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General introduction



Sarcomas are mesenchymal tumors of uncertain cell-of-origin that can arise
anywhere in the body. They are very rare and account for only 1% of all adult
cancers (1). According to the World Health Organization, there are currently
more than 75 malignant sarcoma subtypes, which originate in soft tissues,
such as fat, muscle or blood vessels, or in bone and cartilage. Among these
subtypes, some are relatively more common (e.g. chondrosarcoma), while
others are considered ultra-rare (e.g. adamantinoma), with incidence rates <
1 per 1.000.000 per year (2). For research purposes, sarcomas are commonly
classified into two categories according to their genomic architecture: sarcomas
with simple genomes or sarcomas with complex genomes. Sarcomas with simple
genomes are driven by specific, recurrent genetic alterations, typically involving
single gene fusions or mutations. Examples include myxoid liposarcoma
with the FUS::DDIT3 fusion (3) and alveolar soft part sarcoma (ASPS) with the
ASPSCR1::TFE3 fusion (4). Conversely, sarcomas with complex genomes are
characterized by genomic instability, involving large-scale genetic alterations
such as gene amplifications, deletions and chromosomal rearrangements. This
genomic complexity can vary substantially, even within the same histological
subtype. Such variability contributes to differences in tumor behavior and
treatment response, thereby complicating the clinical management of
these subtypes (5). Examples of sarcomas with complex genomes include
undifferentiated pleomorphic sarcoma (UPS), myxofibrosarcoma (MFS), and
osteosarcoma. The treatment of sarcomas depends on the specific subtype,
but typically involves surgery, chemotherapy, or radiotherapy. Depending on
the tumor’s anatomical location and aggressiveness, a combination of these
modalities may also be used (6, 7). Nevertheless, despite continued refinement
of multidisciplinary treatment strategies, only modest improvements in clinical
outcomes have been achieved over the last decade, as disease recurrence
remains common and many sarcomas exhibit intrinsic or acquired resistance
to conventional systemic therapies. These challenges underscore the urgent
need for more effective and innovative therapeutic approaches.

The link between the immune system and cancer has long been recognized,
however, only in the past two decades has the molecular basis of anti-tumor
immunity been elucidated in detail. The immune system can detect and target
cancer cells by identifying molecules that distinguish malignant from healthy
cells. Two major classes of such molecules, collectively referred to as antigens,
can elicit anti-tumor immune responses: tumor-specific antigens and tumor-
associated antigens (8, 9). Tumor-specific antigens, also known as neoantigens,
arise from somatic mutations that generate novel peptide sequences. As these
antigens are not present in normal tissues, they are recognized by the



General introduction

immune system as “non-self” and are therefore often highly immunogenic.
In contrast, tumor-associated antigens are derived from normal-self proteins
that are aberrantly expressed, overexpressed, or expressed in inappropriate
contexts within tumor cells. Examples include oncofetal proteins such as
carcinoembryonic antigen and cancer-testis antigens such as NY-ESO-1, which
are normally expressed only during embryonic development or in germline
tissues such as the testis. Because these tissues lack human leukocyte antigen
(HLA) expression and are not surveyed by the immune system, lymphocytes
recognizing these self-antigens are not eliminated during immune maturation.
Consequently, when these antigens are re-expressed in tumors, they tend to
induce relatively weak immune responses due to central immune tolerance.

Tumor cells present antigens on HLA class | molecules, enabling recognition
and elimination by cytotoxic CD8* T cells (Figure 1A) (10). In addition, tumor
antigens released during cell death can be taken up by dendritic cells, which
process and cross-present them via HLA class | to activate cytotoxic T cells
(11), or present them via HLA class Il molecules to CD4* helper T cells, which
in turn promote cytotoxic T cell activation through cytokine secretion (Figure
1A) (12). However, many tumors evade immune recognition by downregulating
components of the antigen presentation machinery (Figure 1B) (13), recruiting
immunosuppressive cell types (14), or upregulating inhibitory immune
checkpoints like programmed death-ligand 1 (PD-L1) (15). These mechanisms
collectively suppress T cell activation and effector function, allowing tumors to
escape immune-mediated elimination and providing the rationale for immune
checkpoint blockade, which aims to restore and enhance anti-tumor immunity
by releasing inhibitory constraints on T cell function.
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Figure 1. Schematic representation of T cell-mediated tumor recognition and
mechanisms of tumor immune evasion. A) CD8* T cells recognize tumor cells through
their T cell receptor (TCR) binding to neoantigens presented on HLA class | molecules. This
interaction activates cytotoxic effector functions, leading to tumor cell killing. Following cell
death, either via T cell-mediated killing or other mechanisms, tumor-derived antigens are
released and captured by dendritic cells, which can (cross-)present them to T cells. When
these antigens are tumor-associated, T cells are activated, which either triggers or enhances
the anti-tumor immune response. B) Tumor cells have various mechanisms to evade T cell-
mediated killing. They can upregulate inhibitory ligands such as PD-L1, which binds PD-1 on
activated T cells and suppresses effector functions. Alternatively, tumor cells can downregulate
antigen presentation machinery to escape immune recognition. In addition, tumor cells secrete
chemokines that recruitimmunosuppressive (myeloid) cells, which further inhibit T cell activity
through immunosuppressive cytokines or inhibitory ligands.

THE CANCER IMMUNOTHERAPY REVOLUTION

Over the last decade, immune checkpoint inhibitors targeting inhibitory
molecules like programmed cell death protein 1 (PD-1), PD-L1, and cytotoxic
T-lymphocyte associated protein 4 (CTLA-4), have transformed the treatment
landscape of several cancers, producing durable responses in melanoma
(16) and non-small cell lung cancer (17). The remarkable efficacy of mono- or
dual-checkpoint blockade in these tumors is largely attributed to their high
mutational burden (18, 19), which enhances tumor antigenicity, and to their
robust pre-existing anti-tumor immune response (20, 21). However, these
features vary considerably between cancer types and even among patients
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with the same tumor type, limiting the overall effectiveness of checkpoint
blockade (22, 23).

In contrast, sarcomas have generally been considered poorly immunogenic,
owing to their relatively low mutational burden (24) and lack of other predictive
biomarkers such as PD-L1 expression or mismatch repair deficiency (25,
26). Consequently, the initial wave of immunotherapy trials yielded limited
efficacy across most sarcoma subtypes. Nevertheless, objective responses
have been observed in certain histologies. Notably, ASPS has emerged as
the striking exception, becoming the first sarcoma subtype for which an
immune checkpoint inhibitor, atezolizumab, has received FDA approval (27-
29). Intriguingly, the mechanisms underlying the pronounced sensitivity of
ASPS to checkpoint blockade remain poorly understood. Additional evidence
of sensitivity has been observed in chordoma (30, 31), UPS (32-34), MFS (33, 35-
37), and dedifferentiated liposarcoma (DDLPS) (32, 34, 38) (Table 1). However,
the strength of evidence varies substantially among subtypes, with data for
MFS, in particular, being largely limited to case reports or clinical trials enrolling
fewer than 5 patients.

Table 1. Overview of clinical trials with checkpoint blockade, either as monotherapy or as
a combination therapy. Only trials with > 5 patients for that subtype are presented. ORR

= objective response rate (as measured by RECIST); ASPS = alveolar soft part sarcoma;
DDLPS = dedifferentiated liposarcoma; UPS = undifferentiated pleomorphic sarcoma; CT =
chemotherapy; RT = radiotherapy; TLS = tertiary lymphoid structure.

Subtype ORR  Drugs Clinical trial Reference
37% Atezolizumab NCT03141684 (28)
ASPS 54% Pembrolizumab + axitinib NCT02636725 (27)
82%  TQB2450 + anlotinib CTR20190938 (29)
Chordoma 12% Pembrolizumab NCT03012620 (31
20% Durvalumab + tremelimumab  NCT02815995 (30)
10%  Pembrolizumab NCT02301039  (32) - after expansion
DDLPS 42% Pembrolizumab + CT NCT02406781 (38) - TLS-positive
12% Nivolumab + RT NCT03307616 (34) - neoadjuvant
0% Nivolumab + ipilimumab + RT "
23%  Pembrolizumab NCT02301039  (32) - after expansion
UPS 33% Nivolumab + ipilimumab NCT02500797 (33)
17% Nivolumab + RT NCT03307616 (34) - neoadjuvant

unr

25% Nivolumab + ipilimumab + RT "

While monotherapy shows rather limited efficacy in unselected sarcoma
populations, combining checkpoint blockade with radiotherapy, chemotherapy,
or antiangiogenic agents seem to enhance anti-tumor immunity and
thereby improve clinical responses (Table 1). More recently, neoadjuvant
or perioperative checkpoint blockade has produced remarkable clinical
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outcomes in colorectal, gastric and gastroesophageal junction cancers (39,
40), underscoring the potential of optimizing immunotherapeutic strategies
in traditionally less immunogenic cancers. Encouragingly, this concept has
begun to translate into sarcoma, with the first trials combining neoadjuvant/
perioperative checkpoint blockade and radiotherapy reporting promising early
results in UPS (34, 41). Many clinical trials are currently underway and may
soon clarify whether immunotherapy could become a mainstay in sarcoma
treatment. Immunotherapeutic strategies such as tumor vaccines or chimeric
antigen receptor-T cell therapy are further discussed in Chapter 2.

UNRAVELING THE SARCOMA IMMUNE MICROENVIRONMENT

Although the precise mechanisms underlying sarcoma sensitivity to checkpoint
blockade remain elusive, the tumor immune microenvironment clearly
plays a key role. In recent years, advances in molecular profiling, ranging
from bulk sequencing to single-cell and spatially resolved approaches, have
dramatically improved our insight into sarcoma immunity. Early studies using
immunohistochemistry described the immune infiltration in various sarcoma
subtypes (42-45), enabling the classification of tumors into inflamed/immune
“hot”, immune-excluded, or immune desert/immune “cold” phenotypes,
a framework first established in carcinomas according to T cell infiltration
patterns (46). In sarcoma, tumors often fall into the immune-excluded
category, especially bone sarcomas due to their dense extracellular matrix,
or the immune desert group with minimal T cell infiltration. Only a small subset
shows an inflamed phenotype. Chapter 2 dives further into this framework in
sarcomas and how it associates with their genomic architecture.

Bulk RNA sequencing studies further refined these phenotypes by using
computational deconvolution to estimate the relative composition of the
immune microenvironment. A pivotal study classified soft tissue sarcomas
(STS) into five immune classes (SIC A-E), representing a spectrum from poorly
to highly immunogenic (47). The highly immunogenic group (SIC E) was enriched
for B cells and tertiary lymphoid structures (TLS), which are clearly defined
clusters of T cells, B cells, and myeloid cells, often associated with anti-tumor
immunity (48). Intriguingly, SIC E was retrospectively associated with checkpoint
blockade response in the SARC028 trial, and validated in the PEMBROSARC trial,
where selecting TLS-positive patients increased response rates and established
TLS as a predictive biomarker in sarcoma (Table 1) (38).
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Although the presence of TLS enhances sensitivity to checkpoint blockade, they
remain uncommon across sarcoma subtypes (present in 12% of the overall STS
population in the Petitprez study (47); up to 75% in well-differentiated/DDLPS,
and around 22% in UPS in the PEMBROSARC trial (38)). Moreover, the presence
of TLS alone does not fully explain the variability in checkpoint blockade
response, as roughly 40% of TLS-positive patients achieved improved 6-month
progression-free survival (38). This suggests that additional immunological
processes underlying effective anti-tumor immunity may complement TLS as
predictive markers. In this context, the Immunologic Constant of Rejection (ICR)
signature, a 20 gene signature reflecting type 1 T (Th1) cell signaling, offers an
additional framework for assessing immune activation across tumor types (49).
The ICR signature has been shown to stratify tumors into immune-active and
immune-silent phenotypes (50, 51), including in STS cohorts, and to correlate
with clinical response to checkpoint blockade (52). Although bulk transcriptomic
profiling is powerful for analyzing large cohorts, it provides limited insights into
immune and stromal cell composition or cellular heterogeneity. Technologies
like single-cell and single-nucleus RNA sequencing overcome these limitations
and have provided high-resolution profiling of the tumor microenvironment
across diverse sarcoma subtypes, including chordoma (53), osteosarcoma (54),
Ewing sarcoma (55), synovial sarcoma (56), UPS (57), and rhabdomyosarcoma
(58). These studies have revealed subtype-specific patterns of immune
infiltration, stromal composition, and mechanisms of immune evasion.

While single-cell transcriptomic analyses offer invaluable molecular insights,
they lack spatial information, which limits our understanding of how cells
interact and organize within tissues. Spatially resolved transcriptomic
approaches address this gap by preserving tissue context and enabling detailed
mapping of cellular neighborhoods, immune niches, and stromal organization.
GeoMx digital spatial profiling enables compartmentalized transcriptomic
profiling across regions of interest, whereas Visium provides high-resolution
mapping across entire tissue sections. Using these approaches, spatially
distinct patterns of inflammation have been identified in angiosarcoma (59, 60)
and osteosarcoma (61). Complementary proteomic technologies such as imaging
mass cytometry (IMC) and high-dimensional multiplex immunofluorescence
enable subcellular-resolution quantification of approximately 40 and 60
proteins, respectively, providing detailed insights into cellular phenotypes,
interactions, and spatial organization within the tumor microenvironment.
For example, spatial mapping of primary osteosarcomas revealed that
immunosuppressive macrophage niches correlate with metastasis-free survival
(62), whereas in lung metastatic lesions, the spatial distance between effector
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immune and immunosuppressive cells was associated with overall survival
(63). Similarly, mass spectrometry imaging provides spatially resolved lipid and
metabolite profiles and has, for instance, revealed tumor-promoting metabolic
features in macrophages in malignant peripheral nerve sheath tumors (64).

Building on these insights, single-cell spatial transcriptomic platforms such
as CosMx and Xenium in situ now allow gene expression to be mapped at
true single-cell resolution directly onto tissue sections. By combining in-
depth cellular behavior with precise spatial localization, these technologies
can reveal cellular neighborhoods, immune-stromal interactions, and the
spatial distribution specific cellular states, bridging the gap between single-
cell transcriptional states and tissue architecture. Although still very new, the
first application of this technology in sarcomas has already been reported,
identifying distinct mechanisms of resistance to checkpoint blockade in Ewing
sarcoma using samples from the SARC028 trial (65).

Together, these approaches have generated key insights into sarcoma
immunobiology. The research presented in this thesis builds on this foundation,
applying state-of-the-art bulk, single-cell, and spatial technologies to explore
the immune landscape of sarcomas known to respond, albeit variably, to
checkpoint blockade.

UNDIFFERENTIATED PLEOMORPHIC SARCOMA AND
MYXOFIBROSARCOMA

UPS and MFS are two subtypes of STS that predominantly arise in the
extremities and trunk (1). Both are defined by extensive chromosomal
alterations, few recurrent mutations (66, 67), and a lack of lineage-specific
differentiation markers. Despite these shared features, they present with
distinct clinical and histological characteristics (Figure 2A+B). MFS is a
spectrum of disease, ranging from low- to high-grade tumors, and can develop
either superficially or deeper-seated (1). Low-grade tumors are hypocellular
with abundant myxoid matrix, whereas high-grade lesions display increased
cellularity, nuclear pleomorphism, and reduced myxoid stroma. In contrast,
UPS presents almost exclusively as deep-seated, intermediate- to high-
grade tumors. Histologically, UPS is characterized by a dense mesh of highly
pleomorphic spindle and giant cells.

The current standard-of-care for UPS and high-grade MFS consists of surgery
accompanied with neoadjuvant radiotherapy (7). And although this is effective
for local disease control, a substantial proportion of patients still develop
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metastases (68), underscoring the necessity for more effective systemic
therapies. From an immunological perspective, UPS has emerged as one of
the more responsive sarcoma subtypes to T cell checkpoint blockade, while
responses in MFS have also been observed, though evidence remains more
limited. Because of their shared genomic complexity and lack of differentiation,
UPS and MFS are often grouped together in translational research and clinical
trials. However, whether they truly share the same immunogenic landscape,
or instead harbor meaningful differences that shape therapeutic response,
remains unresolved. Exploring these similarities and divergences is therefore
a critical step toward optimizing immunotherapeutic strategies in these
aggressive sarcomas.

u a b ’ S EE R A

Figure 2. Histological images of UPS and MFS. A) UPS showing pleomorphism. B) High-grade
MFS showing areas with myxoid matrix.
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CHORDOMA

Chordomas are ultra-rare bone sarcomas showing notochordal differentiation
that predominantly arise in the axial skeleton, including the skull base,
mobile spine, and sacrococcygeal region (1). They express the notochordal
transcription factor brachyury, encoded by the TBXT gene, which drives their
distinctive biology and confers both epithelial and mesenchymal characteristics
(69). Genetically, chordomas are relatively stable and exhibit a low mutational
burden, though chromosomal alterations can occur, with CDKN2A/B loss being
the most frequent (70, 71). Histologically, chordomas are typically organized in
lobules separated by fibrous septa (1), often containing a myxoid or chondroid
matrix (Figure 3A), and the tumor cells stain positive for brachyury (Figure
3B). The hallmark physaliphorous cells have large vacuolated cytoplasm giving
them a “bubbly” appearance (Figure 3C). Nuclear pleomorphism is generally
uncommon, observed only in a subset of tumors. Conventional chordomas
may also present with a chondroid pattern, characterized by a hyaline-
cartilage like matrix resembling that of chondrosarcomas, a feature seen more
frequently at the skull base. Rare, more aggressive subtypes include poorly
differentiated chordoma, marked by SMARCB1 (INI1) loss with retention of
brachyury expression, and dedifferentiated chordoma, which contains high-
grade sarcomatous areas lacking brachyury expression, typically adjacent to
conventional chordoma areas.

Standard-of-care treatment aims for en bloc surgical resection whenever
feasible, often complemented by (proton beam) radiotherapy (72). However,
complete resection is often difficult due to the tumor’s proximity to critical
neurovascular structures, contributing to high rates of local recurrence
(73). In addition, conventional chemotherapy has minimal efficacy because
of the indolent nature of chordomas (74), highlighting the urgent need for
improved therapeutic strategies. Intriguingly, chordomas have demonstrated
responsiveness to T cell checkpoint blockade despite their low mutational
burden and abundant extracellular matrix. This underscores the importance
of characterizing theirimmune microenvironment to uncover mechanisms that
may explain their sensitivity to immunotherapy.
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with some fibrous septations. B) Immunohistochemistry for brachyury, the diagnostic marker for
chordoma (TBXT). C) H&E image of physaliphorous cells in a myxoid matrix.

OUTLINE OF THIS THESIS

The work presented in this thesis aims to gain insight into the sarcoma immune
landscape across subtypes with reported, yet heterogeneous, sensitivity to
checkpoint blockade, with the goal of informing patient stratification for
rational immunotherapeutic combination strategies.

Building on recent advances in cancer immunotherapy, Chapter 2 provides a
conceptual overview of genomic complexity and its association with sarcoma
immunogenicity. It explores how features of the immune microenvironment
relate to genomic architecture and responsiveness to checkpoint blockade,
thereby establishing a framework for the marked heterogeneity of
immunotherapy responses across sarcoma subtypes.

Chapter 3 investigates two genomically complex STS subtypes — UPS and
MFS — characterizing the immune microenvironment of pre-treatment
samples using a combination of bulk RNA sequencing and IMC. T cells and
macrophages are further analyzed in an extended cohort and associated with
clinical outcome. Additionally, the impact of neoadjuvant radiotherapy on the
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tumor microenvironment is assessed by comparing pre-treatment biopsies
with post-treatment resections through IMC.

In contrast, chordoma — an intriguing sarcoma subtype — exhibits responses
to checkpoint blockade despite its relatively low genomic complexity. Chapter
4 provides the first large-scale characterization of the chordoma immune
microenvironment, integrating bulk RNA sequencing, bulk T cell receptor
sequencing, IMC and multiplex immunofluorescence to define distinctimmune
contextures. Chapter 5 builds directly on these findings by applying spatial
transcriptomics alongside lipidomic and metabolomic profiling to the same
tumors; analyses of sequential tissue sections enable integration of tumor-
and stroma-specific transcriptional profiles with spatially resolved lipid and
metabolite data.

Finally, Chapter 6 synthesizes the overall findings, discusses their biological
and clinical implications, and outlines perspectives for future research and
potential therapeutic strategies.
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