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Abstract

Immunotherapy has emerged as a transformative strategy for treating bone and
soft-tissue sarcomas, a class of rare, heterogeneous malignancies originating from
mesenchymal tissues; however, significant challenges remain. This narrative review
summarizes recent advances in sarcoma immunotherapy, covering molecular
mechanisms, tumor microenvironment (TME) characteristics, and treatment responses
specific to major subtypes such as osteosarcoma, liposarcoma, and synovial sarcoma.
Notably, despite being a distinct myeloid neoplasm rather than a sarcoma, systemic
mastocytosis is included in this study to identify common therapeutic targets through
cross-disease comparisons (e.g., kinase-driven pathways and mechanisms regulating the
immunosuppressive TME). Clinical data indicate that single-agent immune checkpoint
inhibitors (ICls) produce limited objective response rates in advanced sarcomas
(approximately 16.7%), with significant efficacy disparities across subtypes, ranging from
high response rates in alveolar soft part sarcomas to minimal responses in osteosarcomas.
Key resistance mechanisms include a suppressive TME dominated by myeloid-
derived suppressor cells, low tumor mutational burden, and antigenic heterogeneity.
Combination strategies such as ICls with radiotherapy, tyrosine kinase inhibitors, or
anti-angiogenic agents significantly improve outcomes. Emerging cell therapies such
as chimeric antigen receptor T-cell, T-cell receptor-engineered, and tumor-infiltrating
lymphocyte therapies, combined with neoantigen vaccines and nanotechnology-driven
delivery systems, demonstrate potential in reshaping the TME and overcoming immune
escape. Biomarkers, including programmed death-ligand 1 expression, tertiary lymphoid
structures, and immune gene profiles, hold prognostic value but require further
validation. Future research should prioritize tissue-specific trial designs, combined TME
remodeling regimens, and biomarker-guided personalized therapies to effectively
convert “cold” sarcomas into immunotherapy-responsive malignancies.

Keywords: Bone and soft-tissue tumor; Combination immunotherapy; Tumor
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1. Introduction

Bone and soft-tissue sarcomas are a rare and highly
heterogeneous group of malignancies originating from
mesenchymal tissue, accounting for <1% of adult malignant
tumors.'” Although traditional treatments such as surgery,
chemotherapy, and radiotherapy have made progress in
local control, the prognosis for patients with advanced or
metastatic disease remains poor, with a 5-year survival rate
of <20%.* Treating these malignancies remains challenging,
primarily due to their marked molecular heterogeneity,
complex tumor microenvironment (TME), and the lack of
effective targeted therapeutic strategies.>®

In recent years, breakthroughs in immunotherapy
for solid tumors have brought new opportunities for the
treatment of bone and soft-tissue sarcomas. However, the
inherent “cold” immune microenvironment characteristics
of sarcomas, such as low levels of tumor-infiltrating
lymphocytes (TILs) and the absence of specific biomarkers,
significantly limit the efficacy of immunotherapy.”*
Notably, studies have confirmed that specific sarcoma
subtypes—such as alveolar soft part sarcoma (ASPS) and
undifferentiated pleomorphic sarcoma (UPS)—show
a high response rate to immune checkpoint inhibitors
(ICIs).>" In addition, treatment strategies combining anti-
angiogenic drugs or tyrosine kinase inhibitors (TKIs) can
significantly enhance the response to immunotherapy.*"!

The core value of immunotherapy lies in activating
the host immune system to target and eliminate tumor
cells, thereby overcoming the limitations of traditional
treatments.*’?  Clinical studies have shown that
programmed cell death protein 1 (PD-1)/programmed
death-ligand 1 (PD-L1) inhibitors and cytotoxic
T-lymphocyte-associated protein 4 inhibitors have the
potential to prolong progression-free survival (PFS) and
overall survival in patients.”” Emerging immunotherapies
such as adoptive cell therapy and TIL therapy also show
broad clinical application prospects.!

In summary, the biological complexity and treatment
challenges associated with bone and soft-tissue sarcomas
highlight the necessity of developing immunotherapy.
By elucidating the regulatory mechanisms of the tumor
immune microenvironment and integrating personalized
treatment strategies, new therapeutic avenues can be
developed for patients with these difficult-to-treat tumors.**

To identify relevant literature for this narrative review,
a comprehensive search was conducted in the electronic
databases PubMed (https://www.ncbi.nlm.nih.gov/) and
Web of Science (https://www.webofscience.com). The
search focused on articles published primarily between
2015 and September 2025 to capture the most recent

advances. Key search terms included: “immunotherapy,’

» o« » o« » o«

“bone tumor,” “soft-tissue tumor,” “sarcoma,” “immune
checkpoint inhibitor; “CAR-T;  “tumor-infiltrating
lymphocytes,” and “cancer vaccine” These terms were
combined using Boolean operators (e.g., [immunotherapy]
AND [sarcoma OR “bone tumor”]). The search was
limited to studies published in English. Additional relevant
publications were identified by manually screening the
reference lists of key articles and recent reviews.

2. Immunological microenvironment
characteristics of bone and soft-tissue
sarcomas

2.1. Immunosuppressive mechanisms in the TME

The TME of bone and soft-tissue sarcomas exhibits
significant immunosuppressive characteristics, which are
the primary cause of poor immunotherapy outcomes.'
Research indicates that the sarcoma TME is enriched
with suppressive immune cell populations, including
dysfunctional T cells and immunologically suppressive
macrophages, while lacking effector T cells.”® In
osteosarcoma, this immunosuppressive microenvironment
is characterized by low immune effector cell activity and
hyperactivation of immunosuppressive cells.”” Tumor-
associated macrophages (TAMs) further exacerbate
the immunosuppressive state by expressing PD-L1 and
altering their chemokine expression profiles.' In addition,
stromal components such as cancer-associated fibroblasts
also participate in the construction of this complex
immunosuppressive network.” This immunosuppressive
microenvironment constitutes a significant barrier to the
efficacy of current immunotherapies, including ICIs and
tumor vaccines.”

2.2. Immunological characteristic differences among
subtypes

Significant immunological heterogeneity exists among
different subtypes of bone and soft-tissue sarcomas. Studies
have shown that ICIs demonstrate efficacy only in specific
subtypes such as UPS, ASPS, and leiomyosarcoma.” Flow
cytometry analysis indicates that tumor tissues from
patients with dedifferentiated liposarcoma (DDLPS)
exhibit significantly higher infiltration of cluster of
differentiation (CD) 3*, CD8*, CDI19*, and CDlIc*
immune cells compared to patients with well-differentiated
liposarcoma.”? Based on immune-feature classification,
sarcomas can be divided into three immune subtypes with
unique TMEs.” In Ewing sarcoma, the TME exhibits unique
metabolic reprogramming and functional specialization.
Single-cell RNA sequencing analysis revealed differences
in immune cell metabolic reprogramming and functional
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specialization in bone tumors, including osteosarcoma,
Ewing sarcoma, and osteoblastoma.* In addition, there
are significant differences in the immune composition
between soft-tissue sarcomas and bone metastases.'

2.3. Predictive biomarkers for immunotherapy
response

Current research has identified multiple biomarkers and
risk scores associated with prognosis and immunotherapy
response in soft-tissue sarcomas.”? Tumor mutational
burden (TMB) is considered one of the key indicators for
predicting immunotherapy response.”’ Tertiary lymphoid
structures (TLS), as an important component of the
tumor immune microenvironment, provide significant
insights into patient prognosis and immunotherapy
response.”” Immune escape markers such as PD-L1 and
CD80 may be associated with metastasis in soft-tissue
sarcomas.” Immune-related genes play a key role in
sarcoma development and the construction of the tumor
immune microenvironment, and may have prognostic
and predictive value® In osteosarcoma, identifying
highly sensitive immune microenvironment characteristic
markers has become a research focus.” Recent studies have
also found that the preadrenergic signaling pathway may
influence immunotherapy efficacy, and the beta-blocker
propranolol can significantly enhance the efficacy of anti-
CTLA-4 therapy.”® These findings provide valuable insights
for developing more precise biomarker systems.

3. Immunotherapy in selected tumor types:
Sarcomas and systemic mastocytosis (SM)

3.1. Osteosarcoma
3.1.1. Molecular mechanisms of osteosarcoma

Osteosarcoma is the most common primary malignant
bone tumor, primarily affecting adolescents and
young adults aged 10-24 years.”**® The second peak of
incidence occurs in individuals aged 60 years and older,
often associated with secondary bone lesions, such as
Paget’s disease.”** The TME of osteosarcoma plays a key
role in disease progression, primarily composed of T
lymphocytes, macrophages, B lymphocytes, and mast cells.
Tumor cells regulate the M1/M2 macrophage balance,
activate PD-1/PD-L1 signaling, thereby establishing an
immunotolerant environment and promoting tumor
growth and drug resistance. Mesenchymal stem cells
also participate in the immune escape process, further
enhancing immunotolerance.>*

Common genetic mutations in osteosarcoma include
the TP53 and retinoblastoma (RBI) genes, which play
pivotal roles in the development and progression of
the disease (Figure 1). Studies indicate that 62% of

osteosarcoma samples harbor alterations in TP53, RBI,
or mouse double minute 2 homolog (MDM?2) genes.**
Germline and somatic mutations in the TP53 gene are
closely associated with osteosarcoma development, with
fusion genes resulting from TP53 promoter translocations
representing a recurrent molecular event in this tumor.®
Regarding the RB1 pathway, approximately five cases of
osteosarcoma simultaneously exhibiting RBI alterations
and TP53 mutations have been identified.** In addition,
MDM?2 gene amplification (2-3-fold increase in copy
number) is observed in approximately 19% of osteosarcoma
cases. This amplification may suppress p53 function by
enhancing MDM2-p53 binding.” Studies in Chinese
patient cohorts have also identified frequent mutations in
genes such as NCORI, LRP1B, ATRX, and TFE3.**

The pathogenesis of osteosarcoma involves abnormalities
in the expression of multiple genes and dysregulation of
signaling pathways. Phospholipase CP4 is highly expressed
in tumor tissues and is significantly associated with reduced
patient survival rates.” The expression levels of chemokines
(e.g., CCL5, CCLS8) and their receptors (e.g., CCR4, CCR5)
are closely related to prognosis. These factors influence
tumor growth and metastasis by regulating signaling
pathways such as Toll-like receptors (TLR), the mitogen-
activated protein kinase (MAPK) family, and nuclear factor
K-light-chain-enhancer of activated B cells (NF-kB)."*

Abnormal activation or inhibition of signaling
pathways such as Wnt/B-catenin, phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt)/mammalian target
of rapamycin (mTOR), MAPK, Notch, NF-«B, and Hippo
is closely associated with the occurrence and development
of osteosarcoma.*** Among these, the Wnt/B-catenin
pathway drives cell proliferation and metastasis, while the
PI3K/Akt/mTOR pathway mediates cell survival and drug
resistance.**** The key effector molecules of the Hippo
pathway, yes-associated protein (YAP)/transcriptional
coactivator with PDZ-binding motif (TAZ), regulate cell
proliferation and migration.*

Long non-coding RNAs and microRNAs (miRNAs)
are important regulators of osteosarcoma biology. For
example, long non-coding RNA MALATI regulates
tumor proliferation and metastasis by modulating
multiple signaling pathways and miRNAs.** miRNA-21,
miRNA-34a, and miRNA-143, among others, influence
disease progression and drug resistance by targeting key
genes.*""” These non-coding RNAs possess both potential
as diagnostic markers and therapeutic targets.*

3.1.2. Inmunotherapy for osteosarcoma

ICIs represent a core strategy in the field of osteosarcoma
immunotherapy. Preclinical models have shown that PD-1/
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Figure 1. Genetic mutations in osteosarcoma. Mutations in the TP53 gene cause loss of function, preventing DNA damage from being repaired and
allowing tumor cells to escape apoptosis. The RB gene mutation causes E2F inactivation, leading to failure of cell cycle checkpoints. Cells transition
aberrantly from the G1 phase to the S phase, resulting in abnormal division and proliferation of tumor cells. Created in BioRender. Fang, (2026). https://

BioRender.com/0sjik88.

Abbreviations: E2F: E2 promoter-binding factor; MDM2: Mouse double minute 2 homolog; RB: Retinoblastoma.

PD-L1 and cytotoxic T-lymphocyte-associated protein
4 inhibitors demonstrate significant efficacy in various
tumors, but their efficacy remains relatively limited in
osteosarcoma.”® As shown in Table 1, retrospective studies
have confirmed that the objective response rate (ORR) of
osteosarcoma patients to ICIs is <5%, significantly lower
than that of other sarcoma subtypes, which may be attributed
to the tumor’s low immunogenicity and immunosuppressive
microenvironment.*** It is important to note that ICI
therapy may induce severe side effects, such as immune-
related adverse events.” Current research focuses on
exploring combination therapy strategies, such as carbon ion
radiotherapy combined with ICIs, which has been shown to
significantly inhibit lung metastasis in animal models.

In the field of cell therapy, B10 chimeric antigen receptor
T cells (CAR-T) targeting the tumor stem cell marker
DNAJB8 have demonstrated anti-osteosarcoma activity
in preclinical studies.”” CAR-T therapy uses engineered T
cells to specifically recognize and kill tumor cells. While it
has achieved breakthroughs in hematological tumors, its
application in osteosarcoma remains in the exploratory
stage.”® Modified natural killer cell and macrophage
therapies enhance efficacy by boosting immune cell activity,
but tumor heterogeneity and complex microenvironments
limit their widespread application.***

The  immunosuppressive  microenvironment  of
osteosarcoma is a core factor in treatment failure, characterized
by extensive infiltration of M2-type macrophages and
insufficient immune cell infiltration, leading to low
response rates.”” Targeting the reprogramming of TAMs to
a proinflammatory M1 phenotype (e.g., using nanodrugs or
cytokine regulation) can enhance anti-tumor immunity.®
Bioactive molecule delivery systems based on nanomaterials
(e.g, Mg* combined with anti-PD-L1 antibodies) can
simultaneously induce tumor cell death and promote bone
regeneration.” Nanoplatforms targeting mitochondrial
autophagy can also enhance immune cell activity.*2

Given the limitations of monotherapy, combination
strategies have become a research focus: ICIs combined with
chemotherapy drugs (e.g., curcumin) exhibit synergistic
antitumor effects in animal models,” whereas ICIs
combined with radiotherapy (e.g., carbon ion radiotherapy)
can significantly inhibit lung metastasis.** These multi-target
combination regimens hold promise for overcoming the
limitations of monotherapy and improving clinical efficacy.

3.2. Liposarcoma
3.2.1. Molecular mechanisms of liposarcoma

Liposarcoma is a rare malignant tumor of adipocyte origin.
According to the World Health Organization classification
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Table 1. Summary of selected clinical studies on immunotherapy for sarcoma

Sarcoma subtype Immunotherapy/regimen n (evaluable) Objective Median progression-free Median overall ~Main
response rate (%) survival survival reference

Kaposi sarcoma Immunotherapy cohort, as 6 66.7 - - Lee et al.®
reported by Lee et al.*’

ASPS Axitinib+pembrolizumab 33 (12 ASPS) ~54.5 (ASPS 3-month - Wilky et al.*?
(Phase IT) subgroup) progression-free survival

rate: 72.7%

Alveolar soft part Immunotherapy cohort, as 4 50 - - Lee et al.®

sarcoma reported by Lee et al.*’

Undifferentiated SARC028: Pembrolizumab 10 40 - - Tawbi et al.**

pleomorphic sarcoma (anti-PD-1)

Undifferentiated Immunotherapy cohort, as 18 27.8 11.3 months - Lee et al.®

pleomorphic sarcoma reported by Lee et al.*

Angiosarcoma Immunotherapy cohort, as 15 333 6.4 months - Lee et al.®
reported by Lee et al.*’

Angiosarcoma SWOG S1609/DART: 16-20 =25 - - Wagner
Nivolumab+ipilimumab et al>

Myxofibrosarcoma  Immunotherapy cohort, as 14 28.6 27.4 months - Lee et al.®
reported by Lee et al.*’

Chondrosarcoma SARCO028: Pembrolizumab 5 20 (1/5) - - Tawbi et al.**

Dedifferentiated SARCO028: Pembrolizumab 10 20 - - Tawbi et al.**

liposarcoma

Synovial sarcoma SARCO028: Pembrolizumab 10 10 - - Tawbi et al**

Synovial sarcoma Immunotherapy cohort, as 7 0 2.4 months - Lee et al.¥
reported by Lee et al.*’

Liposarcoma Immunotherapy cohort, as 27 3.7 4.2 months - Lee et al.®
reported by Lee et al.*’

Osteosarcoma SARC028: Pembrolizumab 22+ ~5 (SARC028);  Very short - Tawbi et al.**

Osteosarcoma IMMUNOSARC study 38 5 3.8 months 11.9 months Palmerini
(NCT03277924, Phase II): et al>*
Nivolumab

Osteosarcoma PROMO (Phase II) 12 0 (Phase IT Not improved - Boye et al.”®

PROMO)

Osteosarcoma Immunotherapy cohort, as 6 0 4.0 months - Lee et al.®
reported by Lee et al.*’

Osteosarcoma Mifamurtide 662 Not applicable - 6 year overall Meyers

(adjuvant) (LMTPPE)+chemotherapy (adjuvant) survival improved et al.*®
(INT0133) (from 70% to 78%)

Leiomyosarcoma SARCO028: Pembrolizumab 10 0 (SARC028)  Short median - Tawbi et al.**

progression-free survival

Leiomyosarcoma Alliance A091401: 15 (nivolumab)/14  Nivolumab: 5; - - D’Angelo

Nivolumab+ipilimumab (nivolumab+ nivolumab+ et al.>®
ipilimumab) ipilimumab: 16

Abbreviation: ASPS: Alveolar soft part sarcoma.

criteria, it is primarily divided into four subtypes: atypical
lipomatous  tumor/well-differentiated  liposarcoma,
DDLPS, myxoid liposarcoma (MLPS), and pleomorphic
liposarcoma (PLPS).® The molecular mechanisms of this
tumor primarily involve amplification of the chromosome
12q13-q15 region, leading to overexpression of the MDM2

and cyclin-dependent kinase (CDK4) genes (Figure 2).
p53 regulates the functions of macrophages, dendritic
cells, natural killer cells, T cells, and B cells through
secreted factors, contributing to immune surveillance and
suppressing tumorigenesis.® The overexpression of MDM2,
a key negative regulator of the p53 pathway, can inhibit the
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Figure 2. Molecular mechanisms of the development of liposarcoma. MDM2 overexpression leads to excessive degradation of the p53 protein, preventing
cells with DNA damage from halting proliferation or undergoing apoptosis. CDK4 overexpression leads to excessive phosphorylation and inactivation of
the RB protein, resulting in uncontrolled cell cycle progression and disordered cell division. Created in BioRender. Fang (2026). https://BioRender.com/

tyzw9va.

Abbreviations: CDK4: Cyclin-dependent kinase 4; E2F: E2 promoter-binding factor; MDM2: Mouse double minute 2 homolog; RB: Retinoblastoma.

tumor-suppressing function of p53, thereby promoting
tumor growth.” CDK4 drives tumor proliferation by
regulating the cell cycle.®® Genetic characteristics vary
among subtypes: Both well-differentiated liposarcoma and
DDLPS exhibit MDM2/CDK4 amplification, but DDLPS
has a higher amplification rate and is associated with more
complex genomic alterations.”” MLPS is characterized by
fused in sarcoma/DNA damage inducible transcript 3 gene
fusion, whereas PLPS lacks specific molecular markers
and exhibits more complex genetic alterations.” Notably,
amplification in the 1p32 and 6q23 regions in DDLPS may
be associated with its aggressive phenotype.”

3.2.2. Immunotherapy for liposarcoma

Based on the aforementioned molecular mechanisms,
various targeted therapeutic strategies are currently under
development. MDM2 and CDK4 are current research
hotspots: MDM2 inhibitors (e.g., Nutlin-3A and SP141)
demonstrate antitumor potential by restoring p53 function or
inhibiting MDM2 metabolic activity."” CDK4/6 inhibitors
(e.g., palbociclib) have shown efficacyin clinical trials.” T-cell
therapy targeting the New York esophageal squamous cell
carcinoma 1 antigen in MLPS (e.g., letetresgene autoleucel)
has demonstrated clinical value in early studies, particularly
in HLA-A*02:01-positive patients.”” The microtubule
inhibitor eribulin shows potential for achieving complete

remission in unresectable liposarcoma, with its mechanism
potentially related to downregulating the phosphorylated-
Akt signaling pathway.”

3.3. Synovial sarcoma (SS)
3.3.1. Molecular mechanisms of SS

SS is a rare but highly aggressive soft-tissue sarcoma that
primarily affects adolescents and young adults.” Its core
molecular characteristic is the chromosomal translocation
t(X;18)(p11;q11), which results in the fusion of the SS18
gene with the SSX gene (e.g., SSXI, SSX2, or SSX4) to
form the SS18-SSX fusion protein. As an ATP-dependent
chromatin remodeling complex, switch/sucrose non-
fermentable (BAF) antagonizes the repressive effects of
the polycomb repressive complex, thereby activating the
expression of tumor suppressor genes.”* The SS18-SSX
fusion protein abnormally binds to the switch/sucrose non-
fermentable chromatin remodeling complex, disrupting its
chromatin structural and dynamic regulatory function,
thereby driving tumorigenesis (Figure 3).”” In addition,
the SS18-SSX fusion protein interacts with the lysine
demethylase 2B (KDM2B)-polycomb repressive complex
1.1, activating developmental-related genes silenced by
polycomb proteins through KDM2B-mediated histone
demethylation, thereby promoting cellular malignant
transformation.”
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Figure 3. Formation of the SS18-SSX fusion protein. The SS18-SSX
fusion protein disrupts proper assembly of the BAF chromatin remodeling
complex, impairing activation of tumor suppressor gene expression.
Created in BioRender. Fang, L. (2026). https://BioRender.com/scjfa9u.
Abbreviation: SS: Synovial sarcoma.

The SS18-SSX fusion protein regulates gene expression
through multiple mechanisms: (i) it binds to the TRPSI
gene locus to activate transcription, promoting tumor
proliferation and metastasis;”” and (ii) it inhibits the
expression of the tumor suppressor gene EGRI, accelerating
tumor progression.* This protein can also activate the
Hippo pathway effector molecules YAP/TAZ: It regulates
large tumor suppressor 1/Mps one binder through the
insulin-like growth factor 2/insulin-like growth factor 1
receptor signaling loop, enhancing YAP/TAZ-TEA/ATTS
domain transcriptional activity.*' Simultaneously, it inhibits
apoptosis through the tyrosine kinase 2/signal transducer
and activator of transcription (STAT) 3/B-cell lymphoma
2 signaling axis, enhancing tumor cell survival capacity.®

3.3.2. Immunotherapy for SS

In the field of immunotherapy, retrospective analyses
suggest that patients with PD-L1-positive SS have poorer
outcomes but may be more sensitive to PD-1 inhibitor
therapy.® To overcome single-agent resistance, combination
strategies show promise: PD-1 inhibitors combined with
anti-angiogenic agents (e.g., anlotinib) demonstrate
significant antitumor activity in SS, particularly the ASPS
subtype.® Radiotherapy can enhance the response to
immunotherapy by upregulating PD-L1 expression.*

Given that SS18-SSX drives tumorigenesis through
epigenetic mechanisms, targeting related regulatory factors
has become an important direction: Histone deacetylase
inhibitors (e.g., romidepsin) can reverse SS18-SSX-
mediated polycomb protein-dependent gene silencing and
reactivate tumor suppressor gene expression.*’ Compounds
targeting epigenetic regulatory factors such as KDM2B
and WD repeat domain 5 also demonstrate antitumor
potential ”®% Targeting downstream signaling pathways,
YAP/TAZ small-molecule inhibitors (e.g., verteporfin)
effectively inhibit tumor cell growth.*!

3.4. Ewing sarcoma

3.4.1. Molecular mechanisms and immunological
features

Ewing sarcoma is characterized by chromosomal
translocations that generate fusion proteins, most
commonly the EWSRI-FLII fusion gene, which serves
as a diagnostic and therapeutic hallmark.*” These fusion
oncoproteins drive tumorigenesis by aberrantly regulating
multiple signaling pathways, including PI3K/AKT and
MAPK cascades, and key pathogenic molecules such as the
eyes absent transcriptional coactivator and phosphatase 3
tyrosine phosphatase.* Immunologically, Ewing sarcoma
typically presents as a “cold” TME, exhibiting minimal
response to PD-1 inhibitor monotherapy due to low
immune cell infiltration and adaptive immune resistance
mechanisms.* The TME is further defined by unique
immune cell subsets, including CD14*, CD16* macrophage
populations, and C-X-C motif chemokine ligand 10-driven
chemokine pathways that modulate immune trafficking.”
Single-cell analyses reveal complex immunosuppressive
features, such as transcriptional heterogeneity and clonal
evolution, which contribute to immune evasion and
therapy resistance.”!

3.4.2. Immunotherapy for Ewing sarcoma

Current immunotherapy strategies for Ewing sarcoma
focus on targeting specific vulnerabilities identified
through molecular profiling. These include:

e  Targeting surface antigens: Interleukin-1 receptor
accessory protein, a cell surface protein with minimal
expression in normal tissues but critical roles in
metastasis and anoikis resistance, represents a
promising immunotherapeutic target.*”

e  Modulating immune axes: The macrophage migration
inhibitory factor/CD74 axis has been identified as a
key regulator of T-cell activation and tumor growth,
with inhibitory approaches showing potential to
enhance antitumor immunity.”*

e Fusion protein degradation: Ubiquitin-specific
peptidase 9 inhibitors (e.g., WP1130) promote the
ablation of EWS-FLI1 fusion proteins, directly
addressing the core oncogenic driver and synergizing
with immune interventions.”*

e  Combination cell therapies: T-cell receptor-engineered
T cells (TCR-T) combined with Y-box binding protein
1-based oncolytic virotherapy have demonstrated
improved survival in preclinical models, highlighting
the potential of multimodal immunotherapeutic
approaches.”

However, these strategies face significant challenges,
including intrinsic tumor heterogeneity, chemotherapy
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resistance mechanisms mediated by pathways such as
Janus kinase (JAK) 1/STAT6/growth arrest-specific 6/TAM
signaling, and the need for improved preclinical models.
Multi-kinase inhibitors like KC1036 show broad anti-
angiogenic and growth-suppressive activity but require
validation in immunotherapy combination regimens.*®*’
Optimizing humanized orthotopic mouse models is
essential for accurate efficacy evaluation, while proteomic
studies continue to identify novel surface targets like
ectonucleotide pyrophosphatase/phosphodiesterase 1 for
future immunotherapeutic development.”®* Overcoming
these barriers will require integrated efforts focusing on
TME reprogramming and biomarker-guided personalized
strategies.

3.5. Chondrosarcoma
3.5.1. Molecular mechanisms and classification

Chondrosarcoma is a malignant bone tumor originating
from chondrocytes, representing the second most
common primary bone sarcoma after osteosarcoma.'*!!
Its molecular pathogenesis is characterized by frequent
isocitrate dehydrogenase (IDHI/IDH2) gene mutations,
detected in approximately 50% of conventional cases,
leading to accumulation of the oncometabolite D-2-
hydroxyglutarate that dysregulates DNA methylation and
epigenetic programming to promote tumorigenesis.'**'%

Key signaling pathways are constitutively activated,
including the Hedgehog pathway, which drives tumor
growth through glioma-associated transcription factors;
the enhancer of zeste homolog 2/sulfatase 1/c-Met
receptor tyrosine kinase axis, which mediates malignant
progression; and YAP signaling, the enhancement of which
is associated with Trp53/Rb1 gene deficiencies that drive
metastasis.'®'% The genetic mutation profile beyond IDH
includes TP53 mutations in approximately 33.5% of patients
and RB1 deletions in 8.7%, with co-deletion inducing
spinal chondrosarcoma and pulmonary metastases.'*!%
Molecular classification divides chondrosarcoma into
conventional, dedifferentiated, and mesenchymal subtypes,
with the dedifferentiated subtype exhibiting higher PD-L1
expression (45%) and more targetable mutations.'*

3.5.2. Imnmunotherapy for chondrosarcoma

Immunotherapy faces significant challenges due to the
immunosuppressive TME, which is dominated by TAMs
constitutingupto50% oftumor massandexhibitsloweffector
T cell infiltration, limiting the efficacy of ICIs.!*>'**!!* The
low immunogenicity is evidenced by few cases with TMB
>10 mutations/Mb and no instances of high microsatellite
instability,'> while IDH mutation-induced epigenetic
alterations (e.g., DNA/histone hypermethylation) further

suppress immune responses.''"''? Potential strategies to
overcome resistance include epigenetic modulators like
DNA methyltransferase inhibitors (e.g., decitabine) to
reverse immunosuppression,'? IDH inhibitors combined
with checkpoint blockade,'>'” and multi-pathway
targeting of Hedgehog-glioma-associated (e.g., GANT-61)
or c-Met receptor tyrosine kinase axes.'*!%!3 Differential
response is notable, with the dedifferentiated subtype’s
higher PD-L1 positivity (45% vs. 10% in conventional
chondrosarcoma) suggesting greater potential benefit
from immunotherapy.'*

3.6.SM
3.6.1. Molecular mechanisms of SM

Although SM is classified as a myeloid neoplasm rather
than a sarcoma, its immunotherapy advancements provide
valuable insights into targeting kinase-driven pathways and
immunosuppressive TME, which are relevant to sarcoma
treatment. SM is a rare myeloid neoplasm characterized by
clonal, neoplastic proliferation of mast cells and infiltration
into one or more organ systems.''* The pathological
manifestations of this disease are complex, encompassing
multidimensional features such as morphological,
molecular, genetic, and immunophenotypic characteristics.

The diagnosis of SM primarily relies on histological
evidence, particularly the abnormal proliferation of
mast cells in bone marrow biopsies.'"®> The World
Health Organization and the International Consensus
Classification system have established clear diagnostic
criteria, including mast cell aggregation, morphological
abnormalities, KIT D816V mutations, and abnormal
expression of mast cell surface markers (e.g., CD25, CD2,
and CD30). The bone marrow is the most commonly
affected organ, where mast cells typically exhibit spindle-
shaped, low-granular morphology and form dense
aggregates.''>!16

The KIT D816V mutation (found in approximately
80% of SM patients) drives mast cell proliferation through
constitutive kinase activation. This underpins targeted
therapies such as avapritinib."'*'” The KIT D816V
mutation directly activates the JAK/STAT pathway,
which represents its core downstream mechanism. The
constitutively activated KIT receptor triggers JAK kinases,
which in turn phosphorylate STAT proteins, initiating a
signal transduction cascade that regulates the expression
of cell growth and anti-apoptotic genes'*® (Figure 4). In
addition, the molecular pathophysiology of SM involves
other genetic and epigenetic alterations (e.g., DNA
methyltransferase 3oc and Runt-related transcription factor
1 mutations), which may play important roles in disease
progression.''*!%
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Mast cell

Figure 4. The KIT D816V mutation drives mast cell hyperplasia
by constitutively activating the JAK/STAT signaling pathway. This
pathogenic signaling can be inhibited by the tyrosine kinase inhibitors
avapritinib, midostaurin, and nintedanib. Created in BioRender. Fang, L.
(2026). https://BioRender.com/447efcw.

Abbreviations: Asp: Aspartate; JAK2: Janus kinase 2; SOS: Son of
sevenless; STATS: Signal transducer and activator of transcription 5; Val:
Valine.

3.6.2. Treatment of SM

In recent years, targeted therapies have made significant
progress in the treatment of SM, particularly TKIs
targeting the KIT D816V mutation. Avapritinib, the first
approved KIT D816V-specific inhibitor for advanced SM
(AdvSM), holds significant therapeutic value for patients
with rapidly progressing or TKI-resistant disease.'?"'?* This
highly selective inhibitor demonstrates significant efficacy
in AdvSM, with clinical trials showing an overall response
rate of 75%, including 19% achieving complete remission,
and significantly reducing serum tryptase levels (93%),
bone marrow mast cell burden (88%), and KIT D816V
variant allele frequency (60%).'* In the Explorer and
Pathfinder trials, avapritinib induced sustained remissions,
with some patients successfully bridging to allogeneic
hematopoietic stem cell transplantation.'* It is important
to note that the drug may cause cognitive impairment or
intracranial hemorrhage, particularly in patients with
severe thrombocytopenia, although overall tolerability is
good'121,122

Midostaurin is a multi-targeted kinase inhibitor
approved by the Food and Drug Administration and the
European Medicines Agency for the treatment of AdvSM,
effectively inhibiting the KIT D816V mutation.'*'*
This drug can reverse organ damage in AdvSM patients,
reduce bone marrow mast cell burden and splenomegaly,
achieving an overall response rate of 60%, including 45%
major response.'?*'*” However, its complete response rate
is relatively low, its efficacy has limited durability, and its
inhibitory effect on the KIT D816V mutation is relatively
weak, which may limit its clinical applicability.'>*>'*"

Nintedanib is a multi-targeted TKI that inhibits vascular
endothelial growth factor receptor, platelet-derived growth

y
Y

PO inibitors

Cancer cell

Teell

# o508 Cancer
(effector) cell death

Figure 5. Immune checkpoint inhibitors for tumor treatment. PD-1/
PD-L1 inhibitors restore T-cell-mediated cytotoxicity by blocking the
interaction between PD-1 on T-cells and PD-L1 on tumor cells. Created
in BioRender. Fang, L. (2026). https://BioRender.com/qldm05v.
Abbreviations: MCH: Major histocompatibility complex; PD-1:
Programmed cell death protein 1; PD-L1: Programmed death-ligand 1;
TCR: T-cell receptor.

factor receptor, and fibroblast growth factor receptor.'”®
Studies have shown that nintedanib has inhibitory activity
against the KIT D816V mutation (in vitro experiments
showed nanomolar IC, values) and can potently inhibit
mast cell proliferation. Preliminary data suggest it may
be effective for patients with primary KIT D816V SM, but
large-scale clinical trials are still needed to validate this.'*

4, Therapeutic approaches
4.1. Clinical research advances in ICls

The PD-1/PD-L1 inhibitors function by blocking the
interaction between PD-1 on T cells and PD-L1 on tumor
cells, thereby reactivating T-cell-mediated antitumor
immunity (Figure 5). PD-1/PD-L1 inhibitors have
demonstrated clinical activity in the treatment of bone
and soft-tissue sarcomas, although their efficacy varies
significantly across different subtypes. Clinical studies by
Lee et al.* confirm that monotherapy with PD-1/PD-L1
inhibitors produces favorable treatment responses in
specific subtypes. Specifically, Kaposi sarcoma exhibited
an ORR of 66.7%, followed by ASPS (50%), angiosarcoma
(33.3%), myxofibrosarcoma (28.6%), and UPS (27.8%).
However, the overall ORR remains relatively low, at
approximately 16.7% in advanced sarcoma patients, with
notably low ORRs in osteosarcoma, SS, and liposarcoma, as
shown in Table 1.3*%**° In osteosarcoma treatment, PD-1/
PD-LI inhibitors showed promising therapeutic potential
when used in combination with other agents."**"*' However,
clinical response to monotherapy remains limited, likely
due to the heterogeneous and immunosuppressive nature
of the sarcoma microenvironment.*!*
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Immunotherapy responses in bone and soft-tissue
sarcomas exhibit significant histological subtype
differences. Existing evidence indicates that subtypes
such as ASPS and UPS demonstrate relatively favorable
responses to ICIs. This variability may correlate with
differences in TMB and immune microenvironment
characteristics across subtypes. ASPS and UPS exhibit
greater responsiveness to ICIs, potentially attributable
to their unique TME composition. This includes richer
infiltration of CD8* T cells, M1 macrophages, and CD20*
B cells, creating an immunologically “hot” phenotype that
favors ICI-mediated antitumor activation.'*

Neoantigen burden alone does not appear to fully
explain immunotherapy responsiveness across sarcoma
subtypes. UPS often exhibits low TMB, yet specific
molecular alterations (e.g., high-copy number variations)
may enhance neoantigen presentation or immune
surveillance. Despite low TMB per se, these alterations
may still contribute to responses to ICIs."** ASPS may
compensate for a relatively low neoantigen load by
generating a more antigenic microenvironment through
biological features such as Xp11.2/TFE3 translocations.'*®

Regarding immune exclusion mechanisms, ASPS and
UPS exhibit fewer immune-evasion features, such as lower
PD-L1 expression levels and reduced immune regulatory
imbalances. Notably, ASPS also demonstrates particular
sensitivity to immunotherapy due to its unique angiogenic
characteristics and high Iymphocytic infiltration.'*
In contrast, other subtypes may enhance exclusion by
increasing inhibitory molecules like vascular endothelial
growth factor A or downregulating soluble receptors,
thereby limiting ICI efficacy (Table 1).%

In osteosarcoma, PD-1/PD-L1 expression patterns
correlate with treatment response, although reliable
predictive biomarkers remain unestablished.**"*! An
immunological analysis across multiple sarcoma subtypes
revealed significant heterogeneity in biomarker expression
between subtypes, with no single biomarker universally
predictive of immunotherapy response identified to
date."”” This histology-specific variability underscores the
critical need for personalized immunotherapy strategies in

sarcoma.'3%1%

4.2, Innovative breakthroughs in adoptive T-cell
therapy

Chimeric antigen receptor T-cell therapy, as a
groundbreaking ~ immunotherapy  strategy, has
demonstrated remarkable efficacy in treating hematologic
malignancies."**'*! However, in solid tumors such as
bone and soft-tissue sarcomas, CAR-T therapy still faces
numerous technical challenges, including limitations due

to low tumor antigen specificity, limited T-cell persistence,
and complex TME."*>'** Preclinical studies in osteosarcoma
indicate that CAR-T cells targeting the B7-H3 antigen can
significantly enhance tumor homing capacity through
expression of corresponding chemokine receptors.'** In
SS and rhabdomyosarcoma, CAR-T cells targeting the
GD2 antigen (iCasp9.2A.GD2.CAR-CD28.4-1BB{) have
demonstrated preclinical therapeutic potential.'** Current
technological advances primarily focus on optimizing
co-stimulatory domains (e.g., CD28, 4-1BB), introducing
safety switch systems (e.g., iCasp9), and co-expressing
chemokine receptors.!*>!4°

As one of the earliest developed autologous T-cell
therapies, lifileucel received accelerated approval from the
United States Food and Drug Administration in February
2024 for treating advanced melanoma, marking the first
regulatory approval of a TIL product.'*® TIL therapy has
also demonstrated promising clinical potential in solid
tumors such as cervical cancer.'””'*® In bone and soft-
tissue sarcomas, TIL therapy utilizes populations of
naive T cells isolated and expanded from tumor tissue,
enabling recognition of multiple tumor antigens.'*'*
Clinical studies indicate that TIL therapy not only directly
kills tumor cells but also modulates the TME to exert
therapeutic effects.”” However, its application in sarcomas
is constrained by challenges, including limited availability
of tumor tissue, the lengthy in vitro expansion cycle, and
the immunosuppressive microenvironment.'*®** Current
research focuses on optimizing TIL culture systems,
combining with ICIs, and developing novel TIL selection
methods."*"*!

TCR-T therapy offers advantages over CAR-T by
recognizing intracellular antigens, providing novel
therapeutic approaches for sarcoma treatment.'*"'
TCR-T therapy targets sarcoma-associated antigens and
neoantigens by isolating tumor-specific T cell clones
or designing high-affinity T-cell receptors (TCRs)."*!**
In solid tumors, TCR-T therapy has demonstrated
complementary efficacy alongside TIL and CAR-T
therapies.'®>'*> Current technical challenges include limited
target antigen selection, risks of TCR cross-reactivity, and
complex manufacturing processes.'*!* Recent translational
research focuses on antigen-independent TCR screening
technologies, multi-target TCR-T design, and optimizing
T cell subset composition.””*'** In pediatric sarcomas such
as osteosarcoma, combination strategies integrating TCR-T
therapy with CAR-T therapy are under investigation.'*”'*

4.3. Exploration of combined treatment strategies

The exploration of combined treatment strategies in bone
and soft-tissue sarcomas often draws upon principles
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and early clinical evidence established in more common
solid tumors, such as non-small cell lung cancer and
hepatocellular carcinoma. While these insights provide
valuable rationales for testing similar combinations in
sarcomas, it is critical to acknowledge that the distinct
immunobiological features of sarcomas may lead to
divergent responses.

The following sections discuss promising combined
treatment strategies while highlighting the need for
sarcoma-specific validation. Preclinical studies in various
solid tumors indicate that radiotherapy enhances tumor
immunogenicity by inducing immunogenic cell death,
releasing tumor-associated antigens (TAAs), and damage-
associated molecular patterns.” Multiple clinical studies
in cancers such as non-small cell lung cancer demonstrate
that patients receiving radiotherapy within 3 months
before immunotherapy exhibit significantly prolonged PFS
(median PFS = 10.0 months)."® Although this supports
the biological rationale, its direct applicability to sarcomas
requires confirmation in dedicated trials. The combination
of stereotactic body radiotherapy with ICIs has garnered
particular attention, as this pairing enhances both local
and systemic antitumor immune responses.’® However,
inconsistent clinical outcomes suggest the need for further
optimization of radiotherapy dose, fractionation schemes,
and timing relative to immunotherapy.'*>'s*

Combination strategies of targeted therapy and
immunotherapy offer novel treatment options for
patients with bone and soft-tissue sarcomas. Clinical
evidence indicates significant differences in response
characteristics across treatment regimens: some patients
respond poorly to chemotherapy and targeted therapy
but respond favorably to immunotherapy.'* Notably,
in the adjuvant setting for melanoma, combining
targeted therapy with immunotherapy may reduce
pathological complete response rates, suggesting the
need for careful evaluation of the long-term benefits of
this combination.'®® At present, explored combination
regimens include the pairing of anti-angiogenic targeted
agents with ICIs, as well as the synergistic use of targeted
drugs targeting specific signaling pathways alongside
immunotherapy.'®'”  However, targeted therapies
may alter the TME and influence immunotherapy
efficacy, necessitating further research to elucidate their
mechanisms of interaction.'s®

Multimodal combination therapy represents the latest
advancement in immunotherapy for bone and soft-tissue
sarcomas. Preclinical studies indicate that peroxisome
proliferator-activated receptor o agonists exert dual
effects in modulating the TME, potentially enhancing the
efficacy of targeted therapy and radiotherapy; however,

their interactions with immunotherapy require further
investigation.””® At present, explored triple-combination
regimens include the integration of stereotactic body
radiotherapy, immunotherapy, and targeted therapy,
with early o-fetoprotein changes potentially serving as
a prognostic indicator for this treatment approach.' In
addition, a triple-targeted combination of image-guided
radiotherapy, targeted o therapy, and antibody-targeted
interleukin-2 immunocytokine therapy has demonstrated
potential advantages.'® Optimizing these multimodal
treatment regimens requires consideration of treatment
sequencing, dose intensity, and personalized biomarker-
guided strategies."**'"°

4.4. Progress in the development of therapeutic
vaccines

4.4.1. Personalized design strategies for neoantigen
vaccines

The development of therapeutic vaccines for sarcomas is
still in its nascent stages. Consequently, current strategies
and preclinical models are frequently extrapolated from
advances in other malignancies where vaccine platforms
have shown greater maturity, such as melanoma and
pancreatic cancer. At present, two main forms of vaccines
are being studied: dendritic cell vaccines pulsed with
TAAs, including proteins, peptides, or tumor lysates,
and protein or peptide adjuvant vaccines. These different
immune mechanisms may yield distinct therapeutic effects,
particularly in highly heterogeneous bone and soft-tissue
sarcomas.*®!”! Development of mRNA tumor vaccines for
soft-tissue sarcomas has begun to explore potential tumor
antigens and to stratify patients through immune subtype
analysis, providing a basis for personalized treatment.'”

4.4.2. Cross-subtype application of TAA vaccines

Cancer vaccines composed of TAAs and adjuvants
suppress tumor growth by inducing the proliferation
of TAA-specific cytotoxic T lymphocytes. However, the
therapeutic efficacy of such vaccines is highly dependent
on the characteristics of the TME."” In sarcomas, the
cross-subtype application of TAA vaccines faces significant
challenges, primarily due to the pronounced heterogeneity
of the sarcoma stromal microenvironment. Previous
studies have explored mucin 1 glycopeptides as TAAs,
combined with o-galactosyl ceramide adjuvants and gold
nanoparticle carriers in vaccine designs, demonstrating
tumor growth inhibition in animal models."”* In addition,
tumor-associated carbohydrate antigen vaccines, which
encapsulate the TLR-9 agonist CpG oligodeoxynucleotide
adjuvants in Tn antigen-modified liposomes, demonstrate
strong binding affinity to anti-Tn-specific antibodies.'*°
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4.4.3. Inmunostimulatory efficacy of vaccine-
adjuvant combinations

Adjuvants play a key role in regulating and enhancing
antigen-induced immune responses. In sarcoma vaccine
development, Brucella luminescent synthase, a decameric
protein with delivery and adjuvant properties, has been
explored as an antigen delivery system.'”” Studies have
shown that constructing vaccines by co-presenting
o-galactosyl ceramide adjuvants with antigens on gold
nanoparticles significantly enhances antitumor efficacy.'”
In addition, TLR4 ligands have demonstrated great
potential as adjuvants for dendritic cell vaccines.””® A
novel three-in-one protein-conjugated vaccine strategy
covalently linking a small-molecule TLR7 agonist
adjuvant with the mucin 1 TAA offers a new approach
to overcoming immune tolerance.””” The combination of
adenovirus-encoded adjuvant with adenovirus-encoded
antigen vaccines has also been shown to enhance immune
responses to tumor antigens.'”®

5. Challenges and future directions
5.1. Current challenges

5.1.1. Suppressive tumor immune microenvironment
and low immunogenicity in bone and soft-tissue
sarcomas

The immunosuppressive TME of bone and soft-
tissue sarcomas is a key factor limiting the efficacy of
immunotherapy. The TMEis rich in pro-tumor cells, such as
myeloid-derived suppressor cells, and immunosuppressive
mediators, which hinder the immune system’s ability
to effectively recognize and eliminate tumor cells.”
Such microenvironments significantly reduce treatment
response rates, as exemplified by the low immunogenicity
of the TME in osteosarcoma, which leads to poor efficacy
of ICIs.'” In soft-tissue sarcomas, the heterogeneity of the
immune microenvironment also restricts immunotherapy
efficacy to specific subtypes, such as non-adipocytic soft-
tissue sarcomas.'®

Compounding the effects of the suppressive TME,
bone and soft-tissue tumors frequently exhibit low
immunogenicity and heterogeneous antigen expression.
Tumor antigens are often inadequately expressed or
lack sufficient specificity, thereby failing to elicit a
robust antitumor immune response. Although certain
TAAs—including cancer/testis antigens (CTAs) such
as MAGE-A4, PRAME, and MAGE-Al—are highly
expressed in subtypes such as UPS and osteosarcoma,
making them potential targets, inter-subtype variability
in their expression levels limits the broad applicability of
immunotherapy.*>'® Insufficient antigen specificity also

leads to poor persistence and limited efficacy of targeted
therapies such as CAR-T cell therapy.'*

5.1.2. Therapeutic resistance and low response rates

Sarcoma immunotherapy exhibits significant therapeutic
resistance, with low response rates and short PFS in
patients with metastatic or recurrent osteosarcoma.'”” The
suboptimal eflicacy of ICIs (e.g., PD-1/PD-L1 blockers)
is associated with complex resistance mechanisms,
including heterogeneous activation of the PD-1/PD-L1
signaling pathway and immune escape mechanisms.'®
Although multi-kinase inhibitors (e.g., regorafenib) have
demonstrated clinical benefits in non-adipocytic soft-
tissue sarcomas and osteosarcomas, overall response rates
remain inconsistent, and recurrence rates are high.'®

5.1.3. Disease heterogeneity and subtype-specific
limitations

The immunobiological characteristics of sarcoma subtypes
(e.g., osteosarcoma, SS, and UPS) vary substantially,
leading to heterogeneous treatment responses. ICIs
are effective for soft-tissue sarcoma subtypes with high
PD-LI expression, but demonstrate poor overall efficacy
in osteosarcoma.’®'”>!8 High-risk clinical features, such as
lung metastasis, further reduce treatment feasibility.'*

5.1.4. Challenges in clinical translation

Current immunotherapy strategies remain largely at the
preclinical or early clinical trial stage, with alack of large-scale,
randomized clinical validation. CAR-T cell therapy and tumor
vaccines show promise in osteosarcoma models but continue
to face limitations, including limited in vivo persistence and
treatment-related toxicities.'*? Immunotherapy for soft-tissue
sarcomas requires optimization of patient selection criteria
to improve response rates.'®

5.2. Future research directions
5.2.1. Histotype-specific precision trial design

The significant disease heterogeneity of bone and soft-
tissue sarcomas represents a core challenge in therapeutic
development. Traditional “pan-sarcoma” clinical trial
designsoftenobscurethesubstantial differencesintreatment
response across distinct histological subtypes, leading to
potentially effective therapies being deemed ineffective in
the overall population. Future drug development should
focus on histotype-specific approaches, as exemplified by
the successful application of regorafenib in non-adipocytic
soft-tissue sarcoma, and move away from pan-sarcoma
trial designs.'"® Molecular characteristics such as TLS
density and specific gene fusions (e.g., SSI8-SSX) can be
used as stratification factors to improve trial population
homogeneity.
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5.2.2. Novel targets and TME reprogramming

The highly immunosuppressive TME in bone and soft-
tissue sarcomas represents a major bottleneck that
limits the efficacy of immunotherapy. To reverse this
suppressive state, future research should focus on two
parallel strategies: (i) identifying novel therapeutic targets
using high-throughput technologies to enable precision
intervention and (ii) developing synergistic therapies that
directly reprogram the TME.

Bioinformatics analysis based on tumor genomics
and the TME can identify novel immune targets (such
as CTAs like MAGE-A4 and PRAME) and cell surface
antigens, thereby guiding personalized immunotherapy
strategies.’®"!¥” Given subtype-specific differences in CTA
expression profiles, the development of multi-antigen-
targeted vaccines (e.g., MAGE-A4+PRAME) or bispecific
antibodies holds promise. Combining patient-specific
TME characteristics (e.g., PD-1/PD-L1 expression-based
stratification) with customized treatment plans represents
a core strategy for overcoming tumor heterogeneity.”

Concurrently, research should focus on targeting
inhibitoryfactorswithinthe TME (e.g., transforminggrowth
factor 3) or combining TME modulators (e.g., cytokine-
based therapies) to enhance immune cell infiltration and
function. In osteosarcoma, there is an urgent need to
develop strategies that regulate TAMs or restore T-cell
function to reverse immunosuppression.”” In soft-tissue
sarcomas, targeting abnormal interactions between tumor
cells and stromal cells is essential to optimize therapeutic
responses.'” Collectively, these reprogramming strategies
aim to transform “cold” tumors into “hot” tumors that are
more responsive to immunotherapy, thereby unlocking the
immune system’s full anticancer potential.

5.2.3. Optimization of combination therapies

Monotherapy with immunotherapy often demonstrates
limited efficacy in bone and soft-tissue sarcomas due
to primary or acquired resistance. The mechanisms
underlying this resistance involve multiple factors,
including  heterogeneous expression of immune
checkpoint molecules, infiltration of immunosuppressive
cells, and defects in antigen presentation. To overcome
these limitations, combination therapy strategies
based on synergistic mechanisms have emerged as a
central approach. In osteosarcoma, given its highly
immunosuppressive microenvironment, a recommended
strategy involves combining CAR-T cell therapy with
immune checkpoint blockade to overcome resistance.'®
This approach aims to alleviate T-cell suppression through
ICIs, thereby enhancing the in vivo persistence and
cytotoxic activity of CAR-T cells. In soft-tissue sarcomas,

targeting specific resistance mechanisms, such as activated
signaling pathways or epigenetic modifications, with
corresponding targeted agents has been demonstrated to
significantly improve treatment response rates.'s®

5.2.4. Biomarker development and predictive
modeling

The successful translation of effective immunotherapy
strategies into clinical practice hinges on the ability to
accurately identify patients’ special antigens or biomarkers.
Therefore, establishing a biomarker system based on
multidimensional genomic and TME features is essential for
achieving precise prediction of immunotherapy response. For
instance, large-scale databases such as The Cancer Genome
Atlas can be leveraged to identify potential therapeutic targets
or prognostic markers (e.g., specific gene expression profiles)
in soft-tissue sarcomas.”>"® In parallel, in osteosarcoma,
TME-related markers—such as the infiltration of specific
immune cell lineages—have been developed for patient
stratification and treatment response monitoring."”

To achieve in-depth  analysis of massive
multidimensional datasets, artificial intelligence (AI)
and machine learning technologies are playing an
increasingly vital role. Al-driven stratification strategies
integrate genomics, transcriptomics, pathological imaging
(radiomics), and clinical information to construct highly
accurate predictive models. This integrated analysis
helps uncover novel therapeutic targets and enables
early prediction of long-term efficacy through dynamic
biomarkers (e.g., circulating tumor DNA clearance rate),
thereby providing a basis for timely treatment adjustment.
Ultimately, this advances immunotherapy for bone and
soft-tissue sarcomas toward a truly personalized era.

6. Discussion

This review highlights the marked histological subtype-
specific efficacy of immunotherapy in bone and soft-tissue
sarcomas. As presented in Table 1, ICIs have achieved
breakthrough efficacy in subtypes such as ASPS and UPS,
with ORRs reaching approximately 40%, yet demonstrate
minimal efficacy in osteosarcoma, SS, and liposarcoma.?®'*’
This dichotomy stems from fundamental differences
in TMB, antigen presentation machinery, and immune
cell infiltration patterns across subtypes.”*®'*" Emerging
evidence from sarcoma clinical trials suggests the potential
of combination therapies to significantly enhance efficacy.
For instance, a phase II study in soft-tissue sarcoma by
Liu et al.® reported that the combination of the PD-L1
inhibitor TQB2450 with the anti-angiogenic agent
anlotinib yielded promising activity, with clinical benefit
that compared favorably with historical outcomes reported
in prior checkpoint inhibitor trials."”” This underscores
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the potential of such strategies while illustrating the need
for histotype-specific validation, as responses can vary
significantly."!

The primary impediments to broader success are deeply
rooted in the TME. First, the dominance of myeloid-derived
suppressor cells and M2-polarized TAMs establishes a
powerfully immunosuppressive milieu, secreting factors
like transforming growth factor 3 and interleukin-10 that
impair cytotoxic T-cell function.'”** Second, a critical lack
of effective antigen targets plagues these malignancies.
Sarcomas generally possess alow TMB, limiting neoantigen
generation, while the expression of CTAs like MAGE-A4
and PRAME is heterogeneous and not ubiquitous.'$:%
This antigenic paucity undermines strategies dependent on
T-cell recognition, including CAR-T therapy and cancer
vaccines.'” Third, extensive stromal fibrosis and a dense
extracellular matrix create a physical barrier that excludes
immune cells from the tumor core, while also contributing
to drug resistance.” These barriers are not independent;
they form a synergistic alliance that promotes immune
evasion and limits drug penetration.

To address these limitations, future research must pivot
toward innovative combination strategies and cutting-edge
technologies. The limited efficacy of ICI monotherapy, as
depicted in Figure 5, necessitates rational combinations
that simultaneously target multiple resistance pathways.
Notably, the combination of ICIs with anti-angiogenic
agents like anlotinib has demonstrated synergistic
effects, potentially by normalizing dysfunctional tumor
vasculature and enhancing T-cell infiltration."*’

Beyond pharmacologic combinations, emerging
technological frontiers offer transformative potential.
Nanotechnology provides a versatile platform for TME
reprogramming; for instance, nano-delivery systems
carrying Mg* and anti-PD-L1 antibodies have shown
promise in osteosarcoma models by simultaneously
inducing immunogenic cell death and promoting bone
regeneration.®' The application of AT and machine learning
isincreasingly demonstrating utilityin deciphering sarcoma
heterogeneity. For example, a recent bioinformatics study
leveraging The Cancer Genome Atlas sarcoma data
employed machine learning to construct an mé6A-related
metabolic classification system with distinct prognostic
value." Similarly, radiomics analyses of sarcomas are
exploring Al-based models to predict treatment response
and patient outcomes.'® These early applications highlight
the potential of Al to move beyond single biomarkers
and integrate multi-omics data for improved patient
stratification in future sarcoma trials. By integrating
multi-omics data (e.g., genomics, transcriptomics) with
radiomics and clinical outcomes, Al can identify predictive

biomarkers, define novel immune subtypes, and guide
personalized treatment selection, moving beyond the
inadequacy of single biomarkers like PD-L1.22'¥

Furthermore, spatial transcriptomics can map the
precise topological relationships between immune cells
and tumor cells within the TME, revealing spatial patterns
of immune exclusion and identifying new stromal targets.**
These technologies will be instrumental in developing the
next generation of biomarker-driven, histotype-tailored
clinical trials, which are essential for avoiding the failures
of past “pan-sarcoma” study designs.'® In the realm of cell
therapy, overcoming the suppressive TME is paramount.
Strategies such as engineering CAR-T cells to express
chemokine receptors matching the tumor’s chemokine
profile (e.g., B7-H3-targeted CAR-T cells) can improve
homing to immunosuppressive sites.'**"” Similarly,
combining CAR-T or TCR-T therapy with ICI blockade
may be necessary to reverse T-cell exhaustion and enhance
persistence within the sarcoma TME.'*

7. Conclusion: Summary and future
perspectives

Immunotherapy has introduced a paradigm shift in the
management of bone and soft-tissue sarcomas, yet its
promising potential remains constrained by significant
histotype-specific limitations. The path forward hinges
on a concerted, multidisciplinary effort to address the
core biological barriers, including myeloid cell-dominated
immunosuppression, antigen scarcity, and stromal fibrosis,
that characterize the “cold” sarcoma TME. The future of
sarcoma treatment lies not in seeking a universal magic
bullet, but in leveraging advanced technologies like
nanotechnology for targeted drug delivery and immune
modulation, AI for data-driven patient stratification, and
spatial biology for deep TME profiling. By prioritizing
histology-driven clinical trials and fostering collaboration
across oncology, immunology, bioengineering, and
computational biology, the field can move toward the
ultimate goal of convertingimmunologically inert sarcomas
into therapy-responsive malignancies, thereby delivering
durable and transformative outcomes for patients.
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