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Abstract: Sarcoma, a heterogeneous group of malignancies arising from mesenchymal tissues, poses significant clinical challenges 
due to its aggressive behavior, early metastasis, and resistance to conventional therapies. Recent advancements highlight the pivotal 
role of extracellular vesicles (EVs)—nanoscale particles secreted by tumor and stromal cells—in modulating sarcoma progression 
through intercellular communication within the tumor microenvironment. This review comprehensively examines the multifaceted 
functions of EVs in sarcoma pathogenesis, focusing on their subtype-specific mechanisms (eg, osteosarcoma, liposarcoma) in 
promoting epithelial-mesenchymal transition (EMT), angiogenesis, and immune evasion. Additionally, we discuss the emerging 
potential of EVs as non-invasive biomarkers for early diagnosis and prognosis, as well as their engineered applications in targeted 
drug delivery and immunotherapy. By integrating cutting-edge research, this article underscores the translational value of EVs in 
overcoming current therapeutic limitations and provides a roadmap for future investigations into EV-based precision strategies for 
sarcoma management. 
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Introduction
Sarcoma, a malignant tumor originating from mesenchymal tissues (eg, bone, cartilage, fat, muscle, and blood vessels), 
accounts for approximately 1% of adult malignancies and 15% of pediatric cancers.1 Based on histological origins, 
sarcomas are classified into subtypes such as osteosarcoma, liposarcoma, rhabdomyosarcoma, Kaposi’s sarcoma, and 
Ewing sarcoma, exhibiting complex biological behaviors and significant heterogeneity.2 Despite surgical resection 
combined with radiotherapy and chemotherapy remaining the primary treatment modalities, the high invasiveness, 
early metastatic propensity, and chemotherapy resistance of sarcomas have led to stagnant 5-year survival rates, 
particularly in patients with advanced or metastatic disease.3 Furthermore, the toxicity of conventional therapies to 
normal tissues and postoperative recurrence underscore the urgent need for novel precision therapies.

In recent years, the role of the tumor microenvironment (TME) in sarcoma progression has emerged as a research 
focus. As key mediators of intercellular communication within the TME, extracellular vesicles (EVs)—carrying bioactive 
molecules such as proteins, nucleic acids, and lipids—have been identified as critical regulators of tumor growth, 
metastasis, angiogenesis, and immune evasion.4 Studies demonstrate that EVs secreted by sarcoma cells can remodel 
stromal cell functions by transferring oncogenic miRNAs (eg, miR-21, miR-135b), thereby promoting tumor invasion.5,6 

Simultaneously, EV-specific surface markers (eg, CD63, CD9) offer potential non-invasive biomarkers for sarcoma 
diagnosis and prognosis.7,8 Additionally, engineered EVs loaded with chemotherapeutic agents or targeting molecules 
exhibit promise as “natural nanocarriers” to overcome tumor barriers and enhance therapeutic precision.9 However, the 
precise mechanisms of EVs in sarcomas, subtype-specific functions, and clinical translation remain largely unresolved.
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The evolving landscape of EV research in sarcoma therapy has witnessed several key milestones over the past 
decades (Figure 1). Extracellular vesicles were first described as early as 1967, referred to as “platelet dust” and linked to 
physiological processes such as bone mineralization and coagulation.10 Follow-up research in the 1990s revealed their 
significant regulatory roles within the immune system.11 Research specific to sarcomas began to emerge in the late 2000s, 
with initial studies focusing on the basic characterization of sarcoma-derived EVs and the identification of exosome- 
associated proteins in secretory factors from murine dendritic cell sarcoma (DCS).12 By the 2010s, investigations 
expanded to uncover the functional roles of EVs in sarcoma metastasis, drug resistance, and immune evasion. For 
example, seminal studies around 2011 demonstrated that EVs from osteosarcoma cells could promote pulmonary 
metastasis via miRNA transfer.13 During the latter half of the 2010s, EV-based biomarkers—such as miR-25-3p, PD- 
L1, and N-cadherin—were identified as promising diagnostic and prognostic tools in sarcoma.14,15 Most recently, from 
2020 onward, the field has increasingly shifted toward therapeutic applications, including the development of engineered 
EVs as drug delivery systems and EV-based vaccines, paving the way for future clinical trials.16,17

This review systematically summarizes the multifaceted roles of EVs in sarcoma pathogenesis, with a focus on molecular 
mechanisms in subtypes such as osteosarcoma and liposarcoma (eg, EMT regulation, angiogenesis activation). It also 
critically evaluates recent advances in EV-based diagnostic strategies and engineered therapeutic applications. By integrating 
cutting-edge research, this article aims to provide a comprehensive perspective on the complex EV network in sarcomas and 
establish a theoretical foundation for developing EV-centric precision diagnostic and therapeutic approaches.

Extracellular Vesicles
Extracellular vesicles (EVs) are heterogeneous membrane-bound particles secreted by diverse cell types, serving as 
critical mediators of intercellular communication by transporting functional cargos—including nucleic acids, proteins, 
and lipids—to recipient cells, thereby modulating physiological and pathological processes.18,19

Based on their biogenesis and cellular origin, EVs are classified into three major subtypes: exosomes (40–100 nm in 
diameter), which originate from the fusion of multivesicular bodies (MVBs) with the plasma membrane and are marked 
by tetraspanins, Alix, and TSG101; microvesicles (100–1000 nm), formed by outward budding of the plasma membrane 
and regulated by calcium-dependent enzymes and ARF6 signaling; and apoptotic bodies (50–5000 nm), released during 
late apoptosis and characterized by DNA-histone complexes.20–24 Exosome biogenesis involves the endosomal sorting 
complex required for transport (ESCRT), which regulates ubiquitinated protein sorting and intraluminal vesicle (ILV) 

Figure 1 Timeline of key milestones in extracellular vesicle research for sarcoma. The schematic illustrates the evolution from the initial discovery of EVs to their current 
application in sarcoma therapy, highlighting pivotal discoveries in biological mechanisms, diagnostic biomarker development, and the advent of engineered EV therapeutics. 
Created with BioRender.com. 
Abbreviation: EV, Extracellular vesicle.
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formation, though alternative pathways, such as plasma membrane budding in T cells, have also been proposed.25–30 

Microvesicle generation, in contrast, relies on calcium-triggered scramblase activation and ARF6-mediated molecular 
loading.31–33 This structural and mechanistic diversity underpins the functional versatility of EVs in physiological and 
pathological contexts.

EVs exert their biological roles through the selective transfer of molecular cargo. They encapsulate nucleic acids (eg, 
miRNA, mRNA, mtDNA), proteins (eg, kinases, integrins, Rab GTPases), and lipids, which are shielded from degrada
tion and delivered to target cells.34–39 Notably, EVs carry oncogenic molecules such as PD-L1 and tumor-promoting 
receptors, enabling immune evasion and angiogenesis in cancer.40,41 Their protein cargo also includes metabolic enzymes 
(eg, GAPDH), cytoskeletal components (eg, actin), and chaperones, which regulate cellular homeostasis and survival.35– 

37 Crucially, the functional impact of EVs depends on their origin—such as tumor-derived “oncosomes” or platelet- 
derived EVs—and the physiological state of parent cells, positioning them as dynamic biomarkers and therapeutic targets 
in diseases like cancer.21,22

To unravel these functional roles, robust isolation methods are essential. Current techniques prioritize balancing 
purity, yield, and scalability. Differential ultracentrifugation (dUC), the traditional gold standard, separates EVs based on 
size and density but risks aggregation or membrane damage.42–44 Refinements like density gradient ultracentrifugation 
(DGUC) improve specificity by leveraging buoyant density differences, while size-exclusion chromatography (SEC) 
offers a gentler, non-destructive alternative.45–47

Tangential flow filtration (TFF) has gained attention as a scalable and efficient method that uses recirculating flow 
across a membrane to separate EVs based on size while minimizing fouling and preserving vesicle integrity. TFF is 
particularly advantageous for processing large volumes, such as cell culture supernatants or plasma, and offers high yield 
and reproducibility, making it suitable for both research and clinical-scale applications.48,49 However, it may require 
additional purification steps to achieve high purity due to potential co-isolation of similarly sized particles.49

Immunoaffinity-based methods, such as antibody-coated magnetic beads, achieve superior purity by targeting surface 
markers (eg, CD63)—a strategy directly informed by EVs classification studies—but are limited by the lack of universal 
markers and low recovery rate.50–52 Emerging technologies, like Lucia Casadei’s microfluidic device combining size- 
based filtration and immunoaffinity capture, show promise for clinical applications but require optimization for complex 
biofluids.53 Together, these evolving methodologies highlight the interplay between EVs biology and technological 
innovation, driving advancements in both basic research and translational medicine.

The Role of Extracellular Vesicles in Tumor
Extracellular vesicles (EVs) exhibit spatiotemporal heterogeneity driven by pathological and microenvironmental cues, 
with cancer patients showing a 2-fold elevation in circulating EVs (~4000 trillion) compared to healthy individuals 
(~2000 trillion).54 However, not all cancer types show consistently elevated levels of circulating EVs, a discrepancy 
attributed to substantial inter-cancer heterogeneity in EVs biogenesis and secretion mechanisms, as well as technical 
variations in EVs isolation and characterization methods.55–57 For instance, studies employing different isolation 
techniques (ultracentrifugation vs precipitation-based kits) have reported conflicting results regarding EVs abundance 
in certain malignancies like prostate and ovarian cancer.58,59 This methodological dependency underscores the need for 
standardized protocols in EVs research.

Tumor extracellular matrix (ECM) stiffness amplifies EV secretion via mechanosensitive pathways: Akt/Rab8 
activation in breast cancer and YAP/TAZ-THBS1 signaling in other malignancies coordinate matrix metalloproteinase- 
dependent EV release.60,61 EV biodistribution favors liver, spleen, and lungs, governed by membrane composition (eg, 
CD44 in gastric/pancreatic cancers) that mediates metastasis and immune evasion.62–64 Hypoxia and therapy-induced 
stress further enhance EV secretion, exemplified by irradiated esophageal cancer EVs conferring radioresistance via 
cyclin B1/CDK1-mediated cell cycle arrest and PI3K/AKT/FOXO3A survival signaling.65,66

EVs orchestrate tumor-stroma crosstalk to initiate and sustain oncogenesis. Prostate and ovarian cancer-derived EVs 
convert fibroblasts into cancer-associated fibroblasts (CAFs), with aggressive variants (eg, SKOV3 EVs) exhibiting 
superior CAF-activating capacity.67–69 Activated CAFs reciprocally secrete EVs that drive metabolic remodeling and 
proliferation, establishing a feedforward tumorigenic loop.69 Breast cancer EVs deliver Dicer, an miRNA-processing 
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enzyme, and CRISPR-mediated Dicer silencing in EVs attenuates tumor growth, directly linking EV cargo to oncogenic 
transformation.70 Leukemia-derived EVs activate NF-κB in macrophages, upregulating IL-8 to enhance gastric cancer 
invasiveness, while pharmacological NF-κB inhibition reverses these effects.71 Chronic myelogenous leukemia (CML) 
EVs stimulate bone marrow stromal cells to secrete IL-8, activating CXCR1/CXCR2 receptors on leukemia cells to 
perpetuate disease progression.72–74

Metastatic is critically regulated by EVs-mediated premetastatic niche formation. Melanoma-derived EVs prime 
sentinel lymph nodes through extracellular matrix remodeling and secretion of angiogenic factors such as VEGF, thereby 
establishing a permissive microenvironment for tumor cell colonization.75,76 In breast cancer, CD81-enriched EVs 
secreted by cancer-associated fibroblasts activate Wnt-planar cell polarity (PCP) signaling in malignant cells, enhancing 
metastatic spread.77 Horizontal transfer of metastatic potential is exemplified by Cre-LoxP tracking studies: highly 
aggressive tumor cells deliver Cre mRNA via EVs to less malignant counterparts, imparting migratory and invasive 
capabilities detectable through intravital imaging.78 Furthermore, colorectal cancer EVs drive persistent stromal repro
gramming of mesenchymal stem cells (MSCs), characterized by sustained proliferation, enhanced migratory activity, and 
heightened invasive capacity—effects that endure even following EV withdrawal.79

Emerging evidence highlights EVs’ dual roles as tumor promoters and potential therapeutic vehicles. While PD-L1+ 
breast cancer EVs propagate immune evasion,80 senescent stromal EVs upregulate ABCB4 to drive chemoresistance.81,82 

Conversely, EVs may deliver immunostimulatory cargo or be engineered (eg, CD44-targeted membranes, CRISPR- 
edited miRNAs) for precision therapy.83 Their functional duality, shaped by donor cell status and microenvironmental 
stressors, underscores the need for single-EV analyses to resolve context-specific roles.

The Functions and Mechanisms of Extracellular Vesicles in Sarcoma
Sarcoma, a highly heterogeneous malignancy originating from mesenchymal tissues, exhibits remarkable diversity in both 
biological behaviors and molecular profiles. This heterogeneity is reflected not only in complex driver genetic alterations— 
such as chromosomal translocations, fusion protein expression, and epigenetic dysregulation—but also in starkly contrasting 
clinical phenotypes, ranging from locally indolent growth to early systemic metastasis, and from chemosensitivity to therapy- 
resistant recurrence, with prognosis spanning extremes. For instance, certain sarcoma subtypes are defined by specific 
molecular events (eg, EWSR1-FLI1 fusion)84–86 that dictate malignant transformation pathways, while others rely on 
polygenic cooperative mutations (eg, TP53/RB1 mutations in osteosarcoma)87–90 or viral oncogenic factors (eg, HHV-8 in 
Kaposi sarcoma)91–93 to drive progression. Such diversity further extends to the dynamic interplay within the tumor 
microenvironment, exemplified by the functional divergence of extracellular vesicles (EVs): some sarcomas utilize EVs to 
deliver oncogenic non-coding RNAs to remodel distant organ microenvironments,87–90 whereas others exploit EV surface 
immune checkpoint molecules to evade immune surveillance, thereby promoting sarcoma progression and metastasis 
(Figure 2).91–94 In rhabdomyosarcoma, particularly the pleomorphic subtype (PRMS), EVs may contribute to early metastatic 
spread and poor prognosis through complex molecular events.95,96 The subtype-specific molecular hallmarks and clinical 
behaviors of sarcomas are summarized in Table 1, along with a preliminary outline of their distinct EV-mediated mechanisms. 
The following sections (4.1–4.5) will focus on the subtype-specific mechanisms of EVs in sarcomas.

Extracellular Vesicles in Liposarcoma
Liposarcoma (LPS), the most prevalent histological subtype of soft tissue sarcomas, comprises four distinct entities: well- 
differentiated (WDLPS), dedifferentiated (DDLPS), myxoid/round cell (MRC), and pleomorphic LPS. Among these, 
DDLPS exhibits particularly aggressive clinical behavior characterized by frequent local recurrence and distant 
metastasis.94 Emerging research highlights the pivotal role of extracellular vesicles (EVs) in mediating the interplay 
between liposarcoma cells and their microenvironment, with recent studies focusing on two key mechanisms: oncogenic 
miRNA-mediated crosstalk and systemic delivery of tumor-promoting cargo.

A hallmark of LPS pathogenesis is the secretion of EVs enriched with miR-25-3p and miR-92a-3p, which orchestrate 
tumor progression through dual microenvironmental modulation. These exosomes are selectively packaged by LPS cells 
and internalized by tumor-associated macrophages (TAMs), triggering TLR7/8-dependent activation that drives IL-6 
secretion.97,109 The resulting pro-inflammatory cascade not only enhances cancer cell proliferation and invasion but also 
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establishes a feedforward loop sustaining malignant transformation of adipose tissue.97 Concurrently, miR-25-3p exerts 
additional oncogenic effects by suppressing preadipocyte differentiation via NF-κB pathway inhibition and promoting 
angiogenesis through vascular permeability alterations, thereby remodeling the stromal landscape to favor tumor 
growth.110,111 Notably, the stability and tumor-specific enrichment of these exosomal miRNAs position them as promis
ing liquid biopsy biomarkers for detecting subclinical recurrence before radiological progression.97

The microenvironmental reprogramming capacity of LPS-derived EVs is further exemplified in DDLPS, where 
exosomes deliver oncogenic MDM2 DNA and other molecular cargo to adjacent stromal cells.98 Upon internalization 
by preadipocytes, these vesicles induce malignant transformation through coordinated p53 pathway suppression and 
MMP2 upregulation, effectively enhancing recipient cell proliferation and migratory potential.98 This systemic delivery 
mechanism underscores the dual role of DDLPS-EVs as both local signaling mediators and systemic metastasis 
facilitators.

Collectively, these findings establish that liposarcoma-derived extracellular vesicles (EVs) function as pleiotropic 
regulators of tumor progression, exerting their effects via miRNA-mediated immunomodulation, stromal remodeling, and 
systemic dissemination of oncogenic cargo. The integration of these pathways underscores EV-driven intercellular 
communication as a pivotal therapeutic vulnerability in liposarcoma, with heightened relevance in the clinically 
aggressive DDLPS subtype.

Figure 2 Roles of sarcoma-derived extracellular vesicles in tumor microenvironment, cancer progression and metastasis. Sarcoma-derived extracellular vesicles carry 
specific molecules, such as miR-675, S100A11, PD-L1, and miR-25-3p, which enable immune evasion, activate fibroblasts to remodel the tumor microenvironment, and 
collectively promote immunosuppression, matrix activation, and distant metastasis. Created with BioRender.com.
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Table 1 Classification, Key Features and EVs-Mediated Mechanisms of Major Sarcoma Subtype

Sarcoma Type Subtypes Molecular Hallmarks Clinical Behavior & Prognosis References EVs Mechanisms

Liposarcoma (LPS) 1. WDLPS 12q13-15 amplification 
MDM2 and CDK4 amplification

Indolent behavior 
Rare metastasis, local recurrence possible

[94] TAM activation (miR-25-3p);97 proliferation and migration (MDM2 
transfer)98

2. DDLPS High recurrence/metastasis risk 
Worse prognosis than WDLPS

3. MRC T(12;16)(q13;p11) translocation 
FUS–DDIT3/CHOP fusion

Intermediate prognosis 
Metastasizes to soft tissue/retroperitoneum

4. PLPS Complex molecular events Aggressive behavior 
High metastatic potential (lungs)

Ewing Sarcoma 
(EWS)

N/A T (11;22)(q24;q12) translocation 
EWSR1-FLI1 fusion (95% cases)

Aggressive bone tumor (children/adolescents) 
Metastatic to lungs/bone marrow

[84–86] Oncogene transfer;99 Cellular plasticity (CD99/miR-34a);100 

Immunosuppression101

Osteosarcoma (OS) N/A Complex karyotypes 
TP53/RB1 mutations

Rapid progression with lung metastasis Pre- 
chemotherapy mortality >90%

[87–90] Invasion and migration (miR-675);102 Immune evasion (PD-L1);103 

Chemoresistance (miR-143-3p)104

Rhabdomyosarcoma 
(RMS)

1.PRMS Complex molecular events Early metastasis 
poor prognosis

[95,96] Stromal reprogramming (miR-1246);105 Invasion (CD147)106

2. ERMS Loss of heterozygosity of 
chromosome 11p15.5

Better prognosis (young age)

3. ARMS PAX3-FOXO1 fusion 
PAX7-FOXO1 fusion

Poor response in metastatic disease

4. SRMS NCOA2 / VGLL2 fusions 
MyoD1 mutation

MyoD1 mutant poor

Kaposi Sarcoma (KS) 1. Classic KS HHV-8/KSHV infection 
Viral oncogenes (vFLIP, vGPCR) 

HIV infection

Cutaneous/visceral angiogenesis [91–93] Viral persistence (viral miRNA transfer);107 Immune evasion (IFI16/IL- 
1β)108

2. Endemic/ 
African KS

Strong invasiveness

3. Iatrogenic KS Correlated with the degree of immunosuppression

4. AIDS- 
associated KS

Aggressive course

Notes: Italic text indicates gene names or fusion transcripts; references cited in the table correspond to the reference list at the end of the article. 
Abbreviations: LPS, liposarcoma; WDLPS, well-differentiated liposarcoma; DDLPS, dedifferentiated liposarcoma; MRC, myxoid/round cell liposarcoma; PLPS, pleomorphic liposarcoma; EWS, Ewing sarcoma; OS, osteosarcoma; RMS, 
rhabdomyosarcoma; PRMS, pleomorphic rhabdomyosarcoma; ERMS, embryonal rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; SRMS, spindle cell/sclerosing rhabdomyosarcoma; KS, Kaposi sarcoma; HHV-8, human 
herpesvirus 8; KSHV, Kaposi sarcoma-associated herpesvirus; vFLIP, viral FLICE inhibitory protein; vGPCR, viral G protein-coupled receptor; HIV, human immunodeficiency virus; AIDS, acquired immunodeficiency syndrome; EVs, 
extracellular vesicles; TAM, tumor-associated macrophage.
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Extracellular Vesicles in Ewing Sarcoma
Ewing sarcoma (EWS), the second most common malignant bone tumor in children and adolescents, is molecularly 
defined by the EWSR1-FLI1 fusion oncogene resulting from the t(11;22)(q24;q12) translocation in 95% of cases.84–86 

Beyond its cell-autonomous oncogenic effects, emerging evidence highlights extracellular vesicles (EVs) as critical 
mediators of tumor progression through intercellular communication and microenvironmental reprogramming.

EWS-derived EVs carry unique molecular cargo, including the EWS-FLI1 transcript itself, which transfers oncogenic 
signals specifically between EWS cells to amplify tumorigenicity.84 Functional studies reveal these EVs are enriched in 
neurotransmitter signaling components and G-protein-coupled receptor pathway mRNAs, suggesting their role in 
sustaining a pro-tumorigenic state.99 Notably, CD99—a surface marker pivotal in EWS differentiation—modulates EV 
composition in a bidirectional manner.100,112 CD99-positive EVs deliver oncogenic miRNAs to drive tumor growth, 
while CD99-negative EVs exhibit elevated miR-34a and miR-199a-3p, which suppress NF-κB/AP-1 signaling to inhibit 
metastasis but paradoxically enhance neural differentiation and chemoresistance.100,112,113 This duality underscores EVs 
as context-dependent regulators of tumor plasticity.

The immunomodulatory role of EWS-EVs further complicates disease progression. Recent studies demonstrate that 
EV-packaged retrotransposon RNAs (eg, HSAT2/3) activate cGAS-TBK1 innate immune signaling, inducing proin
flammatory cytokine release while simultaneously suppressing dendritic cell maturation markers (CD80/CD86) and 
T-cell effector functions.101,114 This creates an immunosuppressive niche conducive to metastasis. Similarly, EV- 
mediated transfer of the lncRNA FOXP4-AS1 correlates with adverse clinical outcomes by reshaping the tumor immune 
microenvironment.115 These findings align with observations that EWS-EVs reprogram stromal fibroblasts into cancer- 
associated fibroblasts (CAFs) and expand myeloid-derived suppressor cells, collectively establishing a pro-metastatic 
ecosystem.116

Metastatic processes are further amplified by EV-driven heterogeneity. For instance, IGF2BP3—an RNA-binding 
protein selectively packaged into EWS-EVs—enhances migratory capacity by modulating PI3K/Akt signaling through 
miRNA redistribution.117 Clinically, elevated IGF2BP3 levels predict poor prognosis, emphasizing its role in EV- 
mediated metastatic spread.117 Together, these mechanisms illustrate how EWS-EVs orchestrate a complex crosstalk 
network, balancing oncogenic signaling, immune evasion, and stromal activation to fuel disease progression.

Extracellular Vesicles in Osteosarcoma
Osteosarcoma (OS), a malignant bone tumor arising from primitive mesenchymal cells, exhibits aggressive progression 
marked by early pulmonary metastasis, which historically accounted for over 90% of mortality prior to chemotherapy 
advancements.87–90 Extracellular vesicles (EVs) have emerged as central mediators of OS pathogenesis, dynamically 
coordinating tumor-stroma crosstalk to drive malignancy. OS-derived EVs transport functionally active miRNAs such as 
miR-21-5p and miR-148-5p, which suppress apoptosis-associated genes, while miR-675 enhances fibroblast invasiveness 
via CALN1 downregulation, collectively amplifying tumorigenic signaling.6,102,118 These EV cargoes exhibit metastatic 
selectivity, as evidenced by elevated miR-25-3p and miR-148a in circulating EVs from OS patients, whose levels 
correlate with tumor growth kinetics.14,119,120 Complementing miRNA-driven mechanisms, EVs transfer oncoproteins 
like urokinase plasminogen activator (uPA/uPAR), whose expression parallels pulmonary metastatic propensity.121 

Beyond direct tumor modulation, OS-EVs remodel the tumor microenvironment (TME) through dual stromal repro
gramming: COL6A1-enriched exosomes induce fibroblast-to-CAF transformation via IL-6/IL-7 secretion, activating 
TGF-β/COL6A1 cascades to enhance invasiveness,122 while H3K27ac-activated COL6A1 simultaneously suppresses 
STAT-mediated immunity and primes TGF-β-dependent CAFs to establish immune-evasive metastatic niches.122

The immunosuppressive effects of EVs further synergize with metastatic progression. Chemotherapy itself para
doxically fuels immune evasion, as doxorubicin-treated OS cells release EVs that activate IL-1β signaling to upregulate 
PD-L1, creating a checkpoint-enriched immunosuppressive milieu.103 Concurrently, EVs orchestrate pre-metastatic niche 
formation through myeloid cell hijacking: S100A11-containing EVs recruit granulocytic MDSCs to lungs,5 while 
Rab22a-NeoF1 fusion protein-loaded exosomes promote macrophage-dependent niche preparation via HSP90- 
dependent sorting, activating RhoA/STAT3 pathways to license metastasis.123 This immune subversion is compounded 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S557436                                                                                                                                                                                                                                                                                                                                                                                                 13765

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



by EV-mediated macrophage polarization, where Tim-3 or CD47 interactions skew macrophages toward pro-tumorigenic 
M2 phenotypes, effectively silencing antitumor M1 responses.124,125 Counteracting these mechanisms, therapeutic EVs 
from mesenchymal stem cells deliver miR-22 to suppress Twist1/CADM1 signaling, demonstrating potential to reverse 
tumor invasiveness.126

Within bone ecosystems, EVs exert context-dependent regulation of osteolytic and osteogenic processes. OS-derived 
exosomes armed with miR-501-3p exacerbate bone destruction by enhancing RANKL/NFATc1-driven osteoclastogenesis 
through PTEN suppression,127 while MNNG/HOS cell-derived EVs further impair bone integrity via anti- 
osteoblastogenic and pro-angiogenic effects.128 In contrast, osteoblast-derived exosomes counteract tumor growth by 
modulating the URG4/WIF1-Wnt axis to promote OS cell differentiation, offering a paradigm for differentiation 
therapy.129 This duality extends to chemoresistance mechanisms, where EVs act as molecular couriers for adaptive 
survival signals. Doxorubicin-resistant OS cells disseminate miR-143-3p via exosomes to confer chemoresistance in 
sensitive cells, with elevated exosomal levels predicting poor therapeutic outcomes.104 Similarly, BMSC-EVs transport 
lncRNA NORAD to enhance OS aggressiveness through miR-30c-5p sponging,130 while miR-144-3p-enriched EVs 
inhibit ferroptosis via ZEB1 targeting, creating a pro-survival niche.131 Strategies targeting EV biogenesis show 
therapeutic promise, as IRF5-mediated suppression of EV secretion disrupts pre-metastatic niche formation and corre
lates with improved patient survival.132

Extracellular Vesicles in Rhabdomyosarcoma
Rhabdomyosarcoma (RMS), the most common pediatric soft tissue sarcoma, presents as two biologically distinct subtypes: 
embryonal (ERMS) and alveolar (ARMS), which differ markedly in clinical presentation and prognosis. Notably, the PAX3- 
FOXO1 fusion oncoprotein serves as a critical prognostic determinant, with its presence strongly correlating with unfavorable 
outcomes. While multimodal therapy achieves good responses in localized disease, metastatic RMS remains therapeutic 
recalcitrant a clinical challenge that underscores the urgent need to understand its molecular drivers.95,96

Emerging evidence implicates extracellular vesicles (EVs) as pivotal mediators of RMS progression through 
bidirectional tumor-stroma communication. Proteomic profiling of EVs from five RMS cell lines revealed 80 unique 
protein components, including previously unrecognized molecules like BMP1, CDKN2A, and ITGA7 that functionally 
converge on pro-metastatic processes such as tumor cell proliferation and invasion.133 This molecular repertoire is 
complemented by specific microRNA cargo: both ERMS and ARMS-derived EVs consistently carry miR-1246 and miR- 
1268, which directly induce migratory and invasive phenotypes in stromal fibroblasts and endothelial cells.105

Transmembrane proteins play critical roles in EV-mediated pathological processes in rhabdomyosarcoma (RMS). 
CD147, which is highly expressed in RMS cells and their secreted exosomes, promotes tumor cell invasion through 
autocrine signaling. Additionally, CD147 facilitates stromal fibroblast activation via exosome-mediated paracrine com
munication, as evidenced by studies showing that CD147 knockdown reduces RMS cell invasion by over 50% in vitro.106 

Recent studies further identified CD147 as another transmembrane glycoprotein overexpressed in metastatic RMS. 
Exosomes carrying CD147 enhance tumor invasiveness by inducing fibroblast proliferation, migration, and invasion 
through intercellular signaling.106 The coordinated actions of CD147 through EV-mediated pathways underscore the 
importance of transmembrane proteins in regulating stromal interactions during RMS progression.

Extracellular Vesicles in Kaposi’s Sarcoma
Kaposi sarcoma (KS), an angioproliferative malignancy driven by human herpesvirus 8 (HHV-8/KSHV) infection, is character
ized by spindle cell proliferation and aberrant vascular formation.91,92 While classically presenting as cutaneous lesions, it 
exhibits visceral involvement in immunocompromised hosts such as HIV/AIDS patients, underscoring its dependence on 
immune dysregulation for progression.93 Emerging insights into extracellular vesicle (EV)-mediated intercellular communica
tion reveal their multifaceted roles in KSHV pathogenesis through viral persistence and immune modulation.

Central to this process is the KSHV-induced hyperproduction of EVs, mechanistically linked to viral upregulation of 
Rab27b—a key regulator of exosome biogenesis.134 This EV hypersecretion not only facilitates viral miRNA transfer but 
also delivers pro-survival factors to sustain infected cell viability and promote persistent infection.107 Paradoxically, 
while KSHV+ EVs lack direct infectivity, they orchestrate profound microenvironmental remodeling. Notably, excessive 
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mitochondrial DNA (mtDNA) expulsion via these EVs depletes intracellular mtDNA reservoirs, impairing mitochondrial 
antiviral signaling (MAVS) pathways and compromising host defense mechanisms.134 Concurrently, proteomic analyses 
reveal EV-mediated trafficking of viral lytic proteins that enhance endothelial cell motility while suppressing adhesion— 
a functional reprogramming that drives angiogenic dysregulation characteristic of KS lesions.135

The immunomodulatory payload of KSHV+ EVs further exemplifies viral hijacking of host machinery. BCBL- 
1-derived EVs carry IFI16, an inflammasome sensor paradoxically repurposed to cleave IL-1β, thereby subverting IL-1β- 
mediated inflammatory responses and establishing immune-tolerant niches.108 This immune evasion is synergized by 
KSHV-encoded viral miRNAs that reprogram recipient cell transcriptomes.134 Intriguingly, B cell-derived EVs from 
infected hosts exhibit selective enrichment of glycolytic enzymes, reflecting KSHV’s metabolic rewiring of host cells 
toward aerobic glycolysis—a hallmark of viral oncogenesis.136

Collectively, extracellular vesicles (EVs) deliver diverse molecular cargoes across sarcoma subtypes, modulating 
recipient cell phenotypes and enhancing tumor aggressiveness through multifaceted mechanisms (Figure 3). 
A comparative analysis further reveals that although EVs carry distinct cargoes in different sarcoma subtypes, they 
exhibit significant convergence in the pathogenic mechanisms (as summarized in Figure 3 and Table 1):

TME Reprogramming and Stromal Activation
A fundamental function of sarcoma-derived EVs is the education and activation of stromal cells to create a pro-tumorigenic 
niche. This is exemplified by osteosarcoma (OS)-EVs inducing fibroblast-to-CAF transformation via COL6A1/IL-6/IL-7 
signals,122 liposarcoma (LPS)-EVs activating tumor-associated macrophages (TAMs) via miR-25-3p/TLR7/IL-6 signaling,97 

Figure 3 The functions and mechanisms of extracellular vesicles in Sarcoma. Extracellular vesicles have several functions and mechanisms cross various types of sarcomas. 
Liposarcoma-derived EVs: Promote tumor cell survival and metastasis, Enhance vascular permeability and promote angiogenesis; Ewing sarcoma-derived EVs: Promotes 
tumor invasiveness and drugresistance, Inhibit neural differentiation and maintain undifferentiated stemness, Maintaining malignant signals in tumor cells; Osteosarcoma- 
derived EVs: Enhance the invasion and migration ability of cancer-associated fibroblasts (CAFs), Promote tumor metastasis, Promote tumor cell survival; 
Rhabdomyosarcoma-derived EVs: Promote tumor metastasis, Regulating tumor cell stemness and invasion ability, Enhanced tumor invasion; Kaposi’s sarcoma-derived 
EVs: Promotes viral persistence, Inhibit inflammatory response and escape innate immune surveillance, Supports tumor energy requirements. Portrayed by BioRender.com.
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and Ewing sarcoma (EWS)-EVs reprogramming fibroblasts and expanding myeloid-derived suppressor cells.116 Despite the 
distinct molecular triggers, the outcome is consistent: the creation of a supportive, reactive stroma that enhances tumor growth 
and invasion.

Metastatic Cascade Activation
EVs facilitate metastasis through pre-metastatic niche formation and enhancement of invasive potential. Osteosarcoma 
EVs carrying Rab22a-NeoF1 or S100A11 promote lung colonization by recruiting and educating myeloid cells,5,123 

paralleled by liposarcoma EVs that disseminate oncogenic MDM2 DNA to induce proliferative and migratory pheno
types in stromal cells.98 This mechanism is conserved in Ewing sarcoma, where EVs transfer IGF2BP3 to enhance cell 
motility via PI3K/Akt signaling.117

Immune Evasion
A common feature across sarcomas is EV-mediated immunosuppression. Osteosarcoma EVs upregulate PD-L1 following 
chemotherapy,103 while Kaposi sarcoma EVs exploit viral miRNAs and deliver IFI16 to cleave IL-1β, thereby subverting 
inflammatory responses.108,134 Ewing sarcoma EVs further impair dendritic cell maturation and suppress T-cell effector 
functions, illustrating a recurrent theme of EVs as vehicles for innate and adaptive immune suppression.101,114

Transfer of Oncogenic Drivers
EVs facilitate the horizontal transfer of oncogenic molecules that define or drive specific sarcomas. This is most striking in 
fusion-driven sarcomas: EWS-EVs can carry the EWSR1-FLI1 fusion transcript itself, amplifying oncogenic signals,84,86 

while OS-EVs transfer the Rab22a-NeoF1 fusion protein.123 In LPS, EVs deliver oncogenic miRNAs such as miR-25-3p.97 

This intercellular transmission amplifies oncogenic signaling and enhances tumor heterogeneity and adaptability.
In summary, EVs from diverse sarcoma subtypes drive malignant progression through a convergent set of mechan

isms, centered on reprogramming of the tumor microenvironment, initiation of the metastatic cascade, induction of 
immunosuppression, and intercellular transmission of oncogenic signals. This mechanistic unity not only offers an 
integrated perspective on EV function in sarcomas, but also suggests that targeting key steps in EV-mediated commu
nication—such as EV biogenesis, cargo loading, or receptor uptake—may represent a potential broad-spectrum ther
apeutic strategy applicable across multiple sarcoma subtypes.

Dual Roles of Extracellular Vesicles in Sarcoma: Tumor Promotion and Suppression
While the preceding sections have detailed the extensive pro-tumorigenic roles of sarcoma-derived EVs, a growing body of 
evidence underscores their functional duality, wherein EVs from specific sources can also inhibit sarcoma progression. This 
tumor-suppressive capacity primarily manifests through two mechanisms: the intrinsic anti-tumor properties of EVs 
derived from normal or engineered stromal cells, and the context-dependent cargo that can counteract oncogenic signaling.

A prominent mechanism involves EVs originating from mesenchymal stem cells (MSCs), such as those derived from 
bone (BMSCs) or adipose tissue (AD-MSCs). These EVs can deliver a repertoire of tumor-suppressive nucleic acids to 
sarcoma cells. In osteosarcoma (OS), BMSCs-EVs have been demonstrated to carry multiple inhibitory cargos. For 
instance, they transfer miR-206 into OS cells, which directly targets neurensin-2 (NRSN2), leading to the suppression of 
the ERK1/2-Bcl-xL pathway and consequent inhibition of OS cell malignant progression in vitro and in vivo.137 

Similarly, AD-MSCs engineered to secrete miR-101-enriched EVs effectively deliver this miRNA to OS cells. The 
delivered miR-101 directly targets BCL6, inhibiting cell invasion and migration in vitro and significantly reducing 
pulmonary metastasis in vivo, highlighting its therapeutic potential.138 Furthermore, circ-0000190, predominantly 
packaged into EVs from normal cells, can be transferred to OS cells. There, it acts as a competitive endogenous RNA 
(ceRNA) for miR-767-5p, thereby alleviating the suppression of TET1 and ultimately inhibiting malignant behavior.139 

Beyond OS, in Ewing sarcoma (EWS), BMSCs-EVs carrying the long non-coding RNA LINC00847 have been shown to 
inhibit the proliferation, migration, and invasion of EWS cells.140 These findings, complemented by reports of MSC-EVs 
delivering miR-22 to suppress the Twist1/CADM1 axis in OS,126 collectively demonstrate a broad tumor-suppressive 
role for MSC-derived EVs across sarcoma subtypes.
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Secondly, the functional output of EVs can be shifted toward tumor suppression by altering the molecular makeup of 
the parent sarcoma cell itself. A key example is observed in Ewing sarcoma. Proteomic analysis reveals that silencing the 
surface marker CD99 in EWS cells significantly alters the protein profile of their secreted EVs. EVs derived from CD99- 
low EWS cells carry a protein signature associated with inhibited migration and pro-immunostimulatory effects, thereby 
exerting an anti-tumor function upon transfer to recipient cells.100,113 This aligns with earlier findings that CD99-negative 
EWS cells secrete EVs enriched with miR-34a and miR-199a-3p, microRNAs that suppress the NF-κB/AP-1 pathway to 
inhibit metastatic behavior.112,113

Additionally, EVs from healthy stromal cells can inherently counteract sarcoma growth through distinct pathways. 
For example, osteoblast-derived EVs modulate the URG4/WIF1-Wnt signaling axis, promoting osteogenic differentiation 
of OS cells and suppressing their malignant phenotype, representing a natural defensive mechanism within the bone 
microenvironment.129

In summary, the role of EVs in sarcoma is not monolithic. Beyond being potent tumor promoters, EVs can function as 
vehicles for tumor-suppressive signals, either derived from normal/engineered tissues or reprogrammed from tumor cells 
themselves. Recognizing this context-dependent duality is critical for developing balanced EV-based diagnostic and 
therapeutic strategies, as the ultimate function of an EV is contingent upon its cellular origin, specific cargo, and the 
recipient cell environment.

Extracellular Vesicles in Sarcoma Diagnosis and Therapy
Extracellular vesicles (EVs) have attracted considerable interest for their potential as both tools and targets in sarcoma 
management, spanning diagnostic and therapeutic applications. Their contributions range from non-invasive biomarker 
discovery to serving a dual role as innate therapeutic agents/antitumor mediators and as intervention targets. Additionally, 
EVs are being engineered into sophisticated delivery systems for targeted therapy. The following section outlines key 
advances in these areas.

Extracellular Vesicles for Sarcoma Diagnosis and Prognosis
Extracellular vesicles (EVs), particularly exosomes, have emerged as pivotal mediators in sarcoma biology and clinical 
management. These nanoscale vesicles secreted by tumor and stromal cells carry tumor-specific biomolecules (proteins, 
miRNAs, DNA) that reflect dynamic changes in the tumor microenvironment (TME), offering unprecedented opportunities 
for minimally invasive diagnosis and prognostic stratification.141,142 The diagnostic power of EVs stems from their ability to 
encapsulate disease-specific molecular signatures. Proteomic analyses reveal that serum EV protein levels (eg, CD63, ENO-1) 
are significantly elevated in sarcoma patients compared to benign tumor cases and healthy controls, with distinct profiles 
enabling discrimination between osteosarcoma subtypes and metastatic states.8,15 Notably, sarcoma-derived EVs transport 
oncogenic drivers such as the Rab22a-NeoF1 fusion protein and its partner PYK2, which orchestrate pre-metastatic niche 
formation in osteosarcoma.124 Similarly, Ewing sarcoma-derived EVs exhibit unique surface markers like ENO-1, whose 
serum levels correlate with tumor burden and treatment response.143

Beyond protein biomarkers, EV-encapsulated nucleic acids provide exceptional specificity for molecular subtyping. 
Cross-sarcoma miRNA profiling reveals distinct expression patterns, with miR-335-5p upregulation in alveolar rhabdo
myosarcoma (ARMS) EVs marking advanced disease stages,144 and a 62-miRNA signature in Ewing sarcoma EVs 
detecting 80% of cases while identifying novel EWS-FLI1 translocation variants.100,145 DNA-based diagnostics further 
expand this potential, as evidenced by HSATI/HSATII repeats in osteosarcoma EVs achieving diagnostic AUC≥0.90 for 
early detection.146 These molecular findings are being translated into clinical practice through technological break
throughs in EV analysis.

Innovations like the “Click Beads” platform enable oncogenic mutation detection with 95% tissue biopsy 
concordance.147 Microfluidic innovations such as ZnO-nanorod chips allow simultaneous EV quantification and metas
tasis-associated vimentin detection in osteosarcoma,148 while partition-less digital immunoassays (μTIP-dELISA) 
achieve 97% diagnostic accuracy for Ewing sarcoma through multiplexed EV biomarker detection.149 Label-free 
techniques combining SERS and MALDI-TOF MS further enhance diagnostic precision by resolving cellular origin- 
specific EV signatures.150
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The dynamic nature of EV biomarkers further enhances their clinical utility in therapeutic monitoring. Chemotherapy 
induces measurable changes in EV cargo composition: metastatic osteosarcoma patients show altered exosomal KIT and 
SPRY4 protein levels post-treatment, while downregulation of specific EV proteins predicts immediate drug 
responsiveness.151 This temporal resolution capability, combined with minimally invasive sampling, positions EVs as 
real-time sentinels of treatment efficacy. Importantly, the integration of spatial information (through TME-derived 
molecular profiles) and temporal data (via longitudinal biomarker tracking) provides a multidimensional perspective 
on tumor behavior. By bridging molecular heterogeneity with clinical observability, EV-based diagnostics are redefining 
sarcoma management—from enabling early detection through subtype-specific signatures to guiding adaptive treatment 
strategies via dynamic biomarker surveillance.

Leveraging the Innate Properties of Extracellular Vesicles for Sarcoma Therapy
Beyond diagnostic applications, the inherent biological properties of extracellular vesicles (EVs) themselves offer 
multiple strategies for sarcoma therapy. Firstly, thanks to their excellent biocompatibility and low immunogenicity, 
even unmodified, natural EVs are being explored as efficient delivery systems for chemotherapeutic drugs. For instance, 
doxorubicin-loaded mesenchymal stem cell-derived EVs demonstrated enhanced uptake by tumor cells and reduced 
cardiotoxicity compared to the free drug in in vitro osteosarcoma models, achieving superior anti-tumor efficacy and 
safety.152 Additionally, a recent study established an optimal 3D culture system for antler reserve mesenchymal cells to 
produce EVs (3D-RM-EVs).153 3D-RM-EVs loaded with ifosfamide and etoposide significantly enhanced tumor 
suppression in an in vivo osteosarcoma model compared to chemotherapy drugs alone, while also reducing weight 
loss, highlighting the potential of natural EVs as drug delivery vehicles.153

Secondly, EVs derived from immune cells, such as dendritic cells, show great potential in activating anti-tumor 
immunity. Dendritic cell-derived exosomes (Dex) are enriched on their surface with MHC-peptide complexes, co- 
stimulatory molecules, and adhesion molecules, enabling them to efficiently present tumor antigens to T cells, thereby 
stimulating a specific cellular immune response.154,155 In an experimental fibrosarcoma model, the injection of tumor 
antigen-loaded Dex has been shown to inhibit tumor growth and establish long-term immune memory.156 This strategy 
lays the foundation for developing EV-based sarcoma vaccines.

Furthermore, given the critical role of tumor-derived EVs (TEVs) in sarcoma progression, metastasis, and immuno
suppression, targeting the EVs themselves has emerged as a novel therapeutic approach. Research indicates that sarcoma 
EVs mediate organotropic metastasis by expressing specific integrins (eg, integrin αvβ5), providing a molecular basis for 
interfering with their targeted delivery.35 More profoundly, Baglio et al revealed that osteosarcoma EV-educated 
mesenchymal stem cells (MSCs) were induced to produce interleukin-6 (IL-6), promoting tumor growth and lung 
metastasis. Blocking the IL-6 receptor with an antibody (tocilizumab) significantly reversed this tumor-promoting 
effect.157 Another study confirmed that the antibody drug bevacizumab could inhibit osteosarcoma angiogenesis and 
tumor growth in vitro and in vivo by targeting and suppressing the oncogenic lncRNA MIAT within EVs, thereby 
blocking its downstream miR-613/GPR158 signaling axis.158 Thus, neutralizing TEVs or inhibiting their cargo represents 
an innovative indirect therapeutic modality to disrupt tumor communication.

In summary, the innate properties of EVs themselves offer multiple promising strategies for sarcoma therapy. These 
include leveraging their features as efficient delivery systems for chemotherapeutic drugs to enhance efficacy and reduce 
toxicity; utilizing EVs derived from immune cells, such as dendritic cell-derived exosomes, to activate anti-tumor 
immunity, laying the groundwork for EV-based vaccines; and targeting tumor-derived EVs themselves or their harmful 
cargo to disrupt their roles in tumor progression, metastasis, and immunosuppression. Collectively, these approaches 
highlight the significant potential of multi-faceted EV-based therapeutic modalities in combating sarcoma.

Engineered Extracellular Vesicles for Sarcoma Therapy
Extracellular vesicles (EVs), particularly exosomes and engineered microvesicles (EMs), have emerged as versatile 
nanoplatforms for sarcoma therapy, leveraging their intrinsic biocompatibility, cell-targeting specificity, and capacity to 
overcome biological barriers. Building upon the foundational roles of native EVs, engineering strategies further augment 
their therapeutic potential by precision-loading of cargo and enhancing targetability. These engineered EVs are 
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increasingly designed to deliver therapeutic payloads—ranging from chemotherapeutics to nucleic acids—with enhanced 
precision to tumor microenvironments (TMEs). For instance, McNamara et al harnessed tumor-derived exosomes to 
encapsulate chemotherapeutic agents via miRNA scaffolding, achieving superior tumor targeting and drug accumulation 
compared to conventional liposomal systems, thereby suppressing tumor growth and angiogenesis in preclinical 
models.159 Similarly, Wei et al demonstrated that mesenchymal stem cell (MSC)-derived exosomes delivered doxor
ubicin to osteosarcoma cells via SDF1-CXCR4 axis-mediated homing, significantly enhancing antitumor efficacy while 
mitigating cardiotoxicity.160 These studies underscore the potential of EV-based drug delivery to improve therapeutic 
windows in sarcoma.

A critical advancement lies in the engineering of EVs for multimodal therapeutic effects. Engineered exosomes can 
simultaneously reverse chemoresistance and induce tumor-specific cell death pathways. For example, Du et al developed 
NGR peptide-modified cancer-associated fibroblast (CAF)-derived exosomes to deliver autophagy-promoting peptides, 
which circumvented osteosarcoma chemoresistance by activating autophagy-dependent ferroptosis.161 Complementary to 
this, bone-targeted exosome nanoparticles functionalized with SDSSD peptides were shown to trigger ferroptosis in 
osteosarcoma through Keap1/Nrf2/GPX4 pathway activation, characterized by ROS accumulation, Fe2+ aggregation, and 
lipid peroxidation.162 This dual-action strategy—targeting both drug resistance and cell death mechanisms—highlights 
the sophistication of next-generation EV therapeutics.

To further enhance tumor specificity, surface modification strategies have been widely adopted. Sasmita et al 
engineered folate-conjugated osteoblast-derived EVs to co-deliver HDAC1 siRNA and zoledronic acid, achieving precise 
targeting of osteosarcoma cells while overcoming chemoresistance.163 Similarly, Xin et al developed c(RGDyK)- 
modified exosomes for αvβ integrin-targeted delivery of lncRNA MEG3, which suppressed osteosarcoma proliferation 
and metastasis via miR-185-5p regulation.17 These modifications not only improve EV accumulation in tumors but also 
minimize off-target effects, a critical consideration for clinical translation.

Antiangiogenic therapy represents another promising application. Wang et al revealed that bevacizumab inhibits 
osteosarcoma angiogenesis by blocking serum EV-transferred MIAT and enhancing miR-613-mediated GPR158 
downregulation.158 In parallel, Yu et al engineered hepatocyte-derived small EVs (sEVs) loaded with VEGFR2- 
targeting siRNA, which outperformed the antiangiogenic drug apatinib in suppressing pulmonary metastatic 
osteosarcoma.164 Conversely, Palinski et al identified that sarcoma-derived EVs promote neovascularization by activating 
endothelial P2X4 receptors, suggesting that P2X4 blockade could synergize with EV-based antiangiogenic therapies.165

Recent studies have significantly advanced the frontiers of extracellular vesicle (EV)-based therapeutics for sarcoma, 
with notable progress spanning novel decoy approaches, production and engineering enhancements, and theranostic 
integrations. A prominent decoy strategy for osteosarcoma involves the use of saponin-treated, cargo-eliminated small 
EVs (CE-sEVs). Although oncogenic cargo is removed, these CE-sEVs retain their inherent lung fibroblast targeting 
capability.166 They function by competitively inhibiting the uptake of tumor-promoting osteosarcoma-derived EVs, 
thereby preventing pulmonary pre-metastatic niche formation and improving survival in preclinical models.166

In parallel, advancements in EV production and targeting have further enhanced their therapeutic potential. In drug 
loading, high-pressure homogenization has been used to encapsulate doxorubicin into MSC-derived small EVs (DXR- 
MSC-EVs), improving drug uptake efficiency and tumor toxicity while maintaining a favorable safety profile toward 
healthy cells.167 Three-dimensional culture of natural killer (NK) cells can increase EV yield, while modification with 
iRGD peptides enhances tumor-specific targeting. Additionally, a sequentially loaded EV system containing doxorubicin 
and the antitumor agent ABT-263 has been developed to induce senescence and clearance of osteosarcoma cells. This 
strategy effectively suppresses tumor growth and metastasis while reducing systemic toxicity.168 Another study devel
oped a microvesicles platform modified with Ephrin alpha 2 (EphA2)-targeted peptides (YSAYPDSVPMMS, YSA) and 
loaded with methotrexate. This system achieved precise drug delivery in an osteosarcoma model, significantly enhancing 
antitumor efficacy while minimizing side effects.169

Beyond these approaches, theranostic platforms are evolving to combine diagnosis and treatment in a single system. 
One innovative example is a platform integrating 124I-labeled bone marrow MSC EVs with CRISPR/Cas9 ribonucleo
proteins targeting KCNJ2. This 124I@EVs-Cas9 system permits in vivo tracking while simultaneously inhibiting 
osteosarcoma proliferation and metastasis via KCNJ2 suppression and HIF-1α ubiquitination-mediated degradation.170
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Despite these preclinical advances, challenges remain in scaling EV therapeutics for clinical use. Key limitations 
include optimizing isolation protocols, enhancing payload stability, and evading immune clearance.141 For instance, Chen 
et al demonstrated that exosomes loaded with rifampin (EXO-RIF) induce mitochondrial fission-mediated apoptosis in 
osteosarcoma, yet achieving consistent drug encapsulation efficiency remains technically demanding.171 Future research 
must prioritize mechanistic studies to elucidate EV-mediated signaling across sarcoma subtypes and refine engineering 
strategies for improved targeting and delivery.172

In summary, engineered EVs represent a transformative approach for sarcoma therapy, integrating drug delivery, 
resistance reversal, and microenvironment modulation (Figure 4). While early-phase clinical trials are pending, the 

Figure 4 Engineered extracellular vesicles for sarcoma therapy. Engineered extracellular vesicles are developed through payload loading (eg, drugs, nucleic acids) and surface 
modification (eg, ligands, antibodies) to achieve targeted delivery, reverse chemoresistance, inhibit tumor angiogenesis, and ultimately suppress tumor growth and metastasis 
in sarcoma. Created with BioRender.com.
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convergence of synthetic biology, nanotechnology, and tumor biology holds promise for translating these innovations into 
precision therapies for sarcoma patients.

Discussion
Extracellular vesicles (EVs) have emerged as pivotal mediators in sarcoma biology, orchestrating tumor progression, 
metastasis, and therapy resistance through dynamic intercellular communication. This review highlights the multifaceted 
roles of EVs across sarcoma subtypes, underscoring their capacity to transfer oncogenic cargo (eg, miRNAs, fusion 
proteins, and immune checkpoint molecules) to remodel the tumor microenvironment (TME), activate stromal cells, and 
suppress antitumor immunity. Subtype-specific mechanisms, such as osteosarcoma-derived EVs promoting pre- 
metastatic niche formation via Rab22a-NeoF1 fusion proteins or liposarcoma EVs driving immune evasion through 
miR-25-3p/TLR7 signaling, exemplify the heterogeneity of EV-mediated pathways in sarcoma pathogenesis.

The translational potential of EVs is twofold. First, their unique molecular signatures—enriched in tumor-specific proteins, 
nucleic acids, and surface markers—position EVs as promising non-invasive biomarkers for early diagnosis, prognosis, and 
real-time therapeutic monitoring. Innovations in EV isolation and analysis, including microfluidic platforms and multiplexed 
immunoassays, are accelerating their clinical adoption. Second, engineered EVs demonstrate remarkable versatility as 
targeted drug delivery systems, capable of overcoming chemoresistance, reversing immunosuppression, and suppressing 
metastasis through tailored cargo (eg, CRISPR-edited miRNAs, antiangiogenic siRNAs). However, challenges such as 
scalable production, payload stability, and immune clearance must be addressed to advance these therapies into clinical trials.

Future research should prioritize elucidating the context-dependent roles of EVs across sarcoma subtypes, leveraging 
single-EV profiling and spatial transcriptomics to resolve their functional heterogeneity. Additionally, interdisciplinary 
efforts integrating synthetic biology, nanotechnology, and tumor immunology will be critical to optimizing EV-based 
strategies for precision oncology. By bridging mechanistic insights with technological innovation, EV-centric approaches 
hold transformative potential to redefine sarcoma management, offering hope for overcoming the therapeutic limitations 
that have long plagued this aggressive disease.
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