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Anti-PD-(L)1 therapies yield a disappointing response rate of 15% across soft-tissue
sarcomas, even if some subtypes benefit more than others. The proportions of TAMs and
TILs in their tumor microenvironment are variable, and this heterogeneity correlates to
histotype. Tumors with a richer CD8+ T cell, M1 macrophage, and CD20+ cells infiltrate
have a better prognosis than those infiltrated by M0/M2 macrophages and a high immune
checkpoint protein expression. PD-L1 and CD8+ infiltrate seem correlated to response to
immune checkpoint inhibitors (ICI), but tertiary lymphoid structures have the best
predictive value and have been validated prospectively. Trials for combination therapies
are ongoing and focus on the association of ICI with chemotherapy, achieving
encouraging results especially with pembrolizumab and doxorubicin at an early stage,
or ICI with antiangiogenics. A synergy with oncolytic viruses is seen and intratumoral
talimogene laherpavec yields an impressive 35% ORR when associated to
pembrolizumab. Adoptive cellular therapies are also of great interest in tumors with a
high expression of cancer-testis antigens (CTA), such as synovial sarcomas or myxoid
round cell liposarcomas with an ORR ranging from 20 to 50%. It seems crucial to adapt
the design of clinical trials to histology. Leiomyosarcomas are characterized by complex
genomics but are poorly infiltrated by immune cells and do not benefit from ICI. They
should be tested with PIK3CA/AKT inhibition, IDO blockade, or treatments aiming at
increasing antigenicity (radiotherapy, PARP inhibitors). DDLPS are more infiltrated and
have higher PD-L1 expression, but responses to ICI remain variable across clinical
studies. Combinations with MDM2 antagonists or CDK4/6 inhibitors may improve
responses for DDLPS. UPS harbor the highest copy number alterations (CNA) and
mutation rates, with a rich immune infiltrate containing TLS. They have a promising 15-
40% ORR to ICI. Trials for ICB should focus on immune-high UPS. Association of ICI with
FGFR inhibitors warrants further exploration in the immune-low group of UPS. Finally
translocation-related sarcomas are heterogeneous, and although synovial sarcomas a
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poorly infiltrated and have a poor response rate to ICI, ASPS largely benefit from ICB
monotherapy or its association with antiangiogenics agents. Targeting specific
neoantigens through vaccine or adoptive cellular therapies is probably the most
promising approach in synovial sarcomas.
Keywords: immunotherapy, combination (combined) therapy, tertiary lymphoid structure (TLS), soft tissue sarcoma
(STS), PD1 and PDL1
INTRODUCTION

Immunotherapy of cancer has been the last major breakthrough
in the fight against cancer (1, 2). New immune checkpoint
inhibitors (ICI) target immune cells present in the tumor
microenvironment (TME), namely T-lymphocytes with specific
anti-tumor activity. These lymphocytes display an exhausted
phenotype with inhibitory receptors (3). By antagonising these
inhibitory signals, ICIs reactivate pre-existing anti-tumor
immunity (4, 5) and effectively destroy tumor cells. This
breakthrough is fairly recent, but the concept can be traced
back to the late 19th century. William Coley was an orthopedic
surgeon who efficiently treated limb sarcomas by injecting
modified bacteria intratumorally (6). This treatment induced
infections with inflammatory reactions followed by tumor
regression. For decades, the immuno-oncology concept was
thereafter investigated (7, 8) and ICIs have eventually proven
only recently to prolong survival in patients with melanoma (9,
10), lung cancer (11, 12), urothelial carcinoma (13) and renal
cancer (14), amongst others.

Sarcomas are rare tumors from mesenchymal origin, with an
incidence of 5-6/100.000 habitants/year in western countries (15,
16). As precludes their origin, these tumors have very diverse and
heterogeneous phenotypes, as mesenchymal cells can have
osseous, cartilaginous, muscular or adipose differentiation
for instance.

The latest World Health Organization classification reports
over 120 sarcoma histotypes (17). These tumors are classically
divided into bone tumors representing 15% of sarcomas and
soft-tissue sarcomas (STS) representing 85% of cases (18).
Gastrointestinal stromal tumor (GIST) is the most frequent
sarcoma and the proto-typical example of efficient targeted
therapy based on tumor molecular biology (19). Prognosis of
STS, excluding the particular entity of GISTs, is dismal: 90%
of patients will be diagnosed in the localized setting, 30-40%
of STS will recur within five years after initial treatment,
median overall survival after diagnosis of metastatic disease
is roughly 20 months (20). However, prognosis is highly
heterogeneous, depends on the histotype and other
clinicobiological parameters such as age, sex, size of tumor
and histopathological grade (21, 22).

As all rare and diverse diseases, these tumors benefit from
centralized expert centers for treatment, as it prolongs
survival (23, 24). Drug development in the field encounters
one major obstacle: heterogeneity. For the last 40 years, no
drug has been able to prove superior to anthracyclines in the
first line setting (25). Phase 3 trials including all histotypes
org 2
have consistently failed to prove their superiority in the
general population of STS (26), although having promising
phase 2 trials (27). Immunotherapy is no exception to this
rule. Correct selection of patients is of paramount importance,
through precise biomarkers and translational research
(28–30).

A few methodological points need to be addressed in regard
to clinical trials of immunotherapy in sarcomas. It is likely that
the raw overall response rate (ORR) is not the optimal
endpoint for such trials. On the one hand, the most effective
drug used in STS is adriamycin. Although some histotypes
yield higher response rate, this regimen has an ORR of roughly
10% as monotherapy in an unselected population (31) but
allows stabilisation of disease and a median PFS of 6 months in
advanced setting (25, 26, 31). In this light, it has been proposed
that an active drug in STS yields a PFS rate of roughly 30-50%
at six months in the first line and a PFS rate over 40% at three
months in the second-line setting (32). On the other hand,
response evaluation on purely volumetric evaluation such as
RECIST does not efficiently represent biological efficacy of
immune-based therapy. The best way to evaluate ICI efficacy
and response is still a matter of debate (33–35). In fact,
preliminary results of a neoadjuvant trial presented at ASCO
2020 in undifferentiated pleomorphic sarcomas (UPS) and
dedifferentiated liposarcomas (DDLPS), has shown RECIST
response was not correlated to pathologic response (36) and
the discordance between pathologic response and radiographic
response has also been noted in other tumor types with
ICI (37).

Although the first cancer immunotherapy to report clinical
benefit was in sarcomas, new ICIs have been somewhat
disappointing in STS up to now. As displayed in Table 1, ICIs
in the advanced setting in STS have consistently reported ORRs
of roughly 15% with a median PFS around 3-4 months, when
including all histotypes. Liposarcomas (LPS) and UPS are the
most thoroughly studied histotypes, with slightly better response
patterns than other subtypes. Leiomyosarcomas (LMS) and
synovial sarcomas have consistently shown to be resistant to
ICIs monotherapy. On the other hand, alveolar soft-part
sarcomas (ASPS) seem to be particularly sensitive to
these treatments.

A pooled analysis of nine anti-PD1/anti-PDL1 therapy
trials in STS, found an ORR of 15.1% for STS as a whole
(47). As a monotherapy, anti-PD1/anti-PDL1 ICIs were found
to have an ORR of 18.7%. In combination therapies (including
other immune-based therapies or anti-angiogenic therapies),
anti-PD1/anti-PDL1 were found to have an ORR of 13.4%.
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TABLE 1 | Trials of Immune Checkpoint inhibitors in advanced Soft-tissue Sarcomas.

Median progression free survival

Overall LMS LPS UPS Synovial
sarcoma

ASPS

15w 25w 30w 7w

2M 3M

1.7M
4.1M

4.6M 1.5M
5.5M 2.7M

2.8M 2M 1.8M 7.46M 34.23M

1.85
months

1.8
months

7.9
months
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Trial Design Molecule tested Population/Histotypes Overall Response Rate

Overall LMS LPS UPS Synov
sarco

Trials for multiple histotypes

SARC028 (38) Non-randomized,
Phase 2 trial

Pembrolizumab 200mg
flat dose q3w

Four cohorts of 10 patients in each
histotype:
LMS, DDLPS, UPS, synovial
sarcoma

17.5% 0% 20% 40% 0%

SARC028
expansion
cohorts (39)

Non-randomized,
Phase 2 trial

Pembrolizumab 200mg
flat dose q3w

Two cohorts: 39 DDLPS and 40
UPS

10% 23%

Alliance
A091401 (40)

Multicentre, open-
label, non
comparative, Phase 2
trial

Nivolumab 3mg/kg q2w 42 STS 5%
Nivolumab 3mg/kg +
ipilimumab 1mg/kg q3w
for 4 cycles
followed by nivolumab
3mg/kg q2w

41 STS 16%

Alliance
A091401
expansion
cohorts (41)

Multicenter, open-
label, non
comparative, phase 2
trial

Nivolumab 3mg/kg q2w 15 DDLPS & 13 UPS 6.7% 7.7%
Nivolumab 3mg/kg +
ipilimumab 1mg/kg q3w
for 4 cycles
followed by nivolumab
3mg/kg q2w

14 DDLPS & 14 UPS 14.3% 28.6%

Somaiah et al.
(36)

Non-randomized,
Phase 2 trial

Durvalumab 1500mg +
tremelimumab 75mg
q4w for 4 cycles
followed by durvalumab
alone

57 soft-tissue sarcomas:
6 LPS, 5 UPS, 5 synovial sarcoma,
10 ASPS and others

14.3%

Trials for specific histotypes

Maki et al. (42) Non-randomized,
Two-stage, Phase 2
trial
(terminated early due
to lack of efficacy)

Ipilimumab 3mg/kg q3w 6 synovial sarcomas 0%

Ben-Ami et al.
(43)

Non-randomized,
Two-stage, Phase 2
trial
(terminated early due
to lack of efficacy)

Nivolumab 3mg/kg q2w 12 uterine LMS 0%

Blay et al. (44) Non-randomized,
Phase 2 trial

Pembrolizumab 200mg
q3w

Rare sarcomas (incidence<0.2/
100.000):
24 chordoma, 14 ASPS, 5 DSRCT,
6 SMARCA4-malignant rhabdoid
tumors & 32 others

15%
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However, these results are pooled results from distinct trials,
with monotherapy and combination therapies. Specific
h i s to t ype s migh t benefi t f rom h i s to type - t a i l o r ed
combination therapies with antiangiogenics, chemotherapy
or other ICIs.

In this review, we sought to define how to move
immunotherapy forward in the sarcoma field. To do so, we
first describe translational data regarding the immune tumor
microenvironment (TME) of sarcomas, in order to define
biomarkers of efficacy and resistance to ICI. Second, we
address new potential alternative immune-based therapeutic
options in order to increase immunotherapy efficacy. Finally,
we describe translational data regarding specific major
histotypes, in order to propose histotype-tailored approaches
as next steps for clinical development.

For clarity reasons, we will focus only on STS. We did not
include primitive neuro-ectodermic tumors (PNET), although
15% of them are STS in order to keep a more homogeneous line
of conduct for this review. Immunotherapy and immunology of
GISTs have been reviewed elsewhere (48). Kaposi sarcomas are a
specific entity, notably regarding systemic immunity, and will
not be included in the rest of this manuscript. Likewise, pediatric
sarcomas have specific challenges, specifically regarding drug
development and immunity.
THE TUMOR MICROENVIRONMENT OF
SOFT-TISSUE SARCOMAS

Neoantigens and Mutational Load Across
Soft-Tissue Sarcomas
Tumor mutational burden (TMB) is defined as the number of
somatic mutations per coding area in a cancer genome. A higher
TMB increases neoantigen expression, which allows the immune
system to distinguish normal from cancer cells. This leads to an
increased T cell reactivity (49), and eventually predicts response
to ICIs (50).

In STS, a heterogeneous group of tumors, this question is all
the most important. Providing the analysis of 100.000 tumor
genomes, Chalmers et al. found a globally low tumor mutational
burden across STS with a median of 2.5mut/Mb and only 5% of
tumors harboring >20mut/Mb. This proportion depended once
again on the histotype, and 13.4% of angiosarcomas had more
than 20mut/Mb (51). In the TCGA cohort, the average
mutational load was again low (1.06mut/Mb), whereas the
genetic landscape of STS seemed characterized by a high
number of copy-number alterations (CNA), often affecting
MDM2-TP53 or p16-CDK4-RB1 pathways. Frequently
mutated genes included TP53 (40 of 80 LMS), RB1 (LMS, UPS
and MFS) as well as ATRX (52). The prognostic impact of tumor
mutational burden remains unclear in STS, but based on the
analysis of 68 localized STS, a middle mutational burden was
associated with a poorer overall survival than a lower one (53).
Notably, CNAs, which are predominant in STS, have been
suggested to be less immunogenic than mutations in a pan-
cancer study (54, 55). This particular immunogenicity difference
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regarding CNAs versus mutations merits more thorough
evaluation specifically in STS.

Microsatellite instability is rare, representing around 2% of
patients (56, 57), if not absent (58, 59) in STS.

The analysis of various histotypes allowed to discriminate
simple genomics sarcomas, characterized by a clonal
pathognomonic driver genomic alteration, from complex
genomic sarcomas, which are usually characterized by a higher
number of mutations and CNAs (60). For instance, synovial
sarcoma is characterized by a t(X;18)(p11;q11) translocation and
low mutational load, whereas UPS or LMS show no
pathognomonic driver molecular alteration but a high number
of CNAs and a higher TMB (see Table 1).

Interestingly, this model is correlated with TME:
translocation-associated sarcomas are less infiltrated by tumor-
associated macrophages than complex genomic STS and CD8+
lymphocytes are more abundant in the TME of CNA-driven
sarcomas (61). Antigen presentation and PD-L1 expression are
also associated with a more mutated profile, and translocation-
associated sarcomas are rarely PD-L1 positive (62, 63).
Furthermore, activated CD8+ T cells are particularly abundant
in pleomorphic sarcomas, for which TMB is known to be
higher (64).

Another approach could be to focus on special molecular
alterations, responsible for an expression of tumor-associated
antigens (TAAs) or neoantigens with a high affinity for MHC I
complex. The question of the immunogenic impact of
translocation-related and cancer-specific antigens is crucial. As
an example, in synovial sarcomas, translocation-related peptides
are known to show a high affinity toward HLA B7 and B27 (65).
More recently, this approach has been facilitated by the creation
of a tool to predict peptides affinity to MHC complexes (66).

Cancer-testis antigens (CTAs) are expressed in the testis,
embryo and placenta, as well as in various malignancies, where
they seem to trigger a specific T-cell response. Moreover, most of
these CTAs are oncogenic, making them attractive targets (67).
CTAs are expressed in STS (68), and three main groups are of
interest: melanoma-associated antigen gene (MAGE),
preferentially expressed antigen of melanoma (PRAME) and
New York esophageal squamous cell carcinoma 1 (NY-ESO-1).
Interestingly, their expression is not associated with complex
genomics, but seems correlated to a hypomethylated genomic
profile, thus underlining the rationale of associating epigenetic
and immunotherapeutic approaches in STS (69). On the whole,
around 20% and 12% of all STS respectively express NY-ESO-1
andMAGE-A4, possibly conferring them a better prognosis (70).
Once again, this expression is histotype-dependent, and NY-
ESO-1 is expressed in around 95% of MRLPS and 49-76% of SS
(71–73), where they are promising therapeutic targets, versus
respectively 0% and 9% of UPS and LMS (70). Interestingly, Iura
et al. demonstrated in synovial sarcomas that CTAs were often
coexpressed (51% of SS expressed NY-ESO-1 and MAGE-A4
and PRAME) and their expression was associated with a higher
grade and a trend to poorer OS (74). Moreover, 41% of UPS
show a high expression of MAGE-A3, which is significantly more
important than in LMS, DDLPS and synovial sarcomas and
Frontiers in Immunology | www.frontiersin.org 5
seems to be associated with a richer lymphocyte infiltrate and
higher HLA-A expression (75). To our knowledge, even if CTA
expression seems associated with a richer immune infiltrate, their
predictive value for response to ICIs has not been studied.
However, they are well exploited therapeutic targets, as
subsequently described.

STS Are Variably Infiltrated With
Immune Cells
A few studies focused on TME in STS, based on gene expression
profiling. This TME is heterogeneous and correlates to
histological subtype, even if TAMs and CD8+ T cells are
generally the most represented cells (76–78).

Two main polarizations of TAMs are described in human
cancers (79). M0 are non-activated macrophages. They
differentiate to M1 when exposed to granulocyte-monocyte
colony stimulating factor (GM-CSF), lipopolysaccharide (LPS)
or interferon-gamma (IFN-g) and they promote an
inflammatory microenvironment through the expression of IL-
1, IL-6, IL-12 or TNFa. On the other side, M2 differentiate from
M0 macrophages in presence of M-CSF, IL-4 or IL-10 and they
promote immune escape through a high expression of PD-L1,
IL-10 or TGFb. According to Dufresne et al., based on the RNA-
sequencing of 253 tumor samples, monocyte/macrophage is the
most important detected signature (76).

Hu et al. studied the expression of 364 genes related to the
immune system in the TCGA (The Cancer Genome Atlas)
cohort (80). Four clusters could be distinguished and if the
expression of genes related to CD8+ T lymphocytes was
variable and observed in only one group of tumors, the most
expressed genes were consistently those related to macrophages,
of predominantly M2 polarization, more immunosuppressive.
This heterogeneity is corroborated by the study of Deng et al,
based on transcriptomic analysis of 869 soft tissue sarcomas (81).
Three immunological subtypes were characterized: group A was
associated with an M2 macrophage-rich infiltrate and a lower
density of memory CD4+ lymphocytes and mast cells. Group B
had an infiltrate dominated by M0 (naive) macrophages and
group C was associated with M1 polarization of the macrophages
present, a richer infiltrate of CD8+ T cells and plasma cells. Gu
et al. also analyzed the TCGA cohort and distinguished two
prognostic groups, determined in particular by the density of the
CD8+ T infiltrate and activated lymphocytes, and by the
expression of pro-inflammatory cytokines (82).

NK cells are crucial in antitumor immunity, where they have an
antigen and MHC I independent cytotoxic activity (83). They are
present in sarcomas, independently of other tumor cells, and have a
definite immunological impact: in the TCGA (The Cancer Genome
Atlas) cohort, they are the only immune cell population correlated
with survival based on RNA-sequencing signatures (52).

Petitprez et al. has recently developed a novel classification of
STS, based on the composition of the TME in large cohorts of
STS, using the MCP-counter method, which is an RNA-
sequencing deconvolution method (84). Tumours were
assigned to one of five Sarcoma Immune Classes (SICs),
labelled A, B, C, D and E, with highly distinct profiles.
December 2021 | Volume 12 | Article 775761
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Histological subtypes were distributed across all the SICs with
leiomyosarcoma belonging mainly to SICs A and B. Three SICs
showed homogeneous profiles. SIC A, “immune desert”, was
characterised by the lowest expression of gene signatures related
to immune cells, as well as low vasculature. SIC C, “vascularised”,
was dominated by a high expression of endothelial cell-related
genes. SIC E, “immune and TLS high”, was characterized by the
highest expression of genes specific of immune populations such
as T cells, CD8+ T cells, NK cells, cytotoxic lymphocytes.
Strikingly, the strongest determinant of SIC E was the high
expression of the B lineage signature (p=1.8e-29). SICs B and D
were characterized by heterogeneous but generally “Immune
low” and “Immune high” profiles, respectively. The B lineage
signature, a hallmark of the immune-high subclass E, correlated
with an improved survival of STS patients, in tumours with both
high and low CD8+ T cells infiltration. The authors validated by
immunohistochemistry the high density of B cells and presence
of tertiary lymphoid structures (TLS) in the immune-high
subclass of STS on an independent cohort. Tertiary lymphoid
structures (TLS) are ectopic lymphoid structures that develop in
tumors, and conduct the activation, proliferation and
differentiation of effector and memory T and B lymphocytes.

Studies using a transcriptomic approach are corroborated by
immunohistochemical staining in STS. Tumor-infiltrating
lymphocytes (TILs) are present across all sarcoma subtypes. As
described, their proportions are variable and depend on the
histotype, and they are hampered by the lack of consensus to
define positive cases in immunohistochemistry. TAMs are the
most abundant cells in the microenvironment of STS, where they
are more likely to be M2-polarized (61, 85). The highest M2 to
total macrophages ratio was found in UPS (86). As previously
mentioned, IL-10 secreted by M2-macrophages counterbalances
the prognostic impact of B cell infiltrate. Furthermore, the
population of CD8+ T cells in the TCGA cohort was
negatively correlated to M0 and M2 macrophages, but
positively associated with M1-macrophage infiltrate (87).
Overall, 25-43% of STS are described as highly infiltrated in
CD3+ T cells and a majority of them are CD8+ T cells (88, 89),
outnumbering FoxP3+ regulatory T cells. In accordance to
Petitprez et al, CD20+ cells are described in the TME of STS,
where they are associated to T cell infiltration (85). Interestingly,
their prognostic impact seemed counterbalanced by high IL-10
expression by CD163+ M2 macrophages, which underlines the
crucial role played by tumor associated macrophages (TAMs) in
the immunosuppressive environment of STS.

Patterns of Immune Checkpoint
Regulators in STS
As in many other tumor types, one of the main issues of PD-L1
expression assessing is the lack of reproducibility across tumor
types: different clinical trials and anti-PD(L)1 drugs have led to
different immunohistochemistry antibodies (22C3, SP142,
28-8…) and different thresholds for PD-L1+ tumors (>1%, 5%,
10%…) (90). Some other studies focus on RNA-sequencing, with
a better reproducibility, but sometimes discordant results to
immunohistochemistry.
Frontiers in Immunology | www.frontiersin.org 6
PD-L1 is more expressed on TAMs than on tumor cells and
seems associated with a PD-1+ and CD8+ T cell infiltrate (88).
Pollack et al. provided a comprehensive analysis of PD-L1
expressing STS and their microenvironment, based on the
study of the archival tumor samples of 81 patients (62). PD-L1
expression was correlated to CD8+ T cell infiltrate and antigen
presentation gene expression (HLA-A and HLA-B). The
infiltrating lymphocytes also showed a higher TCR Vb
clonality. Antigen presentation and PD-L1 expression were
associated with a more mutated profile and translocation-
associated sarcomas were rarely PD-L1 positive. Furthermore,
it seems that PD-L1 driven immune escape occurs in tumors
with an effective immune infiltrate characterized by the presence
of Th1 CD4+ cells, B cells and dendritic cells, by a higher
expression of type 1 and 2 MHC as well as by an activation of
IFNa, IFNg and tumor-necrosis factor alpha (TNFa) pathways
(63). This immune escape is also associated with an increase in
FoxP3+ regulatory T cells, which has a negative impact on
prognosis (91). The underlying molecular mechanism of PD-
L1 expression often depends on a copy-number gain (4 of 10 PD-
L1+ cells) (92), which is associated with a higher mutational load.
Previous treatments probably have an impact, and of 46 patients
who received preoperative radiotherapy, 10.9% and 15.2%
respectively showed an increase in PD-L1 expressing tumor
cells and TAMs, thus underlining a potential synergy between
anti-PD1/PD-L1 treatments and radiotherapy (93). No variation
was observed in CD8+ and PD1+ T cells. PD-L1 expression is
also limited by tumor heterogeneity, and there is a discordance in
around 20% of cases between primary tumor and metastasis (94).
In most cases (67%), PD-L1 was more expressed in metastasis
than in the primary tumor, whereas CD8+ are to decrease in the
relapse (95).

Besides transmembrane expression, an interesting study has
assessed soluble PD-L1 (sPD-L1) levels in localized STS (96).
sPD-L1 level was more associated with metastasis-free survival
(MFS) and overall survival (OS) than PD-L1 tumor
immunohistochemistry. No difference was found in sPD-L1
serum levels between tumors with PD-L1 positive and negative
immunohistochemistry, which suggests that PD-L1 immune
escape could also be driven by PD-L1 exosome secretion by
tumor cells. Its correlation to anti-PD1/PD-L1 response needs
further assessment in the STS population, but has been described
in melanoma (97) and lung cancer (98).

There is growing evidence that other immune checkpoints
play a role in immune escape in STS. LAG-3 is highly expressed
on the surface of both peripheral and tumor-infiltrating T cells of
patients with STS (99). Dufresne et al. demonstrated that LAG-3
was expressed across all immune subgroups (76). As with PD-L1,
LAG-3 expression is associated with a richer CD8+ infiltrate and
a poorer prognosis. Interestingly, CTLA-4, LAG-3 and TIM-3
proteins are often coexpressed with PD-(L)1, which provides a
strong rationale for association therapies in STS (84, 100). A
study combining nivolumab (anti-PD1) and relatlimab (anti-
LAG-3) is currently recruiting (NCT04095208).

In addition, other immunologic checkpoint proteins play a
major role in immune escape. In Dufresne et al, ICOS (Inducible
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T-cell costimulator) and GITR (glucocorticoid-induced tumor
necrosis factor receptor) seemed to be of major interest in all
studied histotypes, as was OX40 in synovialosarcoma and CD40
in GIST and synovialosarcoma based on RNA-sequencing data
(76). Macrophage-related checkpoints are also of reat interest.
CD47 is expressed on tumor cell surface, on a bimodal way
(either on 0% or >90% of tumor cells), protecting them from
phagocytosis by an interaction with SIRPa on macrophage/
dendritic cell surface (61). CD47 and SIRPa expression depend
on the tumor histotype with a high frequency of expression in
DDLPS and chordoma, as assessed by immunohistochemistry
(61). Anti-CD47 antibodies and SIRPa inhibitors have shown
promising activities in various cancer types (101–103). CSF1-R is
also a commonly expressed target across all immune subgroups
(76). Eventually, evidence is growing on the crucial role played
by indoleamine-2,3-dioxygenase (IDO) in tumor escape. Overall,
IDO protein overexpression is described in 40-60% of STS,
which seems correlated to PD-L1 expression and CD8+
infiltrate (86, 104).

Immune Infiltrate Is Correlated to Survival
Several studies have correlated the immunologic infiltrate with
prognosis in sarcoma. For example, tumors with a greater CD8+
T-cell infiltrate, the presence of M1 macrophages, and plasma
cells appear to have a better prognosis (80–82, 105, 106). A high
density of CD20+ lymphocytes is correlated to CD8+ infiltrate
(84) and also seems associated with a better outcome (84, 85).
Conversely, a microenvironment rich in M0 and M2
macrophages correlated with a lower CD8+ T-cell infiltrate
and a worse prognosis (76, 87).

As suggested in several studies (107–109) and summarized in
meta-analyses (110–112), PD-L1 overexpression is associated with
a poorer overall survival. In Budczies et al, the worst prognosis was
found among patients harboring a PD-L1 copy number gain and a
low CD3+ infiltrate (92). This trend is also observed for other
immunological checkpoints. For example, SIRPa and CD47 in
myxofibrosarcoma, synovialosarcoma and osteosarcoma (61) or
LAG3 across all subtypes (99) are associated with a worse
prognosis, as assessed by immunohistochemistry. All these
observations suggest the importance of immunological
checkpoint proteins in tumor escape.

Tumor Microenvironment Is Associated
With Response to PD-1 Blockade in STS
In a correlative analysis of the SARC028 trial assessing
Pembrolizumab monotherapy in STS, PD-L1 was only
expressed by tumor cells in 2 of 40 tumors with evaluable
biopsy (113). Both of them responded to treatment, but the 5
other responders did not express PD-L1. PD-L1 expression by
TAMs was also associated with response to Pembrolizumab.
Pooling the results of 9 multicenter immunotherapy trials,
Italiano et al. analyzed 153 patients who received an anti-PD-
1/PD-L1 monotherapy (47). Of 21 PD-L1 positive tumors, 6
patients had an objective response (28.5%), against only 9 of 133
(6.7%) patients in PD-L1 negative tumors. As previously
suggested, sPD-L1 expression is of great interest in STS. Its
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correlation to anti-PD1/PD-L1 has been described in melanoma
(97) and lung cancer (98) but has not been assessed in STS, to
our knowledge.

Similarly, in the correlative study of SARC028, the immune
infiltrate of responders at baseline showed a higher density of
CD8+ T cells compared to non-responders (113). As it has been
proven in other tumor types (3), baseline CD8+ T cells seem
therefore necessary to achieve a response under anti-PD(L)
1 treatment.

Strikingly, Petitprez et al. showed that the immune high
subclass E, characterized by the presence of TLS, predicted
response to PD-1 blockade therapy in a prospective multi-
centre phase 2 clinical trial of pembrolizumab in STS
(SARC028). This was based on the retrospective analysis of
biopsies from 47 patients included in the study and with
available tumor material demonstrating the feasibility of the
implementation of this biomarker in the routine setting.
Tumours were considered TLS-positive when a CD3 aggregate
with DC-Lamp staining was found juxtaposing a CD20
aggregate. Only aggregates with surface above 60,000 μm²,
containing at least 700 cells and at least 350 CD20+ cells
were considered. This predictive value of a response to
immunotherapy in sarcoma was confirmed at ASCO 2021 with
an update of the PembroSarc (pembrolizumab and
cyclophosphamide in STS) study. Of the 240 patients included,
48 were TLS+, and in these patients, there was a 26.7% response
rate (compared with 2.1% in the others) and a progression-free
survival at 6 months of 40% (compared with 4.2% in the others)
(114). It has been recently demonstrated in a pan-tumor model
that TLS are associated with a better response rate and better
survival independently of PD-L1 expression and CD8+ T cell
density (115).

Therefore, it seems that a promising approach for ICIs would
be trials driven by TME, based on PD-L1 expression and on the
presence of TLS and B cells. However, beyond ICIs
monotherapy, which are probably efficient in biomarker-
selected STS, other new innovative approaches have been
designed to increase ICI response.
IMPROVING IMMUNOTHERAPY
EFFICACY: BEYOND IMMUNE
CHECKPOINT INHIBITORS

Combinations With ICI Backbone
Before entering details of combination trials, it should be mentioned
that STS histotypes have varying sensitivities to chemotherapy and
tyrosine kinase inhibitors (TKI). Chemoresistance of clear cell
sarcomas and ASPS is fully established, whereas, UPS and
synovial sarcoma (116) are more chemosensitive. On the other
hand, ASPS (117), solitary fibrous tumors (118) and extraskeletal
myxoid chondrosarcoma (119) are known for their sensitivity to
TKIs. On the contrary, LPS are known to be resistant to
antiangiogenics (120). This should be taken into account when
interpreting results of combination trials.
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Antiangiogenics
There is a strong pre-clinical rationale to combine anti-VEGF
therapies with ICIs (121, 122) and this combination has proven
its efficacy in other cancer types, notably renal cell carcinoma
(123). Angiogenesis and immune infiltrates are strongly
correlated in the TME, and immune cel ls express
angiogenic receptors.

Wilky et al. reported on a phase 2 single-arm, single centre
trial of axitinib and pembrolizumab association (124). This
trial included 33 patients, with an intention-to-treat (ITT)
population of 32 patients. The ORR of the ITT population was
25%, the three month PFS rate was 65.6% and median PFS
was 4.7 months. Notably, this trial included six LMS, two
DDLPS, five UPS and 12 ASPS. Results in the ASPS
population were particularly interesting with an ORR of
54.5%, a three months PFS rate of 72.7% and a median PFS
of 12.4 months. In the non-ASPS population (N=21), ORR
was 9.5%, the three months PFS rate was 61.9% and median
PFS was 3 months.

The IMMUNOSARC trial is a phase 1b/2 trial of nivolumab
and sunitinib in STS (125). The recommended phase 2 dose was
set at 37.5mg daily sunitinib as induction therapy for two weeks
followed by 25mg daily sunitinib in combination with
nivolumab. As a whole, the ORR was 21%. The six months
PFS rate was 48% and median PFS was 5.6 months.

Chemotherapy
Regarding immunotherapy combinations with chemotherapy,
these are now standard-of-care in non-small-cell lung cancer
(12). The hope of these combinations is that induction of
immunogenic cell death by chemotherapy could synergize with
immunotherapy and render it more effective (126–129). Moreover,
combination of chemotherapy prevents hyperprogressive disease
which has been reported in some cases of STS (130). Regional
hyperthermia is a commonly used treatment in locally advanced
sarcomas in combination with neoadjuvant chemotherapy (131).
Even if no trial has tried to associate it with ICI to our knowledge, it
should be noted that regional hyperthermia and neoadjuvant
chemotherapy increase the count of TILs and reduce FoxP3+
infiltration, providing a rationale for their association with
ICI (132).

Cyclophosphamide
Toulmonde et al. led a phase 2 non-randomized multicentric
trial which included 57 patients of which 15 LMS patients, 16
UPS patients, 16 other sarcomas (notably 2 DDLPS) and a group
of GIST patients (N=10) (86). This trial tested the association of
pembrolizumab 200mg every three weeks with metronomic
cyclophosphamide as an immune regulatory drug.

Results of this trial were fairly disappointing. Overall, no
response was observed across all subgroups. PFS rate at 6 months
was 0% in the LMS group and 0% in the UPS group. In the other
STS group, one patient responded to treatment, 8 had disease
progression as best response and 5 had stable disease. PFS rate at
6 months was 14.3%. As updated at ASCO 2020, in this cohort,
only one patient had TLS present in the TME, as assessed by
immunohistochemistry (114).
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Doxorubicin
Standard-of-care metastatic first line treatment in STS is
anthracycline-based chemotherapy. Combination therapies of
anthracyclines with other drugs have continuously been
disappointing for the past 30 years (25, 26, 31, 133, 134).
However, a role of innate and adaptive immunity in
anthracycline’s activity has been suggested (135).

Pollack et al. report on the first combination trial of
doxorubicin and pembrolizumab in an anthracyline-naive
population of sarcomas (136). This was a combined phase 1/2
trial studying two doses of doxorubicin (45 and 75mg/m2), in 37
patients. The recommended phase 2 dose was doxorubicin
75mg/m2 for 6 cycles combined with pembrolizumab 200mg
flat dose for a total of two years. Nine patients (24%) had already
had at least one prior line of systemic treatment. In the combined
phase 1/2 trial, seven partial responses were seen for an ORR of
19%, median PFS was 8.1 months, PFS rate at 12 weeks was 81%
and median OS was 27.6 months. This trial was closed earlier
than expected inclusions because of insufficient efficacy. Notably,
two of four DDLPS and two of three UPS exhibited
prolonged responses.

Livingstone et al. reported at ASCO 2020 on preliminary
results of a pilot study of doxorubicin and pembrolizumab in 30
STS patients with promising results (137). Reported ORR was
36.7% overall, 40% in the LMS group (N=4/10), 28.6% in the LPS
group (N=2/7) and 100% in UPS group (N=3/3). Disease control
rate was 80% overall with median PFS of 6.9 months and median
OS 15 months.

Overall, combination of doxorubicin with ICI has a
promising activity but still needs to be thoroughly evaluated
and compared to standard-of-care of chemotherapy in a
randomized phase III trial. Notably, the choice of the
comparator arm will depend on precise setting and histotype:
Adriamycin single agent or in combination with ifosfamide
or dacarbazine.

Trabectedin
Trabectedin is a DNA-binder of marine origin. This cytotoxic
drug’s precise efficacy mechanism is still under investigation but
an immune-mediated response has been described: trabectedin
induces an apoptosis of monocytes and macrophages both in
peripheral blood and in the tumor and is associated with reduced
angiogenesis (138). Therefore, combination of trabectedin and
ICIs has a strong rationale for synergism. Trabectedin
monotherapy has been reported to be particularly efficient in
LMS, DDLPS and translocation-related sarcomas (139).

The SAINT trial’s preliminary results were presented at
ASCO 2020 (140) by Gordon et al. This phase 2 trial
investigated the efficacy and safety of the combination of
ipilimumab 1mg/kg every 12 weeks with nivolumab 3mg/kg
every two weeks and trabectedin 1.2mg/kg every three weeks in
41 STS patients. The combination yielded four complete
responses, five partial responses and 27 stabilisation: ORR was
22% and disease control rate 87.9%. As a comparison, in the
phase 3 trial of trabectedin solely in LMS and LPS, ORR was 9.9%
and disease control rate was 61% (139). In translocation-related
sarcomas, ORR is 8% and disease control rate is 65% (141).
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The TRAMUNE trial is a phase 1b trial investigating the
efficacy of durvalumab and trabectedin in STS and ovarian
cancers (142). Nine patients were included in the escalation
dose phase and recommended phase 2 dose was trabectedin
1.2mg/m2 with durvalumab 1120mg flat dose every three weeks.
The STS expansion cohort consisted of 14 patients. The ORR was
7.1%, the non-progression rate was 64%, the six month PFS rate
was 28.6% and the median PFS was 2.3 months.

Eribulin
Eribulin is a microtubule-depolymerizing drug. This antimitotic
agent is currently recommended in advanced LPS and LMS
(143). Its antitumor activity also relies on modulation of the
TME via tumor vascular remodelling (leading to an increased
tumor perfusion but a reduced VEGF expression) and on its
effect on epithelial-to-mesenchymal transition (144, 145).

Nathenson et al. reported on the LMS cohort of a phase 2
study of eribulin 1.4mg/m2 on day 1 and day 8 in combination
with pembrolizumab on day 1 of every three week cycles (146).
Of 19 enrolled patients, two partial responses and five stabilised
diseases were reported, for an ORR of 10.5% and non-
progression rate of 36.8%. As a comparison, the registration
trial of eribulin in LPS and LMS found an ORR of 4% and a 12
week PFS rate of 33% (143).

As a whole, combination therapies with ICIs are feasible with
manageable toxicity profiles. All of them yielded promising
activity in specific subtypes (Figure 1). More translational data
is awaited in order to better select potentially responsive
histotypes for future registration trials.

Other Approaches to Immunotherapy
Numerous other approaches of immunotherapy exist today.
Notably: molecules targeting other checkpoints (LAG-3, TIM-
3, OX40, TIGIT), modified cytokines, bi-specific antibodies,
metabolic targets (IDO-1 and tryptophan, adenosine and
CD39/CD73), oncolytic viruses, therapies targeting NK-cells,
dendritic cell therapies, vaccines, modified T-cells and chimeric
antigen receptor (CAR) T-cell therapies, amongst others.

For the purpose of this review, we will focus on the treatments
which have moved forward in clinical trials specifically in the
sarcoma field.

Oncolytic Viruses
The intra-tumoral approach has gained growing interest in the
immunotherapy field as it yields the promise of greater benefit
for less (147). Moreover, regarding immune-based cancer
treatments, TAAs are the primers and the targets, and are
abundantly present in the tumor (148, 149). A variety of intra-
tumoral approaches exist and are promising in the sarcoma field,
the most advanced is an oncolytic virus approach (150).

Mechanisms of oncolytic viruses are double: direct lysis of
tumor cells and induction of an immune response by
immunogenic death (151). Other mechanisms of action,
notably on the TME, enhance their activity (152). Oncolytic
viruses are genetically modified in order to target tumor cells,
which can be done by using specific traits of tumor cells such as
TERT polymerase activation, RAS signalling or TP53 pathway
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(153). Toxicity seems acceptable, but their efficacy can be limited
by multiple factors: clearance of virus by the immune system or
induction of exhaustion on lymphocytes of the TME,
for instance.

In line with these limitations, combination therapy with ICIs
hold great promise to synergize with oncolytic viruses and
potentiate their activity (154–159).

Kelly et al. recently reported an impressive ORR of 35% in 20
patients with STS in the advanced setting treated by the
combination of Talimogene laherparepvec (T-VEC) and
pembrolizumab (160). T-VEC is a herpes simplex virus type 1
oncolytic virus, injected intratumorally and approved by the US
Food and Drug Administration (FDA) for treatment of
melanoma (161). The combination of T-VEC intratumorally
and pembrolizumab intravenously at 200mg flat dose was
administered every 21 days. PFS rate at 12 weeks was 70%,
PFS rate at 24 weeks was 39.4% and median PFS was 17.1 weeks.

Vaccination
Vaccination against cancer includes a variety of modalities and
targets. The general idea is to stimulate the adaptive immune
system against TAAs presented to lymphocytes by antigen-
presenting cells. The antigens are tumor specific and can either
be identified targets with specific cancer neoantigens or whole
tumor lysates.

The vaccination method can be immune cell-mediated, using
antigen presenting cells such as dendritic cells, peptide based or
nucleic acid based (162, 163). As a whole, these methods have
shown exciting pre-clinical data and interesting early phase trials
with limited activity in monotherapy.

It is likely that these immunotherapies will be further
developed in combination with other treatment modalities:
chemotherapy, radiotherapy or ICIs, in a prime and boost
approach. Most of the clinical research in the STS field has
been focused on CTAs.

Dendritic Cell Based Immune Therapies
Dendritic cells (DCs) are at the frontier between adaptive and
innate immunity. When activated upon danger signals, these
cells process and present TAAs to lymphocytes, activating them
against these specific TAAs. DC-based vaccination might be able
to trigger an immune response in sarcomas.

CDX1401 is a DC targeted antibody linked to NY-ESO-1
peptide, which has been combined with immune stimulating
substances in a phase 1 trial of 45 patients including 5 sarcomas
(164).This regimen allowed for stimulation of an NY-ESO-1
targeted response with no clinical responses but an interesting
disease control rate (N=13/45) which lasted for a median of 6.7
months. Interestingly, eight patients underwent subsequent ICI
therapy and six of them responded to this subsequent ICI
therapy, suggesting a potential synergy to be exploited in
future trials.

The LV305 vaccine is a first-in-class viral vector which is able to
transduce specifically DCs and induce the expression and presentation
of NY-ESO-1 by MHC class 1. It is injected intradermally, every
3 weeks. The first-in-human trial included 39 patients, 24
sarcomas, namely 13 synovial sarcomas and six MRLPS (165).
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There were only two partial responses, including one sarcoma.
Amongst patients with sarcomas, the 3-month non-progression
rate was 62.5% and median PFS was 4.6 months. Correlative
studies showed better PFS and OS in patients with pre-treatment
specific NY-ESO-1 immune responses and patients with induced
specific NY-ESO-1 immune responses.

Following this first trial, a phase 2 trial tested the combination
of LV305 with a TLR4 agonist and atezolizumab (anti-PDL1),
compared to atezolizumab alone in patients with synovial
sarcoma or MRLPS (166). As a whole, the combination
displayed a minimal non-significant benefit over atezolizumab
alone. However, patients in the combination arm were more
heavily pre-treated and were more frequently metastatic rather
than relapsing locally. A significant specific immune response
was significantly more frequently developed in the combination
arm. This combination warrants further assessment in earlier
phases of the disease.
Frontiers in Immunology | www.frontiersin.org 10
Peptide Vaccines
Several trials have shown the safety of peptide vaccines on NY-
ESO-1 CTA and on SYT-SSX protein fusion of synovial
sarcomas. These trials have tested different schedules, doses
and forms of peptides. All of these trials have shown that
immune and clinical responses can be achieved depending on
the type of peptide and the schedule of administration (167–
170). These were small phase 1 trials but larger trials, potentially
in combination with ICIs are awaited.

Modified T-Cell Therapies
Modified TCR T-Cells
Modified T-cells therapy are autologous T-cells transduced with
a viral vector in order to express a specific T-cell receptor (TCR)
for a tumor-specific antigen. Two CTA targets in the sarcoma
field have yielded promising response rates: NY-ESO-1
and MAGEA4.
FIGURE 1 | Overall response rates and non-progression rates of selected prospective trials of combination treatments with immune-checkpoint inhibitors mentioned
in the manuscript. ASPS, Alveolar soft-part sarcomas; LMS, Leiomyosarcoma; LPS, Liposarcoma; UPS, Undifferentiated pleomorphic sarcomas. M, months; w,
weeks. Only cohorts including a minimum of three patients are reported on this graph. Non-progression rates are either three months progression-free survival rates
or disease control rates at first evaluation, as reported in specific trials and mentioned throughout the manuscript.
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Two trials have reported on different T-cell engineered NY-
ESO-1 specific TCR. The first one included 18 patients with
synovial sarcoma of advanced stage, with 11 patients
experiencing response. The estimated three year OS was 38%
(171). The second trial included 12 synovial sarcoma patients
and found an ORR of 50% (172). This trial expanded in order
to test for other lymphodepleting regimens and efficacy in NY-
ESO-1 low expressing patients (173, 174). ORR in the four
cohorts of synovial sarcoma patients ranged from 20 to 50%.
The highest response rate was in the initial cohort with
high dose lymphodepleting regimen and high expression of
NY-ESO-1. The IGNYTE-ESO protocol study is currently
evaluating this therapy in treatment-naive and previously
treated synovial sarcomas.

Van Tine et al. reported on a trial of modified autologous T-
cell, transduced to express a HLA*A02 restricted TCR targeting
MAGEA4 in 16 synovial sarcomas. Of note, one death was
reported due to aplastic anemia secondary to lymphodepleting
regimen. The ORR was 44% and the disease control rate was of
94% (175).

CAR-T Cells
CAR T-cells have displayed impressive results in hematologic
malignancies. Clinical results in solid tumors have been
somewhat disappointing up to now. CAR T-cells are different
from modified TCR-T cells, as their receptor is not a TCR but a
specific antibody derived single chain variable fragment, fused
with T-cell signaling domain and co-activators. This means these
modified T-cells are not MHC-restricted and are more specific of
the target.

In the sarcoma field, most data is pre-clinical and has already
been reviewed elsewhere (176). One clinical report of Her2
directed CAR T-cells in osteosarcoma, Ewing sarcoma and
desmoplastic small round cell tumor displayed interesting
results (177).
IMPROVING IMMUNOTHERAPY
EFFICACY: HISTOTYPE-TAILORED
IMMUNO-ONCOLOGY

Facing the challenge of heterogeneity of clinical course and TME
across sarcoma histotypes, as well as the diversity of new
molecules available, it seems crucial to design specific clinical
trials based on the better understanding of the biology of
specific subtypes.

Leiomyosarcomas
Clinical and Biological Background of LMS
Leiomyosarcoma accounts for roughly 10-20% of all STS, and
has a crude incidence rate of around 0.7/100.000/y (178). Two
distinct subtypes are usually distinguished: uterine LMS (ULMS)
are less frequent than soft-tissue LMS (STLMS). The TCGA
cohort helped define the molecular biology of these tumors: LMS
is globally associated with complex genomics and a high number
of CNA (52). On the other side, the mutational burden is low,
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with a median mutational burden ranging from 1.5 to 2.5mut/
Mb, and only 0.7% (STLMS) and 0.9%(ULMS) harbor more than
20mut/Mb (51, 64). The most frequent copy number loss affects
chromosome 10 (loss of PTEN) (179), and on the whole,
molecular alterations often concern TP53, RB1 as well as
PTEN. The PIK3CA/AKT pathway is often hyperactivated
(180), without a clear difference between STLMS and ULMS.
The two subtypes however have distinct methylation profiles and
mRNA signatures: ULMS have a higher DNA damage response
score, are characterized with homologous recombination
deficiency (HRD) in 20% of cases, and with a loss of BRCA2
in 6.5% (181). Moreover, ULMS is known to express hormone
receptors in around 40% of cases (182). On the other side,
STLMS have a more activated hypoxia-induced factor-1a
(HIF-1a) pathway.

On the whole, the sensitivity of LMS towards chemotherapy is
moderate, and first-line treatment relies on doxorubicin-based
regimen (31) or on gemcitabine-docetaxel association (183). In
later setting, options rely on chemotherapy with dacarbazine,
trabectedin, eribulin. Antiangiogenic therapies, especially
pazopanib, have also demonstrated a meaningful activity in
LMS (184). Despite these treatment options, metastatic LMS
still has a poor prognosis with an overall survival around 14
months (185).

Immune Microenvironment of LMS
As we previously described, LMS is characterized by complex
genomics with a high number of CNA, but a lower mutational
burden than UPS (64). On the whole, LMS is to be considered as
poorly infiltrated by CD8+ T cells (88, 186), even though there is
an heterogeneity, with a richly infiltrated subset. TAMs are more
represented, although less than in other sarcomas of complex
genomics, and M2/M1 ratio is high and correlated to a
homologous recombination deficiency, CNAs but also to a
poorer prognosis (61, 187). In studies using RNA-sequencing,
LMS express PD-L1 (62, 63), LAG-3 and TIM-3 in around 50-
60%, 15% and 10% (64) of cases, respectively.

Petitprez et al. analysed 189 LMS in their cohort: most of
them were classified in the SIC A (immune desert) and SIC B
(immune-low), and only a few tumors harbored TLS, which were
described as rather immature and localized in the periphery of
the tumor (84).

Immunotherapy in LMS: Next Steps
Results of phase II trials have been quite disappointing in
advanced LMS so far, with an ORR of 6.9% and a non-
progressive rate of 54% (47). These results are corroborated by
a phase 2 trial showing no response to anti-PD1 monotherapy
(43), and by a better comprehension of the TME of LMS. New
approaches are therefore needed to improve the outcome of
this disease.

As we described, PTEN is lost in around 60% of LMS (179),
and PIK3CA/AKT pathway is therefore often pathologically
activated, leading to cell proliferation and to an inhibition of
apoptosis. This loss of PTEN was also identified as a resistance
mechanism to anti-PD1 therapy in a metastatic LMS (188),
which was also found in other tumor types (189). Therefore, it
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would be interesting to associate PD-1 blockade to PIK3CA/AKT
inhibition (PIK3CA or mTOR inhibitors).

It has also been found that IFNg-induced JAK-STAT pathway
activation was responsible for an increase in PD-L1 and IDO-1
expression in metastatic LMS, providing the rationale for an
association of PD-1 and IDO blockade (190).

One of the issues in LMS is its poorer CD8+ infiltrate,
compared to other complex genomics sarcomas, probably
hampering its response to ICI. It would be interesting to
increase its antigenicity and radiotherapy could be an
interesting option (191). Associating ICI with PARP inhibitors
to induce more neoantigens could also be an interesting attitude,
especially in ULMS, associated with HRD deficiency. A last
strategy would be to associate ICI with chemotherapy: clinical
trials associating anti-PD1 to gemcitabine or eribuline are
ongoing (see Table 2).

Liposarcomas
Clinical and Biological Background of Liposarcomas
Liposarcomas have an incidence around 0.8-1/100.000/year. This
group of sarcomas is composed of three distinct entities: well-
differentiated and dedifferentiated LPS (WDLPS and DDLPS),
MRLPS and pleomorphic LPS (192, 193).

WDLPS and DDLPS represent 50% of LPS, the primitive
tumor localization is retroperitoneal in 45% of cases and they are
characterized molecularly by the supernumerary ring
chromosome and/or giant marker chromosome of amplified
12q13-15 region, leading to the amplification of MDM2, CDK4
and HMGA2 genes (194). These LPS are less chemosensitive
than other LPS (195), although combination chemotherapy with
anthracycline remains the most active regimen (196, 197).
WDLPS have a more indolent course, tend to recur locally and
in 10% of cases have a DDLPS component.

MRLPS account for 40% of LPS, they are characterized in
>95% of cases by a chromosomal translocation involving
chromosomes 12 and 16, leading to the fusion protein FUS-
DDIT3. Importantly, 95% of MRLPS express NY-ESO-1 CTA
(71) in immunohistochemistry. Myxoid LPS is the more indolent
counterpart of round cell LPS, which are defined by having more
than 5% of small round cells in a myxoid LPS. MRLPS are
radiosensitive (198) and more chemosensitive than DDLPS/
WDLPS (195), with a particular responsiveness regarding
trabectedin (199).

Pleomorphic LPS account for 5% of LPS, are more aggressive
and poorly characterized.

Immune Microenvironment of LPS
As a whole, LPS seem to be infiltrated by T-cells and express
PDL1 (63, 186). In regards to separate histotypes of LPS, a
general pattern seems to emerge: DDLPS are more infiltrated and
express more PDL1, whereas MRLPS seem to be less infiltrated,
and WDLPS are probably somewhere in the middle (62, 100,
107, 200), though the latter has frequently been grouped with
DDLPS in reported studies.

DDLPS and WDLPS seem to have an expression of roughly
10 -20% PDL1 (62 , 9 4 , 108 , 2 00 , 2 01 ) , bo th in
immunohistochemistry and gene expression studies. Compared
Frontiers in Immunology | www.frontiersin.org 12
to other STS, DDLPS seem to be in the higher proportions of
TILs and PDL1 expression, though consistently reporting less
infiltration than certain subtypes such as UPS (62, 100, 108, 202).
TILs are present in over 50% of cases (61, 108, 200) with presence
of NK cells, B-cells, TLS and expression of co-inhibitory
checkpoints such as LAG3 and TIM3 (100, 201, 203).
However, T-cell infiltration seems to be less oligoclonal than
LMS or UPS (62). Regarding TAMs, DDLPS are amongst the
STS containing the most TAMs, but with an important
infiltration by T-cells so the ratio TAM/TILs is in the average,
and close to the WDLPS ratio (61).

MRLPS are poorly infiltrated by T-cells, have a low PDL1, low
TCR clonality and are infiltrated by TAMs with a majority of M2
type macrophages (62, 100). PDL1 expression is usually less than
10% (94, 200). The importance of macrophages and their
prognostic value has been reported specifically in MRLPS
(204). Interestingly, 18.5% of MRLPS are mutated for the
PI3KCA gene which correlates with the absence of TILs (200)
and the presence macrophages (204). These tumors are amongst
those with the highest ratio of M2/M1 TAMs and expressing the
most SIRPa (61).

Regarding pleomorphic LPS, data is scarce and inconsistent.
As a whole, these tumors have markers of bad prognosis, with
little to no T-cell infiltration (94, 200), absence of TLS (201) and
high TAMs and M2 infiltration (61).

Immunotherapy in LPS: Next Steps
As discussed previously, results of ICI in LPS have been
promising at first, with strong rationale as these tumors are
infiltrated and express PDL1. However, further assessment has
been disappointing with an ORR of roughly 8% (47).

DDLPS and WDLPS seem to have some degree of response
to ICIs, but monotherapy is insufficient. Interesting results
have been reported in combination with chemotherapy, as
displayed in Figure 1 (136, 137). Another perspective could be
combinations with molecularly targeted therapies, namely
MDM2 antagonists and anti-CDK4/6. MDM2 antagonists
have achieved interesting results as monotherapy in DDLPS,
though with important myelotoxicity (205). Importantly,
MDM2 had b e en sug g e s t e d a s a mechan i sm o f
hyperprogression in ICIs (206), making it a good target for
combination with ICIs. Moreover, interesting preclinical data
shows antagonizing MDM2 enhances T-cell killing (207) and
NK-cell mediated killing (208) with a synergism when
combined to antiPD1 (209). Likewise, CDK4/6 inhibitors
have shown limited responses in LPS (210) but trigger
antitumor immunity (211), which could potential ly
synergize with ICIs. Epigenetic modifications are crucial in
LPS (212) and synergism between epigenetic drugs and
immunotherapy has a strong rationale (213). Finally,
combination with other immune-based therapies could be
efficient, notably other ICIs, as DDLPS are the STS type with
the highest expression of LAG3 and TIM3 (100).

As discussed previously, MRLPS have high expression of NY-
ESO-1 CTA, low TILs and low clonality of TCR. Results of
modified TCR T-cell based immunotherapy have been
promising, and this seems to be an efficient therapy, which is
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being tested in earlier phases of the disease. Another interesting
option to pursue, might be combination with trabectedin, as this
drug is immunogenic (138, 214) and particularly efficient in
MRLPS (199). Likewise, radiotherapy combinations with ICIs
hold great promise (215): radiotherapy increases PDL1
expression in STS (93) and MRLPS are particularly sensitive to
radiotherapy (198). Moreover, combination of radiotherapy and
trabectedin seems interesting in MRLPS (216), and might be
combined as a whole with ICIs.

Regarding pleomorphic LPS, more translational and clinical
data for this specific histotype is needed in order to better define
its sensitivity to immunotherapy.
Frontiers in Immunology | www.frontiersin.org 13
Undifferentiated Pleomorphic Sarcomas
Clinical and Biological Background of UPS
Undifferentiated pleomorphic sarcomas used to be called malignant
fibrous histiocytoma (MFH). These sarcomas are characterized by
their absence of distinct features of differentiation (217–219).

UPS/MFH was the most frequent type of STS but as
molecular phenotyping techniques have progressed, it seems
that misdiagnosis was a frequent problem and differentiation
of certain phenotypes was identified within certain misclassified
UPS/MFH (220–223). However, UPS remains one of the three
most frequent histotypes of STS with LPS and LMS (52) and one
of the worst prognosis (224).
TABLE 2 | Immunological characteristics of the main subtypes of STS.

Subtype Crude
Incidence

Rate

TMB Molecular alterations TLS Immune infiltrate PD-L1 and
other CP
(mRNA

expression)

LMS Uterine LMS 0.2/100.000/y 1.5-
2.5

Complex genomics: high number of
CNAFrequent TP53, RB1, PTEN
alterationNo pathognomonic alteration
Molecular targets:
-PIK3CA/AKT pathway
-IGF-1R

Hormone
receptor:
40-70%
HRD : 20%

Absent Low CD8+ infiltrate
Low TAM infiltrate
compared to other
SCG
More TAMs than
TILsHigh M2/M1 ratio

PDL1: 50-60%
LAG-3: 15%
TIM-3: 10%
CD47 low
SIRPa lowSoft tissue LMS 0.51/100.000/y NA

LPS DDLPS 0.81/100.000/y 1.7 12q13-15 amplification
MDM2-CDK4 overexpression

Present Inflamed tumor
High TIL density
More TAMs than TILs
FoxP3+ cells present
CD20+ cells present

PD-L1: 20%
LAG-3: 77%
TIM-3: 88%
SIRPa +++
CD47 +++

WDLPS Lower TIL density than
in DDLPS
TAMs present

MRLPS 0.1/100.000/y t (12,16) translocation
SSX-SS18 fusion protein

NA Immune desert
Low TIL density
TAMs present:
essentially M2,
correlated with PI3K
pathway

PD-L1<10%
SIRPa+++

Pleomorphic
LPS

<5% LPS Frequent TP53 and RB1 alteration
No pathognomonic alteration

Absent Low TIL density
High TAMs/TILs ratio

PD-L1: 0%
SIRPa +++
CD47 +++

UPS Two molecular
subtypes:
- immune high
- FGFR

0.46/100.000/y 2.5-
5

Complex genomics: high number of mutations and
CNA
Frequent TP53, RB1 and ATRX alterations
No pathognomonic alteration
Molecular targets:
-PI3K/AKT pathway
-RAS/MAPK pathway

Present Inflamed tumor
High TIL infiltrate
Clonal TCR repertoire
High TAMs infiltrate
More TAMs than TILs:
M2>M1
Important FoxP3
contingent
CD20+ cells present

PD-L1 30-50%
LAG3 72%
TIM3 83%
SIRPa in ~30%
CD47 low

Translocation-
associated
sarcomas

Synovial
sarcoma

0.13/100.000/y 1.7 t(X;18)(p11.2;q11.2) translocation
SS18:SSX fusion protein
Frequent EZH2 overexpression, TP53 alteration and
MDM2 amplification

Absent Immune desert
Low TIL density
Low TAM infiltrate

PD-L1<10%
60% TIM-3
30% LAG-3
SIRPa low
CD47 low

ASPS <0.1/
1.000.000/y

NA t(X;17)(p11;q25), ASPSCR1-TFE3 NA Low TIL density
High M2/M1 ratio

SIRPa in ~30%
CD47 low
Dece
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SCG, Sarcomas of complex genomics, TAM, tumor-associated macrophage; TIL, tumor-infiltrating lymphocyte; TLS, Tertiary lymphoid structures; CNA, Copy-number alteration; ASPS,
Alveolar soft-part sarcomas; LMS, Leiomyosarcoma; WDLPS, well-differentiated liposarcoma; DDLPS, dedifferentiated liposarcoma; MRLPS, myxoid round-cell liposarcoma; pLPS,
pleomorphic liposarcoma; UPS, Undifferentiated pleomorphic sarcomas; NA, not applicable.
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UPS are complex genomic sarcomas, have the highest CNA
and mutation rate with frequent alterations of TP53 and RB1 (52,
221). Multiple studies have tried to better characterize their
molecular background (225–231). Of note, some studies have
suggested that there is a continuum between MFS and UPS (52)
whereas others have found LMS and UPS to be molecularly
similar (232–235). Investigations report on different molecular
alterations with different potential prognostic (230–232, 234,
236–238) or therapeutic implication (221). Other studies have
shed light on subsets of UPS with alterations on the PI3K/Akt
pathway (225, 237), the Hippo pathway (52, 234) or RAS/MAPK
pathway (225, 230, 237) with particular attention to FGF (226,
227). In particular, recently a multi-omics approach has
separated UPS in two molecular subtypes: one immune-high
and one expressing FGFR (227), which is consistent with
previous data (229). As a whole, UPS is probably a
heterogeneous histotype, with distinct molecular subtypes
which might benefit from more extensive molecular testing
before treatment (220).

Immune Microenvironment of UPS
Looking at tumor genome, UPS have amongst the highest TMB
in sarcomas, with angiosarcomas (51, 225). In line with this
higher mutation rate, T-cell infiltrates in UPS have a more
oligoclonal TCR repertoire than other sarcomas (62).

As a whole, UPS are infiltrated by TILs (64), with notably
presence of CD8+ and FoxP3+ T-cells (91, 100, 239) and TLS.
TILs express immune checkpoint proteins, though less than in
DDLPS, with 36% of cases with PD1+ TILs, 72% of cases with
LAG 3+ T I L s a n d 8 3% T IM3+ T I L s ( 1 0 0 ) b y
immunohistochemistry. PDL1 is highly expressed, roughly 30-
50% of cases (94, 106).

TAMs are predominant, with a clear majority of M2
phenotype. In fact, UPS are the second histotype most
infiltrated by TAMs, after angiosarcomas, and share the
highest M2 proportion with LMS. Notably, UPS have a low
expression of CD47 and moderate SIRPa expression on
TAMs (61).

This histotype microenvironment seems to be more immune
infiltrated than other STS (62). However, as previously
mentioned, this seems to be particularly true for a subset of
UPS (227).

Immunotherapy in UPS: Next Steps
Up to now, clinical data of ICI in UPS have reported ORRs of 15-
40% with ICI alone and over 50% when combining ICIs with
other molecules (47), amongst the highest. For UPS, the next step
is probably better selection of patients with biomarkers for
personalized medicine. In the immune-high subset of UPS,
ICIs might be particularly boosted by combination with
radiotherapy, which has proven to increase PDL1 expression in
STS (93), and particularly UPS (36, 240).

Notably, UPS are particularly responsive to combination of
ICIs (41). For other molecular subtypes, driven by particular
targets, combination ICI with FGFR inhibitors might be
beneficial (241) and should be further explored. Combination
of ICI with oncolytic virus is also of great interest in this
Frontiers in Immunology | www.frontiersin.org 14
histotype: in the phase 2 trial evaluating Pembrolizumab with
T-VEC, the 2 patients with UPS treated with this regimen had a
partial response.

Translocation-Related Sarcomas: Synovial
Sarcoma and Alveolar Soft-Part Sarcoma
Clinical and Biological Background of Translocation-
Related Sarcomas
Translocation-related sarcomas are driven by a chromosomal
translocation, leading to the expression of a fusion protein. For
clarity reason, we chose to focus only on synovial sarcomas (the
most frequent subtype) and ASPS (with an impressive response
rate to ICI).

Synovial sarcoma accounts for nearly 10% of all STS and can
occur in any anatomic site, preferentially in adults younger than
30 years old (242). It is characterized by the presence of a
pathognomonic translocation between chromosome X and
chromosome 18, t(X,18)(p11.2;q11.2) leading to the expression
of an SS18:SSX fusion protein. This SS18:SSX protein binds and
to the BAF (BRG1-associated factors) complex and activates it,
thus displacing the tumor suppressor INI1 (coded by the gene
SMARCB1). This epigenetic phenomenon is eventually
responsible for a repression of E-cadherin, a downregulation of
BCl2, and a downregulation of MCL1 (243–245). Another
consequence is the pathological expression of CTAs, such as
NY-ESO-1 (see supra). These epigenetic mechanisms in synovial
sarcoma can be emphasized by an overexpression of EZH2
(enhancer of zeste homologue 2), which is described in poorly
differentiated synovial sarcomas, and seems associated with a
poorer prognosis (246).

Despite a relatively good comprehension of its biology, the
prognosis of synovial sarcoma remains poor, although
chemosensitive. In the metastatic setting, treatment relies on
anthracycline-based chemotherapy, but another option is
high-dose ifosfamide alone, to which synovial sarcoma is
known to be sensitive (247). Pazopanib and antiangiogenic
therapies are also particularly interesting in this particular
histotype (184, 248).

ASPS is a much rarer sarcoma subtype, accounting for less
than 1% of all STS and occurring preferentially in young adults as
well (249). Even though around 55% are metastatic at diagnosis,
they tend to have a more indolent course than other histological
subtypes, with a 5-year overall survival of 61% in case of a
metastatic disease (250). It is characterized by the t(X;17)(p11;
q25) translocation, which codes a chimeric ASPSCR1-TFE3
transcription factor, and is indirectly responsible for an
overexpression of genes related to angiogenesis (among which
c-Met or VEGF), cell proliferation and metastasis (251). ASPS is
known for its sensitivity to TKI therapy with a response rate
around 30% (252, 253), counterbalancing a poor response rate to
anthracycline chemotherapy (254).

Immune Microenvironment of Translocation-Related
Sarcomas
Translocation-related sarcomas are supposedly less immunogenic,
due to a poor immunogenicity of fusion proteins and a lower
mutational burden. Synovial sarcoma is no exception to this with a
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TABLE 3 | Ongoing clinical trials of immunotherapy in STS.

NCT Histotype Setting Molecule Phase Number
of

patients

Estimated
Completion

Date

Immune checkpoint inhibitors
NCT03141684 ASPS Metastatic Atezolizumab II 46 October

2021
NCT02815995 All STS Metastatic Durvalumab + tremelimumab II 150 August 2020
NCT04274023 Clear Cell Sarcoma Metastatic TSR-042 (anti-PD1) II 16 May 2024
NCT04480502 UPS Metastatic Envafolimab (anti-PD-L1) +/- ipilimumab II 160 July 2022
NCT04118166 All STS Metastatic Nivolumab + ipilimumab + cryotherapy II 30 October

2025
NCT03465592 All STS, <40yo Metastatic Nivolumab following relapse after allogeneic bone marrow

transplant
II 39 March 2026

NCT03465592 MPNST Neoadjuvant Nivolumab + ipilimumab II 18 January
2025

NCT02691026 MPNST Metastatic Pembrolizumab II 18 December
2025

Antiangiogenic therapy + Immune checkpoint inhibitors
NCT03711279 All STS Metastatic Camrelizumab (anti-PD1) + apatinib vs. doxorubicin +

ifosfamide
II 289 September

2022
NCT04551430 All STS Metastatic Cabozantinib + nivolumab + ipilimumab II 105 January

2027
NCT03798106 All STS Metastatic Pazopanib + durvalumab II 37 August 2022
NCT03277924 All STS Metastatic Nivolumab + sunitinib I/II 270 September

2022
NCT04172805 All STS Metastatic Anlotinib + toripalimab (anti-PD1) II 70 June 2022
NCT03946943 UPS Metastatic Anlotinib + toripalimab (anti-PD1) II 25 July 2023

Other targeted therapies + Immune checkpoint inhibitors
NCT04438824 WDLPS, DDLPS Metastatic Palbociclib + INCMGA00012 (anti-PD1) II 30 June 2023
NCT04216953 All STS Metastatic Cobimetinib + atezolizumab I/II 120 February

2024
NCT04624178 LMS Metastatic Rucaparib + nivolumab II 20 November

2022
NCT03126591 All STS Metastatic Olaratumab + pembrolizumab I 41 March 2021

Chemotherapy + Immune checkpoint inhibitors
NCT03899805 LPS, LMS, UPS Metastatic Eribulin + pembrolizumab II 57 August 2024
NCT03802071 All STS Metastatic,

anthracycline-
naïve

Doxorubicin + durvalumab II 44 August 2022

NCT03317457 All STS Metastatic,
anthracycline-
naïve

Doxorubicin + durvalumab + tremelimumab II 100 June 2022

NCT04535713 All STS Metastatic Gemcitabine + doxorubicine + docetaxel + nivolumab II 260 September
2025

NCT03719430 All STS Metastatic Doxorubicin + APX005M (CD40 agonistic antibody) II 27 December
2023

NCT04356872 UPS, Synovial Sarcoma, DDLPS,
MRLPS

Metastatic,
anthracycline-
naïve

Sintilimab (anti-PD1) + doxorubicin + ifosfamide II 45 March 2023

NCT04606108 All STS Neoadjuvant Camrelizumab + neoadjuvant chemotherapy (investigator’s
choice)

II 63 March 2024

NCT04577014 All STS Metastatic INCMGA00023 (anti-PD1) + gemcitabine + docetaxel II 74 September
2022

NCT04028063 All STS Metastatic,
anthracycline-
naïve

Doxorubicin + AGEN1884 (anti-CTLA-4) + AGEN2034 (anti-
PD1)

II 28 November
2022

NCT03512834 Angiosarcoma Metastatic,
first line

Paclitaxel + avelumab II 32 May 2023

NCT03536780 LMS Metastatic,
second line

Gemcitabine + avelumab II 38 February
2022

NCT03123276 All STS Metastatic Gemcitabine + pembrolizumab I/II 24 December
2020

NCT03085225 All STS Metastatic Trabectedin + durvalumab Ib 50 May 2021
NCT03590210 All STS Metastatic Trabectedin + nivolumab II 92 July 2022

(Continued)
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TABLE 3 | Continued

NCT Histotype Setting Molecule Phase Number
of

patients

Estimated
Completion

Date

NCT03138161 All STS Metastatic Trabectedin + nivolumab + ipilimumab I/II 45 March 2021
NCT04650984 All STS Metastatic,

anthracycline-
naïve

Doxorubicin vs. doxorubicin + L19TNF (TNFa agonist) III 102 December
2024

NCT04332874 UPS, ASPS Metastatic Isolated limb infusion (dactinomycin + melphalan) +
pembrolizumab

II 30 April 2023

Epigenetic therapy + Immune checkpoint inhibitors
NCT04025931 All STS Metastatic Chidamide (HDAC inhibitor) + toripalimab (anti-PD1) II 53 July 2021

Radiotherapy + Immune checkpoint inhibitors
NCT03116529 All STS Neoadjuvant Durvalumab + tremelimumab + radiotherapy II 35 June 2022
NCT03463408 All STS Neoadjuvant Nivolumab + ipilimumab + radiotherapy II 24 August 2025
NCT03307616 UPS

DDLPS
Neoadjuvant Nivolumab +/- ipilimumab II 32 October

2021
NCT03548428 LMS, UPS, LPS Metastatic Stereotactic ablative radiotherapy + atezolizumab II 103 December

2021
NCT02992912 All STS Metastatic Stereotactic ablative radiotherapy + atezolizumab II 187 October

2020
NCT03338959 All STS Metastatic Radiation therapy + pembrolizumab II 26 June 2022
NCT03092323 UPS, WDLPS, DDLPS Neoadjuvant

+ adjuvant
Radiotherapy vs. radiotherapy + pembrolizumab II 102 July 2025

NCT03474094 All STS Neoadjuvant
+ adjuvant

Radiotherapy + atezolizumab II 22 July 2021

New immunotherapeutic agents + Immune checkpoint inhibitors
NCT04668300 Angiosarcoma

DDLPS
Osteosarcoma

Metastatic Durvalumab + oleclumab (anti-CD73) II 75 June 2024

NCT04095208 All STS Metastatic Relatlimab (anti-LAG3) + nivolumab II 67 September
2024

NCT03063632 Synovial Sarcoma Metastatic IFNg-1b + pembrolizumab II 30 May 2021
NCT04242238 All STS Metastatic Avelumab + DCC-3014 (anti-CSF1R) Ib 48 January

2022
NCT03282344 Chondrosarcoma, Osteosarcoma,

UPS, vascular sarcoma, ASPS,
DDLPS, pLPS, LMS

Metastatic Nivolumab + NKTR-214 (pegylated IL-2) II 85 April 2021

NCT04420975 All STS Metastatic Nivolumab + intratumoral BO-112 (double-strand RNA) I 25 January
2025

NCT03414229 All STS Metastatic Pembrolizumab + epacadostat II 30 January
2021

Immune checkpoint inhibitors + Oncolytic virus
NCT03069378 All STS Metastatic T-VEC + pembrolizumab II 60 March 2021
NCT03886311 All STS Metastatic T-VEC + nivolumab + trabectedin II 40 December

2022
Vaccine therapy

NCT01883518 All STS Metastatic Autologous DC vaccine loaded with allogeneic tumor lysate
expression of CTA

II 48 September
2020

NCT01803152 All STS Metastatic Autologous DC vaccine loaded with allogeneic tumor lysate
expression of CTA + gemcitabine

I 19 July 2024

NCT02700230 MPNST Metastatic Intratumoral administration of measles virus genetically
engineered to express NF1

I 30 June 2021

Adoptive cellular therapy
NCT03725605 All STS Metastatic Intratumoral LTX-315 (oncolytic peptide) followed by TIL

culture, expansion and infusion
II 6 February

2023
NCT04044768 HLA-A*02, MAGE-A4 expressing

MRLPS/Synovial Sarcoma
Metastatic Anti-MAGE-A4 SPEAR T-cell II 45 November

2034
NCT02650986 Tumors expressing NY-ESO1* Metastatic NY-ESO1 TCR-transduced TILs +/- decitabine I/IIa 27 June 2021
NCT04052334 All STS, <40yo Metastatic TIL infusion + IL-2 after lymphodepletion I 15 August 2022
NCT03250325 Synovial Sarcoma with HLA-

A*02:01 or HLA-A*02:06
Metastatic NY-ESO-1-specific TCR gene transduced T cells I/II 8 January

2020
NCT03399448 Synovial Sarcoma

MRLPS
Metastatic NY-ESO-1-specific TCR gene transduced T cells I NA October

2020

(Continued)
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median TMB around 1.7mut/Mb (51) and only 1% of tumors
harboring more than 20mut/Mb. However, they are characterized
by a high CTA expression: as we previously described, 49-76% of
synovial sarcomas express NY-ESO-1 and 51% of them coexpress
NY-ESO-1 and MAGE-A4 and PRAME (72–74).

Translocation-related sarcomas have a poorer CD3+ infiltrate
than non translocation-related sarcomas and 21% of them show
no TIL (100). Concerning synovial sarcomas, this immune desert
is also associated with a low TCR clonality and a lower expression
of antigen presentation genes (62). They also have one of the
lowest TAM infiltrate (61) across all STS subtypes. They are
associated with a resting mast cell and a naive B cell signature.
Moreover, immune-checkpoint proteins are rarely expressed in
translocation-associated sarcomas: 64% are described as PD-1,
LAG-3 and TIM-3 negative in immunohistochemistry (100). In
synovial sarcoma, there is no PD-L1 expression by tumor cells,
and only 20% of them have PD-L1 expressing TAMs in
immunohistochemistry (88). In Petitprez et al., SIC E synovial
sarcomas were a minority (20%), whereas SIC A and B (immune
deserts) represented around 50% (84).

Data regarding TME of ASPS is scarce due to the tumor
rarity. They are described as poorly infiltrated as well, with a low
CD3+, CD8+ and FoxP3+ infiltrate (100). Among translocation-
associated sarcomas, they are however described as having the
highest CD163+ expression, responsible for one of the highest
M2/M1+M0 ratios (61).

Immunotherapy in Translocation-Related Sarcomas:
Next Steps
Given the overexpression of CTA, synovial sarcoma was initially
considered as a good candidate for ICI. The first trial used anti-
CTLA-4 monotherapy with ipilimumab in 6 patients, but no
response was observed (42). Overall, ICIs have failed to
demonstrate a meaningful clinical benefit in synovial sarcoma,
with a response rate under 10%, if no response at all (see Table 1
and Figure 1). This is probably the result of the global immune
desert of synovial sarcomas. However, if epigenetic mechanisms
play a major role in the oncogenesis of synovial sarcomas, the
synergy of epigenetic drugs with ICI should be assessed in this
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tumor type, for example with an association of EZH2 inhibitors
and ICI in tumors overexpressing EZH2.

With the association of specific neoantigens (NY-ESO-1 and
MAGE-A4) and the absence of immunosuppressive
microenvironment, the future of immunotherapy in synovial
sarcoma probably lies in the targeting of specific neoantigens.
Adoptive cellular therapies targeting NY-ESO-1 (171) have
shown impressive results, so did engineered autologous T-cells
targeting MAGE-A4 (175). Vaccine therapies, such as LV305
have also shown interesting results (165) and are currently
assessed in several clinical trials (see Table 2). It should be
noted that ICI could be of interest in combination with these
therapies, as suggested by the stunning response rate of ICI after
failure of CDX1401 treatment (164).

On the other hand, ASPS is probably the histotype with the most
impressive benefit from ICI with a global ORR of 48.8% for anti-PD
(L)1 monotherapy (47). The reason for this sensitivity remains
unclear in a histotype characterized by a poor immune infiltrate.

Given its known sensitivity to TKI such as pazopanib and the
known synergy between these treatments, the association of ICI
and antiangiogenics needs further assessment, but results are
impressing so far with the association of Axitinib and
Pembrolizumab harboring an ORR of 54.5%, a three months
PFS rate of 72.7% and median PFS was 12.4 months (124).
DISCUSSION

Immunotherapy and ICIs have raised great promises in the
oncology field, and are now standard-of-care in a large variety
of cancers. Unfortunately, these treatments have demonstrated a
more moderate clinical benefit in STS with an ORR estimated
around 10-15% for anti-PD(L)1 monotherapy. These results
have yet to be considered as encouraging, in a disease where
treatments beyond the first-line harbor a modest ORR (10% for
trabectedin (139) and 4% for eribulin (143) in L-sarcomas, 6%
for Pazopanib in non-adipocytic STS), and where the ultimate
goal is often disease stabilization. Moreover, data is accumulating
on the benefit of an early introduction of immunotherapeutic
TABLE 3 | Continued

NCT Histotype Setting Molecule Phase Number
of

patients

Estimated
Completion

Date

NCT03240861 HLA-A*0201 positive, NY-ESO-1
expressing tumors*

Metastatic NY-ESO-1-specific TCR gene transduced PBMC + PBSC I 12 September
2022

NCT03450122 HLA-A*0201 positive, NY-ESO-1
expressing STS

Metastatic NY-ESO-1-specific TCR gene transduced T cells + IL-2 +/-
DC-targeting lentiviral vector LV305 or CMB305 (LV305 + NY-
ESO-1 protein vaccine + TLR4)

II 18 June 2021

NCT00902044 HER2-positive sarcoma Metastatic HER-2-CAR T cells II 36 July 2032
NCT03356782 STS with at least 1 target antigen

positive IHC
Metastatic Sarcoma-specific CAR T cells I/II 20 December

2023
NCT04318964 HLA-A*0201 positive, NY-ESO-1

expressing STS
Metastatic TAEST16001 cells : NY-ESO-1-specific TCR gene transduced

T cells + IL-2
I 12 June 2022
December 20
21 | Vo
lume 12 | A
ASPS, Alveolar soft-part sarcomas; LMS, Leiomyosarcoma; WDLPS, well-differentiated liposarcoma; DDLPS, dedifferentiated liposarcoma; MRLPS, myxoid round-cell liposarcoma;
pLPS, pleomorphic liposarcoma; UPS, Undifferentiated pleomorphic sarcomas; DC, dendritic cell; TCR, T-cell receptor; TLR4, toll-like receptor 4; CAR, chimeric antigen receptor; TNFa,
Tumor Necrosis Factor a; HDAC, histone deacetylase; CSF1R, colony stimulating factor 1 receptor; PBMC, peripheral blood myeloid cells; PBSC, peripheral blood stem cells; TIL, tumor
infiltrating lymphocyte.
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agents (87, 255), and ICIs should therefore be assessed earlier in
the course of STS. In this context, neoadjuvant trials are ongoing
and will be of particular interest (see Table 3).

Clinical trials are currently ongoing, evaluating association
therapies, especially with chemotherapy and anti-PD-(L)1
combination. Preliminary results of such associations have
proven hopeful, in particular the association of Doxorubicin
and anti-PD1 therapy, with an interesting overall response rate
of 37% (137) in an early setting. Oncolytic viruses are also of
Frontiers in Immunology | www.frontiersin.org 18
great interest in STS, and yield an impressive ORR of 35% with
the association of T-VEC and Pembrolizumab.

Even if histotype is an important aspect of tumor
heterogeneity in STS, there are still large variations in TME
inside STS subtypes and responses to ICI have been described in
nearly every type. The model of complex and simple genomics
sarcomas shows several limitations: as previously mentioned,
LMS, the most frequent complex genomics STS, is probably one
of the STS subtypes with the most disappointing response rates,
FIGURE 2 | Immune tumor microenvironment in sarcomas: prognostic and predictive impact. TLS, Tertiary lymphoid structures; TMB, Tumor mutational burden.
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while responses to ICI have been described in translocation-
associated sarcomas, particularly ASPS which displays the most
promising ORR.

Eventually, it seems there will not be a one-size-fits-all
immunotherapy in STS: immuno-oncology development in the
field will require careful selection of the right immune-based
therapy for the right histotype and the right TME. Patients with
STS should be included in immune-checkpoint inhibitor trials
based on their histotype (UPS, DDLPS) and on their TME [PD-
L1 and other ICP expression, CD8+ T cell infiltrate, presence of
TLS, (Figure 2)]. Some histotypes are characterized by an
overexpression of CTA, especially synovial sarcomas or
MRLPS. For these patients, immunotherapy perspectives
should rely on peptide vaccine or adoptive cellular therapies.
Frontiers in Immunology | www.frontiersin.org 19
As we have tried to suggest in this review, the path forward
for immunotherapy in sarcomas might be by integrating
biomarkers and translational data in the very early phases of
drug development.
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Pembrolizumab Versus Chemotherapy for PD-L1-Positive Non-Small-Cell
Lung Cancer. N Engl J Med (2016) 375:1823–33. doi: 10.1056/
NEJMoa1606774
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Outcome of Chemotherapy in Advanced Synovial Sarcoma Patients: Review
of 15 Clinical Trials From the European Organisation for Research and
Treatment of Cancer Soft Tissue and Bone Sarcoma Group; Setting a New
Landmark for Studies in This Entity. Eur J Cancer Oxf Engl 1990 (2016)
58:62–72. doi: 10.1016/j.ejca.2016.02.002

117. Schöffski P, Wozniak A, Kasper B, Aamdal S, Leahy MG, Rutkowski P, et al.
Activity and Safety of Crizotinib in Patients With Alveolar Soft Part Sarcoma
With Rearrangement of TFE3: European Organization for Research and
Treatment of Cancer (EORTC) Phase II Trial 90101 “CREATE.” Ann Oncol
(2018) 29:758–65. doi: 10.1093/annonc/mdx774

118. Martin-Broto J, Stacchiotti S, Lopez-Pousa A, Redondo A, Bernabeu D, de
Alava E, et al. Pazopanib for Treatment of Advanced Malignant and
Dedifferentiated Solitary Fibrous Tumour: A Multicentre, Single-Arm,
Phase 2 Trial. Lancet Oncol (2019) 20:134–44. doi: 10.1016/S1470-2045
(18)30676-4

119. Stacchiotti S, Ferrari S, Redondo A, Hindi N, Palmerini E, Vaz Salgado MA,
et al. Pazopanib for Treatment of Advanced Extraskeletal Myxoid
Chondrosarcoma: A Multicentre, Single-Arm, Phase 2 Trial. Lancet Oncol
(2019) 20:1252–62. doi: 10.1016/S1470-2045(19)30319-5

120. Sleijfer S, Ray-Coquard I, Papai Z, Le Cesne A, Scurr M, Schöffski P, et al.
Pazopanib, a Multikinase Angiogenesis Inhibitor, in Patients With Relapsed
or Refractory Advanced Soft Tissue Sarcoma: A Phase II Study From the
European Organisation for Research and Treatment of Cancer-Soft Tissue
and Bone Sarcoma Group (EORTC Study 62043). J Clin Oncol (2009)
27:3126–32. doi: 10.1200/JCO.2008.21.3223

121. Yang J, Yan J, Liu B. Targeting VEGF/VEGFR to Modulate Antitumor
Immunity. Front Immunol (2018) 9:978. doi: 10.3389/fimmu.2018.00978

122. Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. Enhancing
Cancer Immunotherapy Using Antiangiogenics: Opportunities and
Challenges. Nat Rev Clin Oncol (2018) 15:325–40. doi: 10.1038/
nrclinonc.2018.29

123. Atkins MB, Plimack ER, Puzanov I, Fishman MN, McDermott DF, Cho DC,
et al. Axitinib in Combination With Pembrolizumab in Patients With
Advanced Renal Cell Cancer: A non-Randomised, Open-Label, Dose-
Finding, and Dose-Expansion Phase 1b Trial. Lancet Oncol (2018) 19:405–
15. doi: 10.1016/S1470-2045(18)30081-0

124. Wilky BA, Trucco MM, Subhawong TK, Florou V, Park W, Kwon D, et al.
Axitinib Plus Pembrolizumab in Patients With Advanced Sarcomas
Including Alveolar Soft-Part Sarcoma: A Single-Centre, Single-Arm,
Phase 2 Trial. Lancet Oncol (2019) 20:837–48. doi: 10.1016/S1470-2045
(19)30153-6

125. Martin-Broto J, Hindi N, Grignani G, Martinez-Trufero J, Redondo A,
Valverde C, et al. Nivolumab and Sunitinib Combination in Advanced
Soft Tissue Sarcomas: A Multicenter, Single-Arm, Phase Ib/II Trial.
J Immunother Cancer (2020) 8. doi: 10.1136/jitc-2020-001561

126. Fumet J-D, Limagne E, Thibaudin M, Ghiringhelli F. Immunogenic Cell
Death and Elimination of Immunosuppressive Cells: A Double-Edged Sword
of Chemotherapy. Cancers (2020) 12. doi: 10.3390/cancers12092637

127. Wu J, Waxman DJ. Immunogenic Chemotherapy: Dose and Schedule
Dependence and Combination With Immunotherapy. Cancer Lett (2018)
419:210–21. doi: 10.1016/j.canlet.2018.01.050

128. Pollack SM, Ingham M, Spraker MB, Schwartz GK. Emerging Targeted and
Immune-Based Therapies in Sarcoma. J Clin Oncol (2018) 36:125–35.
doi: 10.1200/JCO.2017.75.1610
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