is a 
prerequisite for any immunotherapeutic approach. 
Tumor- specific antigens, even if not expressed as proteins 
on the cell surface, can still potentially represent attrac-
tive targets if presented as peptides in an HLA context 
to endogenous or adoptively transferred T cells specific 
for the same antigen (figure 2). In ES, low or negative 
HLA class I surface expression theoretically prevents the 
recognition of intracellular antigens by tumor- specific 
cytotoxic T lymphocytes (CTL). However, HLA expres-
sion is highly inducible by inflammatory cytokines such 
as IFNγ, and these cytokines could play an important role 
as combination partners for future immunotherapy trials 
for ES.89

Wilms tumor 1 (WT1) is a transcriptional regulatory 
protein that is overexpressed in a wide variety of hemato-
logic malignancies and solid tumors including sarcomas.90 
McCarty et al91 demonstrated that WT1 is upregulated by 
hypoxia in ES cells in vitro, and that in these cells, WT1 is 
a direct positive regulator of vascular endothelial growth 
factor (VEGF) expression. Later, the same group showed 
that WT1 is actually a key mediator of tumor angiogenesis 

in ES.92 The fact that WT1 has an important biological 
function in ES indicates that it could represent an attrac-
tive target because it would prevent the tumor cells from 
downregulating its expression under the selective pres-
sure of a T cell- mediated immune response.

As explained previously, ES is characterized by a pathog-
nomonic chromosomal translocation that generates the 
EWS–FLI1 chimeric transcription factor; however, the 
transcriptional targets of EWS–FLI1 that are essential for 
tumorigenicity are incompletely defined. In a very recent 
study, Gallegos et al93 found that EWS–FLI1 modulates 
the expression of a certain class of immunogenic tumor- 
associated genes, so- called cancer- testis (CT) antigens. 
Among CT antigens, the expression of which is typically 
restricted to germ cells and cancer cells, fetal and adult 
testis expressed 1 (FATE1) was found to be the most 
robustly induced in ES. Importantly, the authors also 
showed that EWS–FLI1- induced FATE1 is required for 
survival and anchorage- independent growth of ES cells. 
These data indicated that EWS–FLI1 directly activates 
the expression of the CT antigen FATE1 as a means of 
supporting ES sarcoma tumor cell survival.93

Performing a database homology search CT antigen 
XAGE-1 was found to be expressed in ES.94 Later, Liu et al 
found XAGE-1 to be expressed in 7/8 ES cell lines and in 
4/9 ES patient samples. Among normal tissues, XAGE-1 
was very strongly expressed in testis with minimal expres-
sion in lung tissue and peripheral blood lymphocytes.95 
A different group later confirmed these findings and 
found XAGE-1 expression in 3/9 ES patient samples and 
no expression in any normal tissues other than testis and 
placenta.96

Jacobs et al used quantitative real- time PCR to measure 
the expression of eight MAGE genes and of genes 
NY- ESO-1 and GAGE-1, 2, eight in nine in different pedi-
atric solid tumors including 18 ESs. Overall, ES showed 
a comparably infrequent and low expression of CT anti-
gens. However, MAGE- A6 was still detected in 39% of 

Figure 2 Targets for cancer immunotherapies in Ewing sarcoma. Extracellular targets are natively expressed on the surface 
of Ewing sarcoma cells and can be targeted by both cellular and non- cellular immunotherapies. These therapies include CAR 
T cells, monoclonal antibodies (mAbs) and bispecific T cell engagers. In contrast, intracellular targets require presentation of 
naturally processed peptides in an HLA context and cellular immunotherapies such as transgenic T cell receptor (TCR) T cells, 
cancer vaccine or autologous tumor- infiltrating lymphocytes. CAR, chimeric antigen receptor; TCR, T cell receptor.
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patients, followed by MAGE- A3 in 28%, MAGE- A4 and 
MAGE- A10 in 22%, and MAGE- C2 and GAGE-1/2/8 in 
11%, respectively.97 In a different study, microarray data-
sets from ES and normal tissues were used to identify new 
ES- associated CT antigens and lipase I (LIPI) was a CT 
antigen found to be highly specific for ES. Importantly, 
CTL specific for two LIPI- derived peptides were able to 
lyse HLA- A2+ ES cells in vitro.98

Altvater and coauthors asked whether the CT antigens 
expressed in ES were capable of eliciting spontaneous 
immune responses in the patients. To this end, they 
screened normal donors and patients for antigen- specific 
T cells using libraries of overlapping peptides. Ex vivo, 
only a minority of patients evidenced detectable T cell 
responses against tumor antigens STEAP1, XAGE1 and 
PRAME. They were able to induce cytotoxic T cells specific 
for the tumor- associated antigens by in vitro priming 
using professional antigen- presenting cells; however, the 
T cells generated did not recognize the respective natu-
rally processed antigen.45

CANCER VACCINES FOR ES
Immunization of patients using peptides, full- length 
proteins, or tumor cell lysates with or without certain 
adjuvants is potentially able to induce T cell responses 
against ES- associated antigens (figure 2). Via their T cell 
receptor (TCR), these tumor antigen- specific T cells will 
then potentially be able to recognize the same antigen in 
form of a processed peptide presented in an appropriate 
HLA context on the surface of the tumor cell.

Some studies have investigated peptide vaccine 
approaches for ES in a preclinical setting. The transcrip-
tion factor PAX3, for example, is expressed during early 
embryogenesis and in multiple cancer types including ES. 

Rodeberg et al99 used MHC peptide binding algorithms to 
predict potential HLA- A*02:01- restricted PAX3 epitopes. 
They found that one peptide and its modified version 
were capable of inducing antigen- specific CTLs. The 
respective CTLs were able to lyse peptide- pulsed, HLA- 
A*02:01- expressing target cells and PAX3- positive ES 
tumor cell lines that had naturally processed the antigen.

ES- specific CD4+ T cells were induced using a peptide 
library covering the EWS–FLI1 fusion. The HLA class 
II- restricted T cell epitope identified could potentially be 
used for vaccination strategies or even adoptive cellular 
therapies using TCR- transduced T cells.100 More recently, 
a novel, HLA- A2- restricted peptide epitope of the EWS–
FLI1 fusion protein was identified, and the induced CD8+ 
effector T cells were able to specifically secrete IFN-γ and 
lyse the EWS–FLI1- positive HLA- matched cells tumor cell 
lines. In addition, treatment of mice using DCs pulsed 
with the EWS–FLI1 epitope led to the rejection of ES in 
vivo.101

A number of clinical trials have been performed investi-
gating different types of vaccines and adjuvants in patients 
with ES (table 1). DCs pulsed with peptides derived from 
the EWS–FLI1 fusion protein were used in some of the 
initial clinical trials. Small series of patients with ES 
received DC pulsed with peptides derived from the EWS–
FLI1 fusion protein concomitant with continuous intra-
venous recombinant human interleukin (IL)-2. Toxicity 
was limited to IL-2- related effects and was generally mild; 
however, following vaccination, all patients showed rela-
tively rapid clinical progression.102 In another clinical trial 
targeting tumor- specific fusion proteins, patients with 
translocation- positive, recurrent or metastatic ES or alve-
olar rhabdomyosarcoma underwent prechemotherapy 
cell harvest. A total of 30 of these patients received an 

Table 1 Clinical vaccination studies in Ewing sarcoma

Status Phase Type of vaccine Antigen Trial number

R III TC transfected with rhGM- CSF/RNAi bi- 
shRNAfurin+temozolimide

Autologous tumor cells NCT03495921

C I DC+adjuvant NY- ESO-1, MAGEA1, MAGEA3 NCT01241162

C III DC+autologous T cells EWS/FLI-1 NCT00001566

C I TC transfected with rhGM- CSF/RNAi bi- 
shRNAfurin

Autologous tumor cells NCT01061840

C I Antigen presenting cells (APC)+IL-2±autologous T 
cells

EWS/FLI-1 NCT00001564

C I/II DC+IL-7+autologous T cells Tumor cell lysate NCT00923351

C I DC+decitabine NY- ESO-1, MAGEA1 and 
MAGEA3

NCT01241162

C II TC transfected with rhGM- CSF/RNAi bi- 
shRNAfurin+temozolimide

Autologous tumor cells NCT01241162

C I Racotumomab anti- idiotype antibody – NCT01598454

C I Peptide+adjuvant MAGEA12 NCT00020267

C, completed; DC, dendritic cells; IL, interleukin; R, recruiting; rhGM- CSF, recombinant human granulocyte macrophage- colony stimulating 
factor; TC, tumor cells.
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influenza vaccine as a control as well as unmodified autol-
ogous T cells and DC pulsed with peptides derived from 
tumor- specific translocation breakpoints. Interestingly, all 
immunotherapy recipients generated influenza- specific 
immune responses; however, immune responses to the 
translocation breakpoint peptides occurred only in ~40% 
of all patients indicating a comparably poor immunoge-
nicity of the neoantigens.103

Autologous tumor cells potentially contain a variety 
of tumor- associated proteins and have been used as a 
source of antigen in a number of clinical vaccination 
studies in ES. Tumor lysate- pulsed DCs were evaluated 
in a phase I trial children with relapsed solid malignan-
cies who had failed standard therapies. Fifteen patients, 
including two patients with ES, were enrolled with 10 
patients completing all three vaccinations. No significant 
toxicities were observed, and three out of seven patients 
developed measurable antitumor T cell responses. Both 
patients with ES showed progressive disease; however, 
one patient with fibrosarcoma experienced significant 
regression of multiple metastatic sites and five patients 
showed stable disease.104 As part of a comparable clin-
ical vaccination protocol, immature DCs were generated 
from the peripheral blood monocytes from five children 
with refractory solid tumors. The DCs were then pulsed 
with tumor lysates or, in the case of the two patients with 
ES, peptides designed to include the junction region of 
the fusion protein. Pulsed DCs were administered subcu-
taneously every 1 or 2 weeks without any toxicity. In one 
of the patients with ES, the residual tumor disappeared 
following autologous peripheral blood stem cell trans-
plantation and DC therapy, and a complete remission 
was maintained for 77 months.105 In another recent study, 
patients with different pediatric sarcomas received adju-
vant immunotherapy following antineoplastic therapy. 
The immunotherapy consisted of autologous lympho-
cytes, DC pulsed with autologous tumor cell lysate±recom-
binant human IL-7. A total of 43 patients were enrolled 
and 29 patients, including 20 patients with ES, received 
the immunotherapy. The regimen was well tolerated, and 
T cell responses to autologous tumor lysate were detected 
in 62% of immunotherapy recipients. Survival seemed 
to be better in patients who had received the immuno-
therapy and in those with detectable T cell responses.106

The FANG (or Vigil) immunotherapy comprises autol-
ogous tumor cells transfected with a plasmid expressing 
recombinant human granulocyte macrophage- colony 
stimulating factor and bifunctional short hairpin RNA 
against furin to induce release of tumor antigen and 
immunization, DC recruitment, activation and enhanced 
migration to local lymph nodes, and reversion of immune 
tolerance by blocking furin activation of endogenous 
TGFβ1 and TGFβ2. In a phase I study in patients with ES, 
the treatment was well tolerated, elicited a tumor- specific 
systemic immune response, and was associated with 
an objective response in one out of 12 patients.107 The 
same group subsequently reported long- term outcomes 
for the 12 patients and an additional four patients 

following immunization with Vigil. The 16 ES patients 
were compared with 14 contemporaneous patients with 
advanced ES who fulfilled the same inclusion criteria and 
had undergone a similar surgical procedure. The patients 
who had received the vaccine showed a 1- year survival of 
73% compared with 23% in the group of patients treated 
with conventional therapy. In addition, there seemed 
to be a 17.2 months OS advantage in the experimental 
group.108 However, one has to keep in mind that this 
was a small non- randomized trial and that the control 
group may not be representative of the typical ES patient 
population, where a 5- year OS is historically closer to 
30%, instead of the exceedingly poor 1- year OS of 23% 
in the Vigil control group.109 Vigil is now being investi-
gated in an ongoing phase III randomized study of intra-
dermal autologous Vigil immunotherapy in combination 
with irinotecan and temozolomide versus combination 
therapy alone in patients with metastatic ES, refractory/
intolerant or recurrent to one prior line of chemotherapy 
(NCT03495921).

ONCOLYTIC VIRUSES
Oncolytic viruses are used to immunologically target 
cancer cells based on their: (1) proinflammatory char-
acteristics and (2) their cytolytic properties potentially 
leading to the release of target antigens and the subse-
quent induction of antitumor immunity.110–114 A direct 
mechanism of action includes virus replication- associated 
necrosis or oncolysis.115 116 The tumor- associated vascula-
ture can also be targeted by oncolytic viruses that lead to 
necrosis of the neoplastic cells.117 118 In pediatrics, there 
have been a few clinical trials using different strains of 
oncolytic viruses in patients with solid tumors, that have 
included patients with ES and have demonstrated that 
intratumoral administration of oncolytic viruses is safe in 
children; however, objective responses were not observed 
in these small cohorts.111 119 Moreover, the first clinical trial 
using herpes virus simplex-1 oncolytic virus intravenously 
administered to pediatric patients (NCT009311931) 
demonstrated that there were no dose- limiting toxicities; 
however, none of the patients had an objective clinical 
response. The authors proposed to continue to explore 
this virus at higher doses and potentially in combina-
tion with other antineoplastic therapies.120 Denton et 
al121 have explored targeting the immune microenvi-
ronment in xenograft mouse models with ES in order to 
enhance oncolytic herpes virus virotherapy. A regimen 
to deplete tumor macrophages from the tumor micro-
environment was used prior to administration of the 
oncolytic virus. The regimens used were liposomal 
clodronate and trabectedin with the goal of reducing 
tumor macrophages, given that the M2- macrophages 
have been found to suppress the host antitumor and 
antiviral immune response.122–125 Trabectedin is a DNA 
intercalating agent that disrupts EWS/FLI1 transcription, 
and in some models, it resulted in single- agent antineo-
plastic activity,126–129 and in addition to inhibiting EWS/
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FLI- mediated tumor progression, trabectedin has been 
found to deplete TRAILR2+ tumor leukocytes (including-
macrophages and MDSCs).130–132 However, Denton et al121 
did not observe any efficacy of trabectedin alone in A673 
or TC71, ES cell lines, despite administering doses that 
had previously shown to decrease EWS/FLI1 expression. 
Both agents were found to enhance the oncolytic viral 
activity through suppressing macrophages and suppres-
sion of MDSCs.121 This response in animal models poses 
an attractive therapeutic approach to be considered in a 
clinical trial setting.

ADOPTIVE CELLULAR IMMUNOTHERAPIES: TCR-TRANSDUCTED 
T CELLS
Compared with cancer vaccines that aim at eliciting a 
T cell- mediated immune response in the patient, the 
adoptive transfer of tumor- reactive T cells allows for the 
selection of T cells that recognize the tumor and an in 
vitro expansion of the effector cells (figure 2). A proof 
of principle was provided by Zhang et al, who showed in a 
xenograft model of ES that the adoptive transfer of tumor- 
reactive, anti- CD3/4- 1BBL expanded T cells controlled 
primary growth and prevented metastasis of autologous 
tumors, while anti- CD3/anti- CD28- activated CD8+ T cells 
did not.133

The isolation and expansion of autologous tumor- 
reactive T cells can be difficult, inefficient, and labor- 
intensive and, therefore, the focus has shifted to more 
efficient ways of producing larger numbers of tumor- 
reactive T cells for the adoptive transfer into cancer 
patients. One way to do this is to isolate TCRs from T 
cells with proven tumor reactivity and to use these TCRs 
to transduce polyclonal autologous T cells followed by 
expansion and adoptive transfer into patients whose 
tumors express the given tumor antigen.

Pregnancy- associated plasma protein- A (PAPPA), also 
known as pappalysin, is overexpressed and required 
for proliferation in ES. In a recent study, CD8+ T cells 
targeting PAPPA were generated from HLA- A*02:01+ 
healthy donors by priming with peptide- loaded DC. The 
respective TCRs were identified and retrovirally TCR- 
transduced CD8+ T cells demonstrated specific reactivity 
toward HLA- A*02:01+/PAPPA+ ES cell lines. In a xeno-
graft model, tumors of treated mice showed infiltration 
by transgenic T cells and tumor growth in mice with xeno-
grafted ES was significantly reduced after treatment with 
PAPPA TCR transgenic T cells.134

Allo- restricted CD8+ T cells against antigens such as 
homolog 2 (EZH2), and chondromodulin- I (CHM1) 
have been generated in vitro135; however, the therapeutic 
relevance of these cells is questionable due to due to high 
complexity in production with low cell numbers and rapid 
T cell exhaustion. In order to overcome these obstacles 
and to facilitate off- the- shelf ES- specific T cells, Blaeschke 
et al generated HLA- A*02:01- restricted TCR transgenic T 
cells directed against antigen CHM1 by retroviral transduc-
tion. The transduced T cells recognized CHM1- positive 

ES cell lines in vitro and, when coinjected with ES cells 
in Rag2−/−ɣc−/− mice, CHM1- specific TCR- transgenic T 
cells significantly inhibited the formation of lung and 
liver metastases.136 The same group also examined the 
potential of allo- restricted CD8+ T cells directed against 
the ES- associated antigen 6- transmembrane epithelial 
antigen of the prostate 1 (STEAP1). Following repeated 
stimulation with STEAP1 peptide using DC, allo- restricted 
HLA- A*02:01+ CD8+ T cells were expanded, and TCRs 
were identified. Transgenic T cells specifically recognized 
STEAP1+ target cells in vitro and inhibited the growth of 
STEAP1- expressing HLA- A0201+ ES cells in vivo.137

Three refractory HLA- A2+ ES patients were treated 
with HLA- A0201/CHM1- specific allorepertoire- derived 
haplodisparate CD8+ T cells. The TCR- transduced T cells 
were well tolerated without any signs of graft- versus- host 
disease (GvHD). In vitro, the HLA- A0201/CHM1- specific 
allorestricted CD8+ T cells were capable of killing all 
patient- derived ES cell lines. Two of the patients showed 
slow progression of their disease and one patient with BM 
involvement showed partial metastatic regression associ-
ated with T cell homing to the involved lesions. Interest-
ingly, the CHM1 TCR transgenic T cells persisted in the 
patient’s BM for weeks.138 However, the successful appli-
cation of TCR- based T cell targeting in ES will rely in the 
identification of combinatorial strategies that improve 
antitumor immunity, for example, by rescuing HLA 
downregulation.

THE SEARCH FOR TUMOR TARGETS: SURFACE ANTIGENS
Cell surface antigens can potentially be used for the 
design of CAR T cell approaches, monoclonal anti-
bodies, bispecific T cell engager, and other types of 
targeted immunotherapies (figure 2). The identifica-
tion of surface antigens specifically expressed on ES cells 
(table 2) would, therefore, have enormous therapeutic 
potential. Monoclonal antibodies directly targeting 
antigens expressed on the surface of ES cells (figure 1) 
have been evaluated in clinical trials (table 3). Town et 
al139 recently described the expression of surface antigen 
LINGO1 on ES. LINGO1 was expressed on over 90% of 
ES tumors and treatment with an antibody–drug conju-
gate targeting LINGO1 resulted in the efficient killing 
of ES cells in vitro. However, while otherwise showing a 
highly restricted expression in healthy tissues, LINGO1 
could also be detected in the central nervous system, 
currently prohibiting its use as a therapeutic target.

Type I insulin- like growth factor receptor (IGF- 1R) has 
been found to be expressed on a wide range of solid and 
hematologic malignancies.140 141 As a potential tumor 
antigen, IGF- 1R has been implicated to be necessary for 
the transformation capacity of certain oncogenes,142 and 
the binding of IGF-1 to its receptor, IGF- 1R, was found to 
initiate a cascade of events that affect protein turnover, 
leading to mitogenic and differentiating effects on the 
majority of cell types. The IGF- 1R- mediated signaling 
pathway has been found to be constantly active in 
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preclinical models of ES, which also suggests a role for 
it in the oncogenesis of ES.140 143–145 Inhibition of IGF- 1R 
has been shown to result in reduced tumor growth in 
vitro and in vivo through the inhibition of the migration 
of ES cells.144 146 147 These findings as well as its cell surface 
expression have rendered IGF- 1R a potential immuno-
therapeutic target in ES.

The use of a monoclonal antibody against IGF- 1R in 
patients with refractory ES resulted in an overall response 
rate of 10%–14% and a median progression free survival 

of less than 2 years.148–150 A randomized phase III trial lead 
by the Children’s Oncology group (COG) studied the use 
of ganitumab, a monoclonal antibody against IGF- 1R as 
part of the upfront therapy for metastatic ES along with 
conventional chemotherapy (NCT02306161).151 Unfor-
tunately, the study was closed in the spring of 2019, and 
ganitumab was discontinued in patients who had been 
randomized to the ganitumab arm based on a lack of 
benefit as well as the potential for increased toxicities such 
as pneumonitis. Several other monoclonal antibodies 

Table 2 Surface proteins expressed on Ewing sarcoma (ES)

Surface receptor Expression (% of ES cases) Expression in normal tissues References

LINGO1 91 Neuronal tissue. 139

CD99 90 Testis, gastric mucosa, prostate, hematopoietic 
tissues and leukocytes.

202

Insulin- like growth factor 
(IGF) receptor

90 Brain, GI tract, lungs, endocrine tissues, muscle 
and pancreas.

140 144

GD2 40–90 Cerebellum and peripheral nerve tumors. 180 203

B7- H3 (CD276) 100 Testis, endocrine tissues, GI tract and lungs. 204

Endosialin 33 Fibroblasts and pericytes in endometrium, 
synovium, bone marrow, salivary gland, thyroid 
gland, thymus, lymph nodes and spleen.

174

STEAP-1 62 Bladder, prostate, brain and lung. 205

ROR1 100 B cells and adipose tissue. 198

TRAIL- R 100 Monocytes, macrophages, natural killer cells, T 
cells and B cells.

163 166

CXCR4 82 Low to absent. 73 82 206

Neuropeptide Y receptor 
Y1

81 Central nervous system, kidney and gastrointestinal 
tract.

207 208

c- kit (CD117) 60 Mast cells, hematopoietic stem cells, interstitial 
cells of Cajal, melanocytes and germ cells.

139 209

NOTCH receptor 97 Lymphocytes, adipocytes, hematopoetic cells, 
thyroid and adipocytes.

139 210 211

Table 3 Clinical trials with monoclonal antibodies in Ewing sarcoma

Status Phase Name of monoclonocal antibody Target antigen Trial number

C III Ganitumab+chemotherapy IGF- R1 NCT02306161

C II Cixutumumab IGF- R1 NCT00668148

C I/II Figitumumab IGF- R1 NCT00560235

C II Robatumumab IGF- R1 NCT00617890

C II R1507 IGF- R1 NCT00642941

C I Dalotuzumab IGF- R1 NCT01431547

C I BIIB022 IGF- R1 NCT00555724

C II Bevacizumab+VCT VEGF- R NCT00516295

T I Lexatumumab TRAIL- R NCT00428272

C I Ontuxizumab Endosialin NCT01748721

C I Enoblituzumab B7- H3 NCT02982941

C I Hu14. 18K322A GD2 NCT00743496

C, completed; R, recruiting; T, terminated.
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targeting IGF- 1R have been explored including robatu-
mumab, cixutumumab and figitumumab, all with limited 
clinical efficacy in ES.22

The tyrosine kinase- like orphan receptor 1 (ROR1) 
has been demonstrated to harbor a key role in tumor 
cell migration and invasiveness in ES, and it was initially 
thought that its presence on healthy adults tissues was 
limited to B cell precursors and adipose tissue,152–155 
making it a desirable immunotherapeutic target. 
However, there has been some conflicting data, as it was 
later demonstrated that ROR1 is expressed in normal lung 
tissue. Treatment of immune- deficient NOD scid gamma 
(NSG) mice with multiple myeloma with anti- ROR1 CAR 
T cells led to an accumulation of the effector cells with 
the pulmonary tissue where they caused vasculitis and 
interstitial pneumonia.156 Balakrishnan et al157 also found 
ROR1 expression in several normal tissues and stated that 
this expression in other healthy tissues raises concerns 
for on- target off- tumor toxicities. Nevertheless, other 
investigators found anti- ROR1 CAR T cells to be safe in 
in preclinical animal models including primates158 159 and 
have found it to be overall effective and safe and hypoth-
esize that it might be due to the specificity of the single 
chain variable fragment (scFv) antibody used.160–162

As a member of the tumor necrosis factor related apop-
tosis receptors, TRAIL is involved in cell apoptosis and 
immunosurveillance. TRAIL- R2 is widely expressed on 
pediatric sarcomas such as ES and rhabdomyosarcoma 
and has been found to lead to activations of the extrinsic 
apoptosis pathway in ES cell lines.163–165 The fact that its 
expression on healthy tissues is limited166 makes it an 
attractive surface receptor to target, and a monoclonal 
antibody named lexatumumab has been studied in pedi-
atric solid tumors; however, objective responses were very 
rare in the ES population.167

Surface protein CD99 is overexpressed in ES and 
frequently used as part of diagnostic work- up of a ‘small 
round blue cell tumor’. At first glance, CD99 is an 
enticing target to use for immunotherapies; however, it 
is also expressed in several healthy tissues, particularly on 
hematologic cells, making it a less desirable target due to 
potential toxicities that could arise.168

Another immune- based approach that has been 
explored is the inhibition of VEGF with bevacizumab, 
which is a monoclonal antibody targeting VEGF receptor. 
This approach led to reduced cell growth and tumor 
vessel density in the preclinical setting.169–171 It has 
recently been tested through COG in a phase II clinical 
trial for relapsed patients. This trial is comparing salvage 
chemotherapy with vincristine, cyclophosphamide and 
topotecan with or without the addition of bevacizumab 
(NCT00516295).

Olaratumab is an antiplatelet- derived growth factor 
receptor (PDGFR) antibody that is currently being 
tested in combination with gemcitabine and docetaxel 
for relapsed and refractory soft tissue sarcomas 
(NCT02659020).172 Cell surface glycoprotein endosialin 
is found on mural cells, myofibroblasts, as well as a variety 

of pediatric solid tumors including ES, rhabdomyosar-
coma, osteosarcoma, synovial sarcoma, and neuroblas-
toma.173–176 Endosialin is in charge of promoting tumor 
cell growth and neovascular formation via the platelet- 
derived growth factor (PDGF) pathway.177 A humanized 
monoclonal antibody targeting endosialin named ontuxi-
zumab can block PDGF signaling and tumor stroma orga-
nization in vitro.178 A recent phase I clinical trial of single 
agents ontuxizumab in relapsed or refractory pediatric 
solid tumors showed that ontuxizumab was well tolerated, 
however there were no objective responses in the four 
patients with ES enrolled (NCT01748721).179

Gangliosides such as GD2 and GD3 are surface antigens 
that are expressed by many pediatric solid tumors, such 
as neuroblastoma, osteosarcoma, and rhabdomyosar-
coma.180 Targeting of these using anti- GD2 monoclonal 
antibodies has shown clinical efficacy in neuroblas-
toma181 182; however, their use in pediatric sarcomas is still 
being studied in clinical trials.65

Recently, genomic studies have highlighted that the 
landscape of cancer is heterogenous and complex183–185 
and the potential role it plays in treatment response 
and prognosis.184 186 187 The intratumoral heterogeneity, 
characterized by the presence of multiple cancer cell 
phenotypes within a single neoplasia, can render certain 
antineoplastic approaches ineffective.188 189 Intratumoral 
heterogeneity can be driven by different mechanisms, 
which include cancer plasticity as well as clonal evolution 
and selection.190

Taking this concept into a clinical perspective is the 
use of monoclonal antibodies, which target a specific 
sequence of an antigen that is specifically expressed on 
a tumor with the goal of induced tumor cell death.191 
These overall have different response rates and a poten-
tial reason for this is that fact that these monoclonal 
antibodies are very specific and so they only recognize 
one specific epitope of the surface antigen.192 This fact 
renders any other isoform of the epitope unrecogniz-
able by the monoclonal antibodies. These different 
isoforms of the epitope of the target tumor antigens can 
result from mutations.191 Recently, Bühnemann et al193 
combined single cell imaging data from tissue and incor-
porated these into a high dimensional feature distribu-
tion and a cross- validated random survival forest in order 
to generate a pipeline for the discovery of prognostic clas-
sifiers in ES leading to an unbiased analysis of subpopula-
tions of cells that are heterogenous in a tumor. Analyses 
like this seem particularly useful when these may have 
a disproportionate contribution to clinical outcomes in 
patient cohorts.

In addition to their use as immunotherapeutic targets 
surface antigens can potentially be used as diagnostic 
markers.194 Accordingly, targeted imaging has been used 
to aid with ensuring tumor- free surgical margins. This 
form of imaging uses overexpressed tumor- associated 
membrane proteins to visualize tumors.194 The near 
infrared fluorescence imaging has been explored for 
targeted imaging, and it provides an optical contrast 
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between tumor and its surrounding healthy tissue in 
preclinical tumor types and is an attractive approach 
to better delineate soft tissue involvement of ES during 
surgery. For ES surface membranes, proteins such as 
LINGO1, CD99, NOTCH1, CXCR4, c- Kit and NYPRY1 
(table 2) have been proposed as potential targets.194

ADOPTIVE CELLULAR IMMUNOTHERAPIES: CAR T CELLS
T cells engineered to express CARs can be used to 
effectively target tumor cells. CARs combine a binding 
domain against a surface antigen with signaling domains 
inducing T cell activation. The adoptive transfer of CAR 
T cells targeting CD19 has resulted in impressive overall 
response rates and durable responses in patients with 
different B cell lymphomas.43 195–197

The clinical success of engineered T cells in the treat-
ment of hematologic malignancies has proven difficult 
to translate into the immunotherapy of solid tumors. 
However, CAR T cell approaches are under investigation 
for different solid tumors including ES, and performing a 
database search, we were able to identify two clinical CAR 
T cell trials (NCT03356782 and NCT03618381) currently 
enrolling patients with ES.

CAR T cells targeting IGF- 1R and tyrosine kinase- like 
orphan receptor 1 (ROR1) have been explored in the 
preclinical setting in ES. Huang et al198 demonstrated that 
both IGF- 1R and ROR1 were highly expressed in sarcoma 
cell lines including ES. CAR T cells targeting IGF1R or 
ROR1 were cytotoxic against sarcoma cells and the adop-
tive transfer of IGF1R and ROR1 CAR T cells significantly 
reduced tumor growth in pre- established, systemically 
disseminated and localized osteosarcoma xenograft 
models. However, both types of CAR T cells have not yet 
made it into the clinic for ES, and this is likely secondary 
to potential toxicities. In general, a key problem in the 
development of effective CAR T cell therapies for solid 
tumors such as ES remains the expression of the antigen 
on healthy tissues leading to on- target off- tumor toxici-
ties. At this time, ROR1 is being evaluated as a target in 
clinical trials with CAR T cells in patients with breast and 
lung cancer, as well as in hematological malignancies 
(NCT02194374 and NCT02706392)161 162; however, there 
are currently no trials using this target in ES.

One study found that 20% of ES express tumor antigen 
GD2 and T cells engineered to express a third- generation 
GD2- CAR incorporating CD28, OX40, and CD3z signaling 
domains mediated efficient lysis of both GD2+ sarcoma 
and neuroblastoma cell lines in vitro. However, in xeno-
graft models, GD2 CAR T cells had no antitumor effect 
against GD2+ sarcoma, despite effectively controlling 
GD2+ neuroblastoma. The investigators observed that 
pediatric sarcoma xenografts, but not neuroblastoma 
xenografts, induced large populations of MDSC that 
inhibited human CAR T cell responses in vitro. Impor-
tantly, treatment of sarcoma- bearing mice with all- trans 
retinoic acid (ATRA) largely eradicated monocytic MDSCs 
and diminished the suppressive capacity of granulocytic 

MDSCs. Consequently, combined CAR T cell plus ATRA 
treatment significantly improved antitumor efficacy 
against sarcoma xenografts. The authors concluded that 
coadministration of retinoids may enhance the clinical 
efficacy of CAR therapies targeting solid tumors.49

Instead of T cells, Kailayangiri and coauthors used CARs 
to enhance the activity of NK cells against ES in a tumor 
antigen- specific manner. Expression of CARs directed 
against the ganglioside antigen GD2 in activated NK cells 
enhanced their responses to GD2+ ES cells in vitro and 
overcame resistance of individual cell lines to NK cell lysis. 
However, adoptive transfer of GD2- specific CAR gene- 
modified NK cells failed to eliminate GD2- expressing ES 
xenografts. Interestingly, post- treatment intratumoral 
upregulation of the immunosuppressive ligand HLA- G 
seemed to be responsible for tumor immune escape, 
suggesting that HLA- G needs to be targeted in order to 
enhance the efficacy of NK CAR cells and possibly also 
other cellular immunotherapies.199

Recently, results on one of the very few clinical trials 
using CAR T cells in ES were reported. In a phase I/II 
clinical study, patients with recurrent/refractory human 
epidermal growth factor receptor 2 (HER2)- positive 
sarcoma received escalating doses of T cells expressing 
an HER2- specific CAR with a CD28 signaling domain. A 
total of 19 patients, including one patient with ES, were 
enrolled. HER2- CAR T cell infusions were well toler-
ated with no dose- limiting toxicity. Of the 17 evaluable 
patients, most showed progression of their disease but 
four had stable disease for 12 weeks–14 months. The 
patient with ES, who was among the patients receiving 
the highest dose level, did not show a clinical response.200

CONCLUSIONS AND PERSPECTIVES
The identification of a specifically expressed antigen is 
a prerequisite for any immunotherapy directly targeting 
malignant cells. Given the superior efficacy of CAR T 
cells and bispecific T cell engager approaches as well as 
the broad applicability of monoclonal antibodies, the 
identification of a surface antigen specifically, frequently 
and homogenously expressed on the tumor cells of ES 
patients, would have enormous clinical implications. 
Unfortunately, no surface antigen with all the mentioned 
qualities has been identified in the case of ES, and future 
studies should perform a detailed and thorough profiling 
of the ES surface proteome.

Tumor antigens specifically expressed in the intracel-
lular compartment of the ES tumor cells represent an 
alternative to surface antigens and can be targeted by T 
cells recognizing peptide antigens in an appropriate HLA 
context. One very obvious target antigen would be peptides 
derived from the pathognomonic chromosomal translo-
cation generating the EWS–FLI1 chimeric transcription 
factor. A first step in the development of vaccine- based 
approaches or TCR- transduced T cells targeting EWS–
FLI1 would be the identification of naturally produced 
and presented peptide epitopes. Unfortunately, it has 
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previously been shown that naturally occurring EWS–FLI1 
peptides induce only weak CTL activity against ES cells 
reference. In contrast, peptides with modified anchor 
residues induced T cells that showed potent CTL killing 
of ES cells presenting endogenous (native) peptides. 
Accordingly, the adoptive transfer of CTL specific for the 
modified peptides resulted in enhanced survival of mice 
with established ES.201 Similarly, EWS–FLI1- specific TCRs 
with improved affinity could be generated for the trans-
duction of adoptively transferred T cells.

As an alternative to the EWS–FLI1 chimeric transcrip-
tion factor, CT antigens such as XAGE-1 could be used 
as potential targets for vaccines or TCR- transduced T 
cells. The advantage of this family of antigens consists 
of their tumor- restricted expression, their broad off- the- 
shelf applicability, and their immunogenicity. Another 
advantage of CT antigens is that many of these proteins 
have been shown to play a central role in inducing and 
maintaining the malignant phenotype and the fact that 
their expression can be further enhanced by treating the 
patient with demethylating agents.

The identification of promising tumor antigens is not 
the only requirement for the development of effective 
immunotherapies for ES, but it is equally important to 
address the immunosuppressive microenvironment of 
the tumor. The lack of inflammatory signals within the 
tumor, for example, can severely inhibit homing of tumor- 
reactive T cells to the target tissue. As outlined previously, 
type 1- associated proinflammatory chemokines (such as 
CXCL9, CXCL10, and CCL5) seem to be able to recruit 
effector T cells to the ES tumor tissue,60 and one could 
envision several ways of overexpressing these inflamma-
tory signals in the tumor microenvironment to improve T 
cell homing and targeting of the cancer cells.

Absence of HLA class I molecules from the tumor 
tissue is another obstacle, and in order for vaccine- 
based approaches, adoptively transferred TILs, or TCR- 
transduced T cells to be effective, one would have to find 
ways to significantly upregulate the local expression of 
HLA molecules, for example, by delivering interferon 
into the tumor tissue. Conversely, immunosuppressive 
molecules overexpressed in the tumor microenviron-
ment, such as PD- L1 and HLA- G, could be blocked using 
checkpoint inhibitors in combination with a given anti-
tumor immunotherapy.

Finally, immunosuppressive cells, including Tregs, 
MDSCs, and F2 fibrocytes, accumulate in the microen-
vironment of ES and have been shown to inhibit local 
antitumor immune responses. There are several ways to 
eliminate these cells from the tumor tissue. For example, 
trabectedin, a chemotherapy used as a standard treat-
ment for sarcoma, has been shown to reduce the number 
of intratumoral, immunosuppressive MDSCs and M2- like 
macrophages.121 In a mouse model, treatment of sarcoma- 
bearing mice with ATRA largely eradicated monocytic 
MDSCs and diminished the suppressive capacity of gran-
ulocytic MDSCs. As a consequence, combined CAR T cell 
plus ATRA treatment significantly improved antitumor 

efficacy against sarcoma xenografts.49 These systemic 
treatments should be investigated as potential combina-
tion partners in order to improve the efficacy of different 
immunotherapeutic approaches in ES.
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