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ABSTRACT: Melanoma is a highly lethal malignant skin tumor. While immune checkpoint therapy has
notably improved patient prognosis, formidable challenges, including drug resistance and immune-related
adverse events, remain unresolved. Small extracellular vesicles (sEVs), pivotal mediators of intercellular
communication, exert critical roles in melanoma immunoregulation and immune escape. This review
focuses on the immunomodulatory effects of sEVs derived from melanoma cells and immune cells
(including natural killer cells, macrophages, and dendritic cells) within the tumor immune
microenvironment. It further delineates their regulatory mechanisms governing distinct immune cell
populations, as well as their intricate associations with immunotherapy resistance. Additionally, the
potential of SEVs and their cargo molecules as therapeutic targets and diagnostic biomarkers is explored,
offering a theoretical foundation for overcoming immune checkpoint inhibitor resistance and advancing the
development of novel melanoma immunotherapies.
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1. Introduction

Melanoma is a malignant skin tumor derived from melanocytes. The morbidity has risen steadily in
recent years, and it is extremely deadly, accounting for 73% of skin cancer related deaths [1]. Surgical
resection remains the mainstay of treatment for localized disease, whereas advanced melanoma has
historically been managed with chemotherapy and radiotherapy. However, melanoma is characterized by
an early and aggressive potential for distant metastasis. Low sensitivity to radiation and chemotherapy
combined with high medication resistance results in poor efficacy and a poor prognosis. Owing to the
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emergence of immunotherapy, especially immune checkpoint inhibitor (ICI) therapy, the prognosis for
melanoma patients has dramatically improved [2]. At present, the main immune checkpoint inhibitors are
monoclonal antibodies against programmed cell death protein-1 (PD-1), programmed cell death ligand-1
(PD-L1), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4). While immunotherapy has
advantages, issues like immune-related adverse events (irAEs) and medication resistance of immune
checkpoint inhibitors have also surfaced. According to statistics, in the treatment of malignant melanoma
patients with PD-1 inhibitors, up to 50% of patients have no obvious therapeutic effect [3]. irAEs are a
series of unique toxic reactions caused by T cell invasion after the use of immune checkpoint blockers. Its
in vivo mechanism of action and potential factors contributing to drug resistance are not fully elucidated,
and changes in the immune microenvironment are considered important factors underlying irAEs and tumor
drug resistance.

Small extracellular vesicles (sEVs), a crucial medium for information exchange between cells, may
modulate the melanoma immune microenvironment [4]. SEVs are extracellular vesicles with diameters
ranging from 30 to 150 nm, secreted by diverse cell types [5]. They mediate intercellular communication
by carrying bioactive cargo, such as lipids, proteins, and nucleic acids, and play critical roles in shaping the
tumor immune microenvironment and facilitating tumor progression [6]. In accordance with the MISEV
2018 guidelines [7] issued by the International Society for Extracellular Vesicles (ISEV), the term
“exosomes” mentioned herein falls within the broad category of small extracellular vesicles (sEVs). To
ensure consistent compliance with the current standardized EV nomenclature recommended by the
international research community, we uniformly adopt the term sEVs in the following discussion. With
advances in single-vesicle sequencing and multi-omics technologies, accumulating evidence reveals that
sEVs exhibit marked heterogeneity, and distinct subpopulations play divergent roles in immune regulation
[8,9]. In particular, non-coding RNAs carried by sEVs (such as miRNAs, IncRNAs, and circRNAs), as well
as metabolism-related proteins, have been demonstrated to play critical roles in regulating T cell function,
inducing immunosuppression, and promoting tumor immune evasion [10]. Additionally, sEVs are
considered a critical link between tumor metabolic reprogramming and immunosuppression. Accumulating
recent studies have revealed that tumor-derived PD-L1-bearing sEVs not only act as “molecular decoys” to
attenuate the therapeutic efficacy of anti-PD-1/PD-L1 antibodies, but also serve as a critical bridge linking
tumor metabolic reprogramming and immunosuppression [11,12]. Combined therapeutic strategies
targeting these sEVs hold great promise for reversing acquired resistance to single-agent antibody therapy
[13—16]. Moreover, the latest research has concluded that circulating extracellular vesicles expressing PD-
1 and PD-L1 can predict response to metastatic melanoma to checkpoint inhibitor immunotherapy and
mediate its drug resistance [17]. Thus, a deeper understanding of the regulatory roles of sEVs in the
crosstalk between tumor cells and immune cells, as well as the key mechanisms underlying immune evasion
and therapeutic resistance, may provide a novel theoretical basis and potential intervention strategies to
overcome resistance to immune checkpoint inhibitors.

Distinct from cutaneous melanoma, uveal melanoma (UM) represents the most common primary
intraocular malignancy in adults. It is characterized by exclusive GNAQ/GNA 1l mutational signatures, a
prominent predilection for hepatic metastasis, and inherent resistance to immunotherapy [18]. In recent
years, accumulating attention has been paid to the pivotal roles of UM-derived sEVs in immune suppression,
pre-metastatic niche formation, and liquid biopsy application. Under hypoxic conditions, UM cells facilitate
sEV-mediated lactate transport via CD63 upregulation, thereby inducing M2 macrophage polarization and
CD8" T cell exhaustion [19]. Moreover, UM-derived sEVs can activate hepatic stellate cells and establish
a pro-fibrotic and pro-angiogenic hepatic pre-metastatic niche by enriching functional molecules such as
MIF [20]. In terms of liquid biopsy, inflammation-associated proteins encapsulated in circulating sEVs
exhibit promising potential as novel biomarkers for UM diagnosis and metastasis prediction [21]. Although
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current investigations regarding UM-derived sEVs remain less comprehensive than those of CM sEVs
their unique molecular features and substantial translational value have been preliminarily confirmed.
Therefore, given the role of SEVs as mediators of intra- and intercellular communication, this review
retrospectively focuses on how sEVs derived from melanoma or immune cells modulate the tumor
microenvironment. In this review, we specifically focus on the latest regulatory mechanisms and emphasize
the feasibility of utilizing sEVs as a tool to identify potential therapeutic targets, thereby offering insights

and a theoretical foundation for clinical translation.

2. Immunoregulation Mediated by sEVs Derived from Melanoma

Melanoma-derived sEVs primarily target immune cells,
microenvironment via changes in immune cell abundance and composition and consequently suppressing

their antitumor activity [22-24]. Melanoma-derived sEVs bidirectionally modulate innate and adaptive
immunity (Figure 1), thereby remodeling the immune system and promoting melanoma progression via
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Figure 1. The melanoma sEVs-mediated immunoregulation. Melanoma-derived sEVs transfer proteins, lipids, and regulatory
RNAs to multiple immune and stromal cell populations, thereby remodeling both the local tumor micro-environment and
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systemic immunity. These sEVs can enhance monocyte-mediated immune surveillance, dendritic-cell antigen presentation, and
NK-cell cytotoxicity through pathways such as PEDF-NR4A1, MART-1-MHC-I, and BAG6/BAT3-NKp30. Conversely, they
can suppress dendritic-cell maturation and costimulatory signaling, promote immune suppressive macrophage polarization and
MDSC expansion, induce fibroblast metabolic reprogramming and an acidic microenvironment, impair NKG2D-dependent NK-
cell activity, and alter Treg and effector T-cell differentiation, survival, and function. Melanoma-derived sEVs also affect Kupffer
cells and splenic phagocytes, contributing to inflammatory, fibrotic, and systemic immune suppressive feedback. The overall
effect depends on tumor stage, vesicle subtype, cargo composition, and recipient-cell context. Green arrows indicate promotion
or activation, whereas red T-bars indicate suppression or inhibition. Abbreviations: DC: dendritic cell; MDSC: myeloid-derived
suppressor cell; NK: natural killer; Teff: effector T cell; Treg: regulatory T cell; TME: tumor micro-environment. An upward
arrow represents an increase and a downward arrow represents a decrease. The figure was created with BioRender.com/Ir1puli
accessed on 9 August 2026.

2.1. Monocytes and Macrophages

Circulating monocytes can be divided into classical Ly6Che" (Ly6C"e"PMo) and nonclassical Ly6C"
(Ly6C'*"PMo) subsets based on surface-marker expression; the latter are often associated with vascular
patrolling and immune surveillance [27]. Melanoma-derived sEVs dynamically regulate monocyte fate,
with their effects dependent on both tumor stage and the molecular cargo of these vesicles. Distinct sEVs
subpopulations exert divergent functions, directing monocyte differentiation toward either an
immunosuppressive or immunostimulatory phenotype. Interestingly, a recent study has concluded that the
immune-suppressive phenotype of monocytes might be associated with the sEVs derived from melanoma.
Luong et al. demonstrated that melanoma-derived sEVs drive monocyte conversion toward an
immunosuppressive phenotype, evidenced by the downregulation of MHC class II and costimulatory
molecules [28]. By contrast, Plebanek, MP et al. reported that SEVs from nonmetastatic melanoma deliver
pigment epithelium-derived factor (PEDF) to bone marrow myeloid precursors, induce the orphan nuclear
receptor NR4A1, expand Ly6C'" patrolling monocytes, and recruit natural killer (NK) cells and
macrophages to suppress metastasis [29]. In addition, melanoma-derived extracellular vesicles inhibit
tumor metastasis to the lung by recruiting Ly6C'®"PMo, whereas the formation of these antitumor vesicles
depends on p53 acetylation mediated by the BAG6/CBP/p300-acetylase complex [30]. Interestingly, BAG6
gene ablation and perturbation of its associated signaling pathway trigger the secretion of a distinct
extracellular vesicle subtype that recruits pro-tumor neutrophils to the pre-metastatic niche instead of
inhibiting metastasis [30]. These findings indicate that while sEVs can induce an immunosuppressive
monocyte phenotype, loss of BAG6 leads to the release of a distinct SEVs subtype that actively promotes
metastasis. However, when derived from non-metastatic melanoma that contains PEDF, sEVs can elicit an
innate immune response [29]. Thus, the function of melanoma-derived sEVs is dependent on the tumor’s
intrinsic state, underscoring the need to elucidate this correlation to stratify patients.

Upon migrating into peripheral tissues, monocytes can further differentiate into macrophages and
dendritic cells (DCs), and macrophages are categorized into the antitumor M1 phenotype and the M2
phenotype, the latter of which is also known as tumor-associated macrophages (TAMs) [31,32]. Previous
studies have shown that macrophages co-cultured with melanoma-derived sEVs exhibit a mixed M1/M2
phenotype [31]. However, we are still trying to identify the decisive factors for each phenotype determined
by sEVs. Mechanistically, the depletion of TIM-3 in melanoma-derived sEVs has been shown to impair
TAM proliferation [33]. Additionally, sEVs-delivered miR-125b-5p promotes TAM polarization by
repressing lysosomal acid lipase A (LIPA) in recipient macrophages [34]. Specifically, melanoma-derived
sEVs drive the generation of TAMs either by directly targeting macrophages via miR-125b-5p or by
indirectly acting on CD4" T cells through TIM-3 [24]. Furthermore, miR-708-5p, which is highly enriched
in melanoma-derived sEVs, directly targets FOXN3, thereby activating the PI3K/AKT/mTOR pathway in
macrophages and promoting their polarization toward the M2 phenotype [35].
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In short, PEDF and BAG®6 are critical mediators of innate anti-tumor immunity, while TIM-3, miR-
125b-5p, and miR-708-5p represent promising molecular therapeutic targets that restrain tumor progression
by blocking M2 macrophage polarization. Furthermore, these molecules may serve as potential biomarkers
for monitoring tumor burden and progression. Gao et al. indicated that TIM-3 expression in sEVs isolated
from patients with non-small cell lung cancer is higher than that in healthy subjects, and this trend is
consistent with tumor size and metastatic status [36]. What’s more, while modulating macrophage
phenotypes, melanoma-derived sEVs can recruit relevant immune cells, including macrophages and
neutrophils [21,34,37-39], which are associated with innate immunity and promote pre-metastatic niche
formation [40].

In summary, melanoma-derived sEVs exert dual and opposing regulatory effects on the monocyte—
macrophage lineage, driving both immunosuppressive and anti-tumor immune responses. The
contradictory functional outcomes are primarily determined by the molecular cargo profiles of sEVs and
the intrinsic status of parental tumors. sEVs derived from non-metastatic melanoma are enriched in PEDF,
which potentiates immune surveillance via the Nrdal signaling pathway. In contrast, advanced-stage
melanoma exhibits BAG6 deficiency, which reprograms sEVs toward a pro-metastatic phenotype,
indicating that the functional integrity of the pS3/BAG6 complex is critical for sustaining the production of
anti-tumor sEVs. Furthermore, sEVs-mediated regulation differs substantially between monocyte
precursors and mature macrophages, and the functional molecules carried by distinct SEVs subpopulations
ultimately dictate their immunomodulatory direction. Collectively, these findings suggest that stratified
sEV-targeted therapeutic strategies should be implemented according to tumor staging. Specifically,
targeting miR-708-5p or TIM-3 can effectively block M2 macrophage polarization in advanced melanoma,
whereas preserving the PEDF/BAG6 axis is favorable for maintaining endogenous immune surveillance in
early-stage patients. Meanwhile, the SEVs cargo signature holds great promise as a liquid biopsy biomarker
for tumor staging and prognostic evaluation in melanoma.

2.2. Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a population of immunosuppressive cells originating
from the bone marrow and serve as progenitors of DCs and macrophages. According to the resource,
MDSCs can be separated into polymorphonuclear MDSCs (PMN-MDSCs) and mononuclear MDSCs (M-
MDSCs), both of which have the ability to inhibit the immune system [41]. Studies have revealed that
melanoma cell-derived sEVs carrying miRNAs alter MDSC function, promoting their expansion and
enhancing their immunosuppressive phenotype. Studies have revealed that melanoma cell-derived sEVs
carrying miRNAs alter MDSC function, promoting their expansion and enhancing their
immunosuppressive phenotype [42]. According to the analysis of clinical data of microRNA transcription,
it was further found that a group of microRNAs (miR-146a, miR-155, miR-125b, miR-100, let-7e, miR-
125a, miR-146b, miR-99b) participated in the transformation of monocytes into MDSCs mediated by
melanoma sEVs [43]. In other words, sEVs derived from melanoma may directly affect the production of
MDSCs by microRNA. In addition, Fleming et al. reported that melanoma-derived sEVs predominantly
engage on myeloid cells through HSP86, reprogramming normal myeloid cells into MDSC, which led to
NF-kB activation and PD-L1 expression up-regulation [44]. Thus, melanoma-derived sEVs can expand and
activate MDSCs through both microRNAs and protein cargo.

Current studies have reached a consistent core conclusion regarding the regulatory effects of melanoma-
derived sEVs on MDSCs, whereby sEVs potently promote MDSC expansion and augment their
immunosuppressive functions. Nevertheless, distinct molecular mechanisms have been reported across
different studies. Several investigations highlight the regulatory role of an eight-miRNA signature, whereas
others emphasize the critical involvement of the HSP86/TLR4 signaling axis. Such mechanistic discrepancies
can be largely attributed to the inherent subpopulation heterogeneity of sEVs, as distinct SEVs subpopulations
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package unique molecular cargos. Despite the diversity in upstream regulatory molecules, all these divergent
signaling cascades ultimately converge on common downstream events, including NF-kB activation and PD-
L1 upregulation, which synergistically amplify immunosuppression within the tumor microenvironment.

2.3. DCs

Melanoma-derived sEVs can exert certain antitumor immune effects by carrying tumor antigens to
initiate antigen-specific immune responses in vivo, yet they can also directly inhibit DC maturation or
modulate T-cell responses by educating DCs, ultimately promoting tumor progression [45]. As the most
critical antigen-presenting cells, DCs are also the primary recipients of melanoma-derived sEVs that carry
tumor antigens [46,47]. Melanoma-derived sEVs deliver tumor antigens such as MART-1 into DCs, thereby
boosting tumor cell killing by inducing the proliferation of MART-1-specific cytotoxic T lymphocytes
(CTLs) [22]. Leveraging this mechanism, Morishita et al. engineered GALA-modified sEVs to boost
immune responses by facilitating MHC-I antigen presentation within DCs [48]. In addition to affecting
antigen presentation, melanoma secretions can block the development of mature DCs by inhibiting
molecules such as CD83 and CD86. This inhibition of DC maturation may be related to the presence of
VEGF-A in the primary tumor microenvironment, which can trigger the expression of ST00A8/A9 [49-52].

Therefore, the bidirectional regulation of dendritic cells (DCs) by melanoma-derived sEVs is strictly
dictated by their molecular cargo composition. Specifically, tumor antigen-containing sEVs potentiate
cytotoxic T lymphocyte (CTL)-mediated anti-tumor immunity, whereas sEVs carrying VEGF-
A/ST00A8/A9 suppress DC maturation. These opposing functional outcomes demonstrate that sEVs
subpopulation heterogeneity determines their immunomodulatory polarity. Accordingly, the rational design
of sEVs-based immunotherapeutic strategies should prioritize targeted approaches to redirect sEVs toward
pro-antigen-presenting phenotypes and circumvent their intrinsic immunosuppressive risks. Such strategies
include GALA peptide modification and combination treatment with SI00A8/A9 inhibitors.

2.4. Natural Killer Cells

Natural killer cells (NK cells) are the core cells of the innate immune system. They can activate and
transmit functional information through the molecular receptor ligand recognition mechanism on the cell
surface to participate in the anti-tumor immune response [52,53]. NKG2D supports immune surveillance
and cytotoxicity, whereas melanoma-derived sEVs bearing MICA can downregulate NKG2D through a
TGF-p—dependent mechanism, thereby suppressing NK-cell activity [54—58]. In addition to inhibiting NK
cells function, sEVs can also carry BAG6 and activate NK cells by binding to the NKP30 receptor [30].
Stimulation of RIG-I in melanoma cells also generates an antitumor sEVs population enriched in the NKp30
ligands BAG6/BAT3, which promotes NKp30-dependent melanoma-cell lysis [59,60]. Therefore,
melanoma-derived sEVs may bidirectionally regulate the function and quantity of NK cells in different
ways. However, the irradiated melanoma-derived sEVs can inhibit tumor growth by producing interferon,
which can lead to an increase in tumor-infiltrating NK cells [61,62]. Collectively, these studies demonstrate
that the bidirectional regulation of NK cell activity by melanoma-derived sEVs is primarily dictated by
sEVs subtypes and their encapsulated molecular cargo. Specifically, the MICA/TGF-B axis mediates
immunosuppressive effects, whereas BAG6/NKp30 signaling and RIG-I stimulation elicit NK cell-
activating responses. External interventions such as irradiation can remodel the cargo profile of melanoma
sEVs, thereby switching their functional phenotype from immune-suppressive to immune-stimulatory.
Such regulatory plasticity suggests that combinatorial regimens incorporating RIG-I agonists or
radiotherapy, rather than sole blockade of sEVs secretion, may represent more potent strategies for NK
cell-based anti-melanoma immunotherapy. Therefore, the effect of SEVs from melanoma on NK cells is
multifaceted. Further elucidation of relevant mechanisms will help the development of NK cells therapy.
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The mechanisms by which these receptor-ligand recognitions bind to and affect NK cell function can serve
as targets for the clinical design of antagonists or agonists, providing the groundwork for improving NK
cell performance in immunotherapy.

2.5. Regulatory T Cells

Early studies have shown that melanoma-derived sEVs promote the expansion of regulatory T cells
(Tregs), thereby facilitating immune escape [63]. Previous evidence highlights that dendritic cells (DCs)
internalize melanoma-derived sEVs, in which sEVs-associated phosphatidylserine (PS) engages the
inhibitory receptor CD300a. This interaction critically represses the TLR3-TRIF-IRF3 signaling axis
typically activated by sEVs-derived RNA. Consequently, this blockade impairs IFN-f production by DCs,
resulting in a marked reduction in tumor-infiltrating Tregs [64]. This finding underscores CD300a as a
pivotal checkpoint in sEVs-mediated immunosuppressive networks. However, little evidence exists
regarding a direct relationship between melanoma-derived sEVs and Tregs. In other researches, tumor-
derived sEVs can promote the transformation of Tregs into Th17 cells through an IL-6-dependent pathway
[65]. Additionally, TGF- enriched within tumor-derived sEVs engages receptors on the T cell surface and
drives their differentiation into regulatory T cells via activation of the downstream SMAD signaling
pathway, alongside elevated FOXP3 expression [66].

Thus, Melanoma-derived sEVs regulate regulatory T cell (Treg) biology through multiple synergistic
rather than antagonistic mechanisms. sEVs directly promote Treg differentiation via the TGF-/SMAD
signaling cascade, induce Treg-to-Th17 phenotypic conversion in an IL-6-dependent manner, and indirectly
modulate Treg function by targeting CD300a expressed on dendritic cells. This regulatory network exhibits
prominent signaling redundancy. The differentiation bias of distinct Treg subsets is shaped by the crosstalk
between sEVs molecular cargo composition and microenvironmental cytokine cues, which collectively
facilitates tumor immune evasion in melanoma.

2.6. Effector T Cells

By controlling the proliferation and death processes, sEVs from melanoma can increase the variety of
effector T cells (Teffs). Zhou et al. demonstrated that melanoma-derived sEVs trigger CD4" T cell apoptosis
both in vitro and in vivo, while Rab27a knockdown suppresses sEVs secretion, elevates intratumoral T cell
abundance, and attenuates tumor progression [58,67,68]. As a result, sSEVs from melanoma may inhibit
CD4" T cell proliferation and induce apoptosis [58]. Furthermore, interleukins, which mediate intercellular
immune communication, are enriched in melanoma-derived sEVs compared with those from healthy donors
[21,69]. Wu et al. reported that melanoma-derived sEV carry PTPN11 protein and mRNA, which disrupt
IL-2 signaling cascades and restrain T cell proliferation [70]. Thus, melanoma-derived sEVs deliver
relevant proteins that modulate cytokine signaling pathways, thereby influencing the proliferation and
apoptosis of Teffs [58].

Lactate accumulation and lipid metabolism reprogramming have been demonstrated to promote
effector T cell exhaustion, and this ‘metabolic-immune’ coupling mechanism has emerged as a research
hotspot in tumor immunology in recent years [71]. Melanoma-derived sEVs indirectly modulate T cell
function and survival by regulating cellular metabolism [72]. Shu et al. demonstrated that melanoma-
derived sEVs enhance aerobic glycolysis and suppress oxidative phosphorylation in human adult dermal
fibroblasts (HADFs). This metabolic shift acidifies the extracellular microenvironment and triggers CD8"
T cell death. This also reveals the hypoxia and acidic tumor microenvironment and confirms the tumor’s
depressing effect on immune cell function [73].

Melanoma-derived sEVs also directly manipulate the function of T cells. It has been found that melanoma-
derived sEVs carry hsa-miR-3187-3p and hsa-miR-498. The former targets CD45 and suppresses its
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expression, thereby dephosphorylating Src protein family tyrosine kinases and enhancing T cell intracellular
signaling, whereas hsa-miR-498 directly targets TNF-a and inhibits its expression in CD8" T cells [74].
Additionally, melanoma-derived sEVs carry PD-L1, which recruits tyrosine protein phosphatase SHP2 to the
cytoplasmic region of PD-1 to mediate dephosphorylation of the intracellular domains of TCR and CD28,
thereby inducing immunosuppression [13,52]. Moreover, Guan et al. clarified that phosphorylation of
hepatocyte growth factor—regulated tyrosine kinase substrate (HRS) in tumor cells regulates anti-tumor
immunity by inducing PD-L1" immunosuppressive sEVs, and suggested that blocking HRS phosphorylation
could serve as a potential strategy to improve the efficacy of cancer immunotherapy [75].

In conclusion, melanoma-derived sEVs can regulate T cell proliferation, differentiation, apoptosis, and
function through receptor-ligand recognition (PD-1 and PD-L1, efc.) or by delivering related cytokines (IL-6
and IL-2, efc.). These multiple mechanisms cooperatively mediate global immunosuppression, reflecting the
redundancy and complexity underlying tumor immune evasion. Rather than operating in isolation, these
signaling axes constitute a positive feedback loop: sEVs-driven metabolic reprogramming acidifies the tumor
microenvironment to further cripple T cell function, while PD-L1 delivers direct inhibitory signals via the
phosphatase SHP2. Accordingly, monotherapy targeting only a single molecular node rarely yields
satisfactory therapeutic outcomes, highlighting the necessity of combinatorial regimens that simultaneously
block PD-L1 signaling, reverse metabolic suppression, and neutralize immunosuppressive microRNAs.
Based on the clinical data, Porcelli et al. have confirmed a model that higher levels of tumor-derived, DC-
derived, and CD8" T cell-derived uPAR" sEVs in non-responders may represent a new biomarker of innate
resistance to immunotherapy with checkpoint inhibitors [76]. Serrati et al. further demonstrated that the
immunoregulatory molecular profile of circulating sSEVs (e.g., PD-1" sEVs) can serve as a liquid biopsy
biomarker for dynamically assessing patients’ responses to immunotherapy and predicting prognosis [77].

2.7. Fibroblasts

Cancer-associated fibroblasts (CAFs) constitute the most abundant stromal cell population within the
melanoma microenvironment, and their secreted extracellular vesicles (sEVs) exert critical functions in
mediating immunosuppression and therapeutic resistance. CAF-derived sEVs encapsulate diverse
immunomodulatory molecules, which recruit immunosuppressive cell subsets and simultaneously impair
the effector function of cytotoxic T lymphocytes via signaling axes such as TGF-f and IL-6 [78,79].
Existing studies have revealed that periostin (POSTN) carried by CAF-derived sEVs activates immune
checkpoint molecules through the B-catenin pathway, thereby facilitating the formation of an immune “cold”
tumor microenvironment [80,81]. Moreover, CAF subpopulations with high expression of FGF2 and PDPN
exhibit superior capacity to suppress T cell activity [82,83]. On the contrary, other evidence demonstrates
that SEVs secreted by CD9-positive CAFs restrain the proliferation of malignant melanoma cells, indicating
that sEVs derived from distinct CAF subsets exert bidirectional biological effects [84].

sEVs-mediated crosstalk between melanoma cells and CAFs also merits intensive attention. Melanoma
cells deliver non-coding RNAs, including miR-155-5p via sEVs, which reprogram normal fibroblasts into
pro-angiogenic CAFs [85]. These CD9/CD63 double-positive sEVs not only modulate intracellular gene
expression but also significantly correlate with the 5-year disease-free survival of melanoma patients [86].
In addition, fibroblast-remodeled melanosomes loaded with AKT1 are internalized by macrophages to
trigger robust VEGF secretion, which drives angiogenesis and distant metastasis [87]. Therapeutic targeting
of fibroblast activation protein (FAP), a specific marker of CAFs, markedly boosts the anti-tumor efficacy
of anti-PD-1 antibodies, which suggests that CAF-derived sEVs and their downstream signaling cascades
serve as promising targets for overcoming immunotherapy resistance [88,89].

The conflicting functional phenotypes of CAF-derived sEVs stem from CAF subpopulation
heterogeneity and disparities in their molecular cargo: POSTN/TGF-B-positive subsets promote
immunosuppression, whereas CD9-positive subsets confer anti-proliferative activity against tumor cells.
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Melanoma cells harness sEVs to remodel resident fibroblasts into pro-tumorigenic CAFs, establishing a
bidirectional paracrine feedback loop. Selectively targeting pathogenic CAF subpopulations and their sEVs
(represented by FAP) rather than pan-inhibition of all CAFs emerges as a viable strategy to overcome ICI
resistance in melanoma.

2.8. Kupffer Cells

The liver ranks among the most prevalent distant metastatic sites for melanoma. As tissue-resident
hepatic macrophages, Kupffer cells exert central functions in sEVs-facilitated pre-metastatic niche
formation. Melanoma-derived sEVs are internalized by hepatic Kupffer cells, which subsequently secrete
TGF-B. This cytokine upregulates fibronectin production in hepatic stellate cells and recruits additional
macrophages, ultimately fostering the construction of a hepatic metastatic microenvironment [90,91]. For
uveal melanoma (UM), tumor-derived sEVs can be taken up by organ-specific resident cells, including
Kupffer cells, laying the groundwork for pre-metastatic niche establishment in the liver [92]. Furthermore,
saturated fatty acids (e.g., palmitic acid) encapsulated within tumor-derived sEVs stimulate Kupffer cells
to secrete TNF in a TLR4-dependent manner, thereby triggering hepatic inflammation and metabolic
dysfunction [93,94]. Collectively, these observations suggest that blocking Kupffer cell uptake of tumor-
derived sEVs or inhibiting downstream inflammatory signaling cascades may act as novel therapeutic
strategies to curb liver metastasis of melanoma.

Cumulative evidence unanimously validates that Kupffer cells initiate hepatic pre-metastatic niche
development via internalization of tumor sEVs followed by secretion of TGF-$ and TNF. Notably, sEVs
originating from cutaneous melanoma (CM) versus uveal melanoma (UM) may elicit divergent magnitudes
of Kupffer cell responses due to distinct cargo compositions. In addition, whether TGF-B-mediated fibrotic
signaling and TNF-driven inflammatory pathways act synergistically or antagonistically remains poorly
characterized. Strategies targeting sEVs uptake and downstream signal blockade each possess distinct
advantages and limitations. Combined intervention regimens hold the greatest translational potential, yet a
delicate balance between target specificity and systemic biosafety must be achieved.

2.9. Splenic Phagocytes

As the largest secondary lymphoid organ in the body, the spleen serves as a central hub for systemic
immune surveillance and represents a critical target organ of melanoma-derived sEVs [95]. Tumor-
originated SEVs traffic to the spleen, markedly reducing the frequencies of splenic NK cells and CD8" T
cells while elevating the proportion of regulatory T cells, thereby remodeling the splenic immune landscape
[96]. Melanoma-derived sEVs also directly suppress splenocyte proliferation, trigger cellular apoptosis,
and elicit cell-cycle arrest [97]. Systemic administration of tumor-derived sEVs induces splenomegaly,
disrupts hematopoietic homeostasis, drives extramedullary hematopoiesis, and expands immature erythroid
progenitors within the spleen [98].

Notably, splenic phagocytes themselves exert immunomodulatory functions via secreted sEVs.
Melanoma-derived sEVs are internalized by splenic macrophages, driving their polarization toward a
regulatory macrophage phenotype that further represses splenocyte proliferation [99]. In addition, CD163"
sEVs derived from the spleen are markedly enriched in the tumor tissues of melanoma patients and tightly
correlate with systemic immunosuppression [100]. PD-L1-positive sEVs disseminate to draining lymph
nodes and the spleen to suppress immune cell function, whereas blockade of tumor sEVs biogenesis and
secretion abolishes acquired resistance to PD-L1 inhibitors [100].

Collectively, these data identify the spleen as the central hub for sEVs-mediated systemic immune
regulation in melanoma. On one hand, tumor sEVs directly reshape splenic immune compartments by
decreasing NK and CD8" T cell abundance, enriching Treg populations, and initiating extramedullary
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hematopoiesis. On the other hand, splenic phagocytes undergo phenotypic education toward a regulatory
profile upon uptake of tumor SEVs; their subsequent secretion of CD163" or PD-L1" sEVs further amplifies
local and systemic immunosuppression. The initiation of this positive feedback loop relies on prior
“education” of splenic cells by tumor sEVs, and splenocyte-derived sEVs reciprocally reinforce this
suppressive phenotype. Distinct SEVs subsets (PD-L1" and CD163") may possess divergent capacities to
remodel splenic immune homeostasis, yet the underlying molecular mechanisms remain unclarified. One
key current technical bottleneck is that researchers cannot distinguish the individual immunomodulatory
contributions of tumor-intrinsic sEVs from those released by splenocytes, which complicates the rational
and precise design of targeted therapeutic regimens.

3. Immunoregulation Mediated by Immune Cell-Derived sEVs

sEVs secreted by immune cells within the tumor microenvironment and immune organs act as critical
intercellular messengers in melanoma progression. These sEVs facilitate bidirectional communication
between immune cells and melanoma cells, transferring bioactive molecules that modulate tumor growth,
metastasis, and immune evasion (Figure 2). By reshaping the tumor microenvironment and altering
melanoma cell behavior, this crosstalk represents a key regulatory axis that drives melanoma development,
offering potential targets for novel therapeutic interventions.
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Figure 2. The sEVs-mediated immunoregulation by immune cell-derived SEVs in melanoma progression. Immune cell-derived
sEVs exert both melanoma-inhibitory and melanoma-promoting effects. NK-cell-derived sEVs deliver TNF-a, regulatory
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microRNAs, and cytotoxic molecules associated with granule exocytosis and apoptosis, thereby inducing melanoma-cell death
and restricting tumor growth. M1 macrophage-derived sEVs activate NF-kB-dependent pro-inflammatory signaling, inhibit M2
polarization, and enhance Thl cytokine responses. Dendritic-cell-derived sEVs carry MHC molecules and the costimulatory
molecules CD80 and CD86, facilitating B-cell and CD4"/CD8" T-cell activation and strengthening antitumor immunity. In
contrast, MDSC-derived sEVs containing SI00A8/A9, CD47, TSP1, TGF-B1, and other regulatory cargo suppress CD8" T-cell
and NK-cell functions while promoting Treg/Th17 differentiation, TAM polarization, immune escape, and metastasis. Activated
T-cell- and Treg-derived sEVs can suppress DC—CTL responses and CD8" antitumor immunity and may activate Fas/ERK/NF-
kB/MMP9-related invasive pathways. Green arrows indicate promotion or activation, whereas red T-bars indicate suppression
or inhibition. Abbreviations: CTL: cytotoxic T lymphocyte; DC: dendritic cell; MDSC: myeloid-derived suppressor cell; NK:
natural killer; TAM: tumor-associated macrophage; Treg: regulatory T cell. An upward arrow represents an increase and a
downward arrow represents a decrease. The figure was created with BioRender.com/z6xigkc accessed on 9 August 2026.

3.1. NK Cell-Derived sEVs

NK cell-derived sEVs exert cytotoxic effects against melanoma cells. As a key component of the innate
immune system, NK cells target infected cells without prior sensitization and modulate other immune cells,
including DCs, neutrophils, and T lymphocytes, through the secretion of cytokines and growth factors [101].
Notably, NK cells kill tumor cells not only through the classical pathways of granule exocytosis and death
receptor-mediated apoptosis [102], but also by transferring microRNAs with tumor-suppressive functions
as sEVs cargo to cancer cells, thereby inhibiting tumor growth. Specifically, miRNAs such as miR-10b-5p
and miR-92a-3p carried by NK cell-derived sEVs may indirectly enhance the antitumor immune response
by promoting Thl polarization [103]. Accumulating evidence indicates that NK cell-derived sEVs carry
characteristic markers (e.g., CD63) and cytotoxic molecules such as perforin [104—106], while containing
an even higher FasL protein content than NK cells themselves [107]. Furthermore, NK cell-derived sEVs
can modulate the proliferation, survival, and apoptosis of melanoma cells through TNF-a delivery [107],
an effect that is also observed at low doses [108]. In conclusion, NK cell-derived sEV's represent a potential
immunotherapeutic strategy for melanoma.

Accumulating studies have validated that NK cell-derived sEVs exhibit a stable and consistent
functional phenotype. Carrying FasL, perforin, TNF-a, and tumor-suppressive microRNAs, these sEVs
exert direct anti-tumor cytotoxic effects. Nevertheless, their therapeutic potency is modulated by the Fas
sensitivity of melanoma cells: Fas-sensitive melanoma clones undergo apoptosis upon treatment, whereas
Fas-resistant variants may acquire enhanced invasive capacity in response to FasL stimulation. Accordingly,
clinical translation of NK-sEVs requires prior evaluation of tumoral Fas status, or combinatorial
administration with Fas pathway modulators to improve therapeutic efficacy.

3.2. M1 Macrophage-Derived sEVs

M1 macrophage-derived sEVs can induce antitumor immune responses. On one hand, sEVs secreted
by M1 macrophages can activate the NF-kB pathway in M0 macrophages, promote the polarization of MO
macrophages toward the M1 phenotype, and induce the release of abundant pro-inflammatory cytokines
(IL-6, IL-12, and TNF-a), thereby establishing a local inflammatory microenvironment [109]; on the other
hand, these sEVs can also reverse the immunosuppressive microenvironment by inhibiting the M2-type
polarization of tumor-associated macrophages [110]. Studies have demonstrated that SEVs derived from
M1 macrophages preferentially accumulate within lymph nodes, where they transmit pro-inflammatory
signals to resident macrophages and DCs and trigger secretion of Thl-type cytokines [56]. Moreover, as
simplified and homologous replicas of their parental cells, M1 macrophage-derived sEVs can directly
initiate immune responses by stimulating the activation of immature macrophages and DCs [111].

Therefore, M1 macrophage-derived sEVs may serve as a novel class of immune adjuvants for
melanoma and other cancers. A related study demonstrated that, unlike traditional aluminum salt or
emulsion adjuvants, which function by delivering antigens and triggering local inflammation at the injection
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site, SEVs adjuvants can traffic to lymph nodes and establish a local inflammatory microenvironment that
favors the induction of an adaptive Thl immune response [112]. In preclinical studies, M1 macrophage—
derived sEVs enhanced the activity of TRP-2 peptide vaccines delivered in lipid calcium phosphate
nanoparticles and strengthened antigen-specific CTL responses [111,113,114].

Collectively, M1 macrophage-derived sEVs exert consistent pro-tumorigenic immune effects in anti-
tumor regulation, which promote M1 macrophage polarization, reverse M2-mediated immunosuppression
via the NF-xB signaling cascade, target lymphoid tissues, and enhance CTL responses by serving as
immune vaccine adjuvants. Although these regulatory mechanisms function through distinct pathways, they
converge on a unified core principle: the remodeling of immunosuppressive tumor microenvironments.
Such functional synergism indicates that M1-sEVs possess multiple cooperative immunostimulatory
mechanisms, endowing them with considerable translational potential for vaccine development and
combinatorial immunotherapy.

3.3. DC-Derived sEVs

DC-derived sEVs may be more suitable for tumor therapy than DCs. Given that DCs, as professional
antigen-presenting cells, can elicit potent adaptive immune responses in vivo [115], DC-based
immunotherapy offers distinct advantages. However, in vitro-generated DCs are vulnerable to
immunosuppressive factors secreted within the tumor microenvironment; these factors drive DC
dysfunction, thereby blunting downstream immune responses. In contrast, as a comparatively stable subset
of extracellular vesicles, DC-derived sEVs exhibit functional resistance to direct modulation by the tumor
microenvironment [116]. Studies have reported that DC-derived sEVs have a longer half-life in vivo than
DCs after injection [117]. Additionally, DC-derived sEVs not only serve as antigen delivery vehicles but
can also directly participate in T cell activation by carrying costimulatory molecules (such as CD80 and
CD86) as well as MHC molecules [118]. Therefore, DC-derived sEVs may be more suitable for tumor
therapy than DCs.

DC-derived sEVs have been employed as therapeutic antitumor vaccines in patients with malignant
melanoma, as verified in a phase I clinical trial. Sepideh et al. demonstrated the safety of DC-derived sEVs
administration and showed that DC-derived sEVs vaccines trigger recall responses of both adaptive (T
lymphocytes) and innate (natural killer cells) immune cells [119].

In the context of DC-derived sEVs-based immunotherapy, the role of B cells within the tumor
microenvironment warrants particular attention. Experimental studies indicate that these vesicles induce
CD8" T-cell responses in a CD4" T-cell-dependent manner and that B cells are required for maximal CD8"
T-cell activation, suggesting that B cell-mediated support of CD4" T cells contributes to cytotoxic
immunity [120]. In B16 melanoma tumor models, where tumor eradication depends on CD8" T cells, B
cell depletion promotes melanoma growth [121].

DC-derived sEVs possess dual capacities for antigen delivery and direct T cell activation. Cumulative
evidence has consistently validated their promising anti-tumor potential, and phase I clinical trials have
preliminarily verified the safety profile of DC-derived sEVs-based therapies. Nevertheless, several critical
scientific issues remain to be addressed for their further clinical translation. Current studies have not
systematically elucidated the functional heterogeneity of DC-derived sEVs secreted by dendritic cells at
distinct maturation stages. In addition, DC-derived sEVs can shape CD8" T cell immune responses by
modulating B cell function, highlighting the essential role of T-B cell crosstalk in DC-derived sEVs-
triggered anti-tumor immune activation. Furthermore, as inherently inert extracellular vesicles, the
structural stability and functional superiority of DC-derived sEVs within the complex tumor
microenvironment require further validation through rigorous in vitro and in vivo investigations.



Immune Discov. 2026, 2(3), 10007. doi:10.70322/immune.2026.10007 13 of 31

3.4. MDSC-Derived sEVs

MDSC-derived sEVs (MDSCs-sEVs), with a diameter ranging from 25 nm to 30 nm, contain proteins
involved in recruiting MDSCs [122-126]. Given their homology with parental cells, MDSCs-sEVs can
promote tumor immunosuppression, metastasis, and angiogenesis, and even enhance the drug resistance of
malignant tumors [124,127,128], thereby skewing antitumor immunity toward a tumor-promoting type 2
immune response [122]. Studies have shown that MDSCs-sEVs contain proteins, microRNAs, and mRNAs
that alter the function of recipient cells and ultimately mediate tumor immunosuppression [124].

MDSCs-sEVs enhance tumor immunosuppression by modulating the levels of bioactive molecules in
MDSCs and other immune cells [129]. For example, the pro-inflammatory heterodimer S100A8/A9,
transported by MDSC-sEVs, exerts chemotactic activity toward MDSCs and critically contributes to their
recruitment into tumor tissues and to the formation of the pre-metastatic niche [130]. Meanwhile, MDSCs-
sEVs are enriched in other chemotactic proteins, such as CD47 and TSP1, which, together with ST00A8/A9,
mediate the immunosuppressive function of MDSCs [122]. Moreover, SI00A8/A9 interacts with TLR4,
thereby inhibiting glycolysis, proliferation, and IFN-y production in CD8" T cells, ultimately inducing their
exhaustion [131]. In addition, TGF-B1-enriched MDSC-sEVs induce the differentiation of Tregs or Th17
cells and suppress NK cell cytotoxicity, thereby potentiating tumor immunosuppression [124]. Similar to
MDSCs, MDSCs-sEVs can also transform macrophages into TAMs by reducing IL-12 generation in
macrophages [122].

Therefore, immunotherapies targeting MDSC-sEVs and their clinical applications hold great potential
for malignant and non-malignant diseases, although studies exploring their clinical use remain scarce. For
instance, plasma levels of SI00A9 derived from MDSCs-sEVs are significantly higher in colorectal cancer
patients than in healthy controls, and are also elevated in patients with tumor recurrence compared to those
who underwent successful tumor resection. Therefore, SIO0A9 derived from MDSCs-sEVs may serve as a
biomarker for predicting the occurrence and progression of colorectal cancer [132]. However, to date, the
clinical application and safety of MDSC-sEVs in cancer patients remain to be further investigated.

These vesicles further amplify systemic immunosuppression within the tumor microenvironment by
secreting SI00A8/A9 to recruit MDSCs via chemotaxis, releasing TGF-B1 to drive Treg and Th17 cell
differentiation, and markedly impairing the anti-tumor functions of NK cells and CD8" T cells. However,
accumulating data have revealed substantial discrepancies in the molecular cargo profiles of MDSC-derived
sEVs across different tumor models, such as colorectal cancer and melanoma, indicating prominent tumor-
specific functional characteristics of MDSC-sEVs. From a clinical translation perspective, MDSC-sEVs
inherit the pro-tumor and immunosuppressive properties of their parental MDSCs. Compared with direct
MDSC targeting, specific intervention against SEVs can largely avoid disrupting normal myeloid cell
development, thereby conferring superior targeting specificity. Nevertheless, the safety and clinical
feasibility of this sEVs-targeting strategy remain to be comprehensively validated, which currently
constitutes the major bottleneck limiting its clinical implementation.

3.5. T Cell-Derived sEVs

Activated T cell-derived sEVs inhibit the antitumor response of immune cells. Previous studies have
reported that Fas signaling can induce tumor apoptosis and inhibit tumor growth when activated by FasL
in vivo [133-135]. However, activated T cells that release FasL" sEVs can also induce apoptosis in Jurkat
T cells [136]. In addition, FasL" sEVs derived from CD8" T cells can suppress the ability of dendritic cells
to stimulate CTL responses [137], thus inhibiting the killing of the tumor. Moreover, long-term studies
have demonstrated that Fas signaling can drive proliferation of Fas-resistant tumor cells at certain FasL
concentrations [138,139].
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Activated T cell-derived sEVs enhance tumor cell motility and invasiveness [140-144]. Matrix
metalloproteinase 9 (MMP9) promotes tumor invasion and metastasis in the B16 melanoma model [145].
Specifically, CD8" T cell-derived sEVs are considered the core factor inducing MMP-9-mediated
degradation of extracellular matrix proteins, thereby providing essential conditions for the proliferation and
metastasis of Fas” tumor cells [146]. Further studies have demonstrated that sEVs derived from activated
CD8" T cells activate the ERK and NF-«kB pathways in melanoma cells, upregulate MMP9 expression via
Fas signaling, and thereby promote melanoma metastasis in vivo, underscoring the important role of CD8"
T cell-derived sEVs in tumor immune evasion [147]. Meanwhile, FasL in activated T cell-derived sEVs
activates Fas signaling in tumor cells, thereby inducing MMP9 expression and ultimately enhancing the
invasiveness of Fas-resistant tumor cells, a mechanism that may provide a new avenue for understanding
tumor immune evasion [145].

Natural CD4"CD25" and CD8'CD25" Treg-derived SEVs may serve as an alternative immunotherapy
for tumors and autoimmune diseases [148]. Natural CD4"'CD25" and CD8'CD25" Tregs have been shown
to inhibit autoimmune diseases [149]. Natural CD8'CD25" Tregs-derived sEVs inhibited the antitumor
immune response of CD8" T cells, as did the parental cells [148]. However, the specific mechanism of the
immune response remains to be further researched.

Activated CD8" T cell-derived sEVs exert bidirectional effects mediated by the FasL/Fas signaling
cascade. These sEVs trigger apoptosis in Fas-sensitive tumor cells, whereas they upregulate MMP9
expression through activation of the ERK/NF-«kB pathway in Fas-resistant tumor cells to facilitate invasion
and metastasis. Meanwhile, such sEVs can also impair dendritic cell function and dampen anti-tumor immune
responses. This dual “double-edged sword” effect is primarily determined by the sensitivity of Fas and the
drug-resistance status of tumor cells. Clinically, T cell activation strengthens anti-tumor immunity but may
concurrently stimulate the release of invasion-promoting sEVs. Accordingly, combinatorial regimens
incorporating Fas pathway modulators or MMP9 inhibitors represent potential strategies to circumvent the
pro-metastatic risk while preserving the anti-tumor therapeutic efficacy of T cell-based immunotherapy.

4. Diverse Functions of sEVs and Summary of Cargo—Pathway—Target Cell Regulatory Networks
in Melanoma

Melanoma cell-derived and immune cell-derived SEVs form a complex and bidirectional intercellular
communication network within the melanoma immune microenvironment. The biological consequences of
these vesicles are determined by their cellular origin, molecular cargo, recipient cell type, and the
downstream signaling pathways they activate or suppress. The principal sEVs cargo—pathway—target cell
networks discussed in Sections 2 and 3 are summarized in the Table 1.
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Table 1. Major sEVs cargo—pathway—target cell networks involved in melanoma immunoregulation.

Transferred sEVs Cargo or

Source Cell Fact Target Genes or Pathways Target Cell Function or Effect References
actor
) Downregulation of MHC class II and . .
Unspecified sEVs cargo : Monocyte Induces an immunosuppressive monocyte phenotype [29]
costimulatory molecules
. . . Enhances immune surveillance and suppresses
PEDF NR4A1 induction Ly6C'¥ patrolling monocyte . [30]
metastasis
. . Ly6C¥ patrolling monocyte; Supports antitumor sEVs formation and limits
BAG6-associated cargo CBP/p300-dependent p53 acetylation . [31]
NK cell; macrophage pulmonary metastasis
TIM-3 TIM-3-dependent signaling CD4" T cell/macrophage  Promotes TAM proliferation and M2-like polarization [25,34]
miR-125b-5p LIPA repression Macrophage Promotes TAM/M2 polarization [35]
. FOXN3 inhibition and PI3K/AKT/mTOR Promotes M2 polarization and tumor-supportive
miR-708-5p L Macrophage L. [36]
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miR-146a, miR-155, miR-
125b, miR-100, let-7e, miR- . . Promotes monocyte-to-MDSC conversion and
. . Convergent myeloid reprogramming Monocyte/MDSC . . [43,44]
125a, miR-146b and miR- immunosuppression
99b
i Expands immunosuppressive MDSCs and increases
Melanoma cell HSP86 TLR4 — NF-xB — PD-L1 Myeloid cell/MDSC . [45]
PD-L1 expression
MART-1 and other tumor . ) . Enhances antigen-specific CTL proliferation and
. MHC-I antigen presentation Dendritic cell and CTL . [23,46-49]
antigens tumor-cell killing
VEGF-A/S100A8/A9- . . Inhibits DC maturation and weakens antigen
. . Reduction of CD83 and CD86 Dendritic cell . [50-53]
associated signals presentation
MICA and TGF-B-associated . . -
iomal NKG2D downregulation NK cell Suppresses NK-cell activation and cytotoxicity [55-59]
signals
BAG6/BAT3 NKp30 activation NK cell Promotes NKp30-dependent melanoma-cell lysis [31,60,61]
. . CD300a inhibition of TLR3-TRIF-IRF3 and IFN- . . ) . .
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B production
IL-6-associated cargo IL-6-dependent signaling Treg Promotes Treg-to-Th17 phenotypic conversion [66]
TGF-B TGF-B receptor > SMAD — FOXP3 T cell Promotes differentiation into regulatory T cells [67]
PTPN11 protein and mRNA Disruption of IL-2 signaling Effector T cell Restrains T-cell proliferation [71]
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miR-3187-3p P y CD4"/CD8" T cell Perturbs T-cell intracellular signaling and function [75]
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miR-498 TNF-a. repression CD8" T cell Suppresses effector cytokine expression [75]
PD-1 — SHP2-mediated dephosphorylation of Induces T-cell dysfunction and immunosuppression;
PD-L1 Effector T cell . . [14,53,76]
TCR/CD28 contributes to ICI resistance
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Metabolism-modifying sEVs Aerobic glycolysis 1; oxidative phosphorylation |; . . Y SupP
L . Fibroblast — CD8" T cell microenvironment and promotes T-cell [72-74]
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. . . Induces apoptosis and reduces melanoma-cell survival
Perforin, FasL and TNF-a Granule/death-receptor and TNF signaling Melanoma cell ) . [105-109]
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. . . Immune cells/melanoma Enhances antitumor immunity and inhibits tumor
miR-10b-5p and miR-92a-3p Th1-polarizing regulatory networks . . [104]
microenvironment growth
Pro-inflammatory sEVs NF-«B activation; IL-6, IL-12 and TNF-a Promotes M1 polarization and establishes a pro-
. MO macrophage . ) . [110]
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signals invasion and metastasis
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Mechanism incompletely characterized CD8" T cell Suppresses the antitumor T-cell response [149,150]
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5. sEVs-Driven Immunotherapy Resistance Mechanisms and Combination Intervention Strategies

Although ICI has markedly improved clinical outcomes in patients with melanoma, 40-50% of
individuals fail to respond to ICI monotherapy or develop acquired resistance following treatment [150].
In recent years, tumor-derived sEVs have been identified as critical regulators mediating ICI resistance
[151]. In contrast to the localized regulatory action of tumor cell membrane-bound PD-L1, multiple
immunosuppressive cargo molecules enclosed in sEVs travel throughout the body via circulating body
fluids to lymphoid organs, remodel the systemic host immune microenvironment, and eventually form a
systemic immunosuppressive phenotype [152].

5.1. sSEVs Surface PD-L1 Acts as a “Molecular Decoy” to Mediate Systemic Immunosuppression

The most central and direct mechanism underlying sEVs-mediated ICI resistance relies on PD-L1,
which is abundantly enriched on the surface of tumor-derived sEVs. Distinct from membrane-bound PD-
L1 on tumor cells, sEVs-associated PD-L1 circulates systemically to distant lymphoid tissues and
suppresses T cell activation at sites far from primary tumors. Work from Chen et al. demonstrated that PD-
L1" extracellular vesicles derived from metastatic melanoma dampen anti-tumor immunity by inducing
exhaustion of tumor-specific CD8" T cells [153]. More importantly, surface PD-L1 on sEVs acts as a
“molecular decoy” that binds to administered anti-PD-1/PD-L1 antibodies, thereby reducing the
concentration of therapeutic antibodies available to target PD-L1 on tumor cell membranes [154]. This
decoy mechanism provides a compelling rationale for the observation that some patients with high
circulating PD-L1" sEVs levels fail to respond to ICI despite positive tumoral PD-L1 expression.

5.2. sEVs-Mediated T Cell Dysfunction and Metabolic Reprogramming

Beyond the decoy effect, melanoma-derived sEVs trigger T cell dysfunction through multiple convergent
signaling cascades that collectively establish a profoundly immunosuppressive microenvironment.

On one hand, sEVs deliver immunosuppressive microRNAs to directly impair effector functions of T
cells. Vignard et al. [74] reported that melanoma-derived sEVs carry hsa-miR-3187-3p and hsa-miR-498.
The former targets CD45 to downregulate its expression, thereby further promoting dephosphorylation of
Src family protein tyrosine kinases and disrupting intracellular T cell signaling. The latter directly targets
TNF-0. and suppresses its production in CD8" T cells. In addition, glycolysis-regulated exosomal
LINCO01214 represses CD8" T cell function and mediates anti-PD-1 resistance in melanoma through
modulating the miR-4492/PPPIR11 axis [155].

On the other hand, sEVs drive T cell exhaustion by eliciting metabolic reprogramming. A study
published in Science Translational Medicine by Ma et al. [150] uncovered that PD-L1 contained within
tumor-derived sEVs induces T cell senescence and functional suppression via lipid metabolic rewiring.
Tumor-derived sEVs-associated PD-L1 triggers robust DNA damage and hyperactive lipid metabolism in
both human and murine T cells. Genetic ablation of PD-L1 within tumor-derived sEVs alleviates
senescence and lipid accumulation in adoptively transferred T cells, demonstrating that surface PD-L1 on
tumor-derived sSEVs impairs T cell function by activating the aforementioned signaling axes. Research from
Dratkiewicz et al. [156] illustrated that melanoma-originated sEVs upregulate aerobic glycolysis and
downregulate oxidative phosphorylation in human dermal fibroblasts, leading to extracellular acidification
and subsequent CD8" T cell death. Bland et al. [72] further verified that SEVs secreted by B16F0 melanoma
remodel the transcriptome of cytotoxic T lymphocytes, disrupt mitochondrial respiration, and compromise
metabolic fitness in T cells. This metabolism-immune crosstalk represents an emerging paradigm wherein
sEVs-mediated metabolic reprogramming of both tumor stromal cells and immune cells synergistically
fuels T cell exhaustion and ICI resistance.
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Furthermore, sEVs facilitate ICI resistance by shuttling immunosuppressive proteins and cytokines.
Accumulating evidence has demonstrated that melanoma-derived sEVs contain both PTPN11 protein and
its mRNA, which disrupt IL-2 pathway signaling and constrain T cell proliferation [157]. Meanwhile,
sEVs-associated immunosuppressive cytokines such as TGF-f3 boost the differentiation of Tregs and block
the expansion of effector T cells, ultimately blunting anti-tumor immune responses and conferring
resistance to ICI [158].

5.3. sEVs-Mediated Myeloid Cell Reprogramming

sEVs drive ICI resistance by reprogramming myeloid cells toward an immunosuppressive phenotype.
Fleming et al. [44] demonstrated that melanoma-derived sEVs predominantly trigger TLR4 signaling in
myeloid cells via HSP86, thereby reprogramming naive myeloid cells into MDSCs and facilitating NF-xB
activation and PD-L1 upregulation. sEVs-induced MDSC expansion further amplifies immune suppression
through S100A8/A9-mediated chemotaxis and subsequent T cell inhibition. Through clinical
transcriptomic analysis of microRNA profiles, Huber et al. [43] identified a panel of microRNAs that
mediate the sEVs-driven transformation of monocytes into MDSCs in melanoma, which serves as a
predictive signature for ICI resistance in melanoma patients.

Reprogramming of tumor-associated macrophage (TAM) polarization represents another pivotal
mechanism underlying sEVs-induced ICI resistance. Melanoma-derived sEVs carrying miR-125b-5p
promote pro-tumor TAM polarization by targeting lysosomal acid lipase A in macrophages, while sEVs-
delivered miR-708-5p induce M2-type macrophage polarization by directly targeting FOXN3 and
activating the PI3K/AKT/mTOR signaling pathway [35]. These sEVs-educated TAMs secrete abundant
immunosuppressive cytokines, which further impair the cytotoxic function of cytotoxic T lymphocytes
(CTLs) and ultimately establish an immune-excluded tumor phenotype closely correlated with poor ICI
therapeutic responses. In addition, TAM-derived sEVs exhibit high PD-L1 expression, which potently
inhibits the proliferation and effector function of CD8" T cells. Collectively, these alterations reshape the
tumor microenvironment into an immune-excluded state, ultimately leading to ICI treatment failure [100].

5.4. Combined Intervention Strategies

Given the multi-target and multi-pathway regulatory characteristics of sEVs in ICI resistance,
monotherapy is insufficient to dismantle the complex sEVs-governed immunosuppressive network.
Accordingly, multi-node combined intervention strategies targeting the biogenesis, secretion, and
functional activity of sEVs, as well as sEV-induced downstream immune cell reprogramming, represent a
core direction for reversing ICI resistance and improving immunotherapeutic efficacy in melanoma.

5.4.1. Targeting sEVs Biogenesis and Secretion

Inhibition of key regulators involved in SEVs generation, including Rab27a, neutral sphingomyelinase,
and core components of the ESCRT complex, can reduce the systemic burden of immunosuppressive SEVs
[159]. Guan et al. [75] demonstrated that blockade of HRS phosphorylation suppresses the secretion of
immunosuppressive PD-L1" sEVs and rescues anti-tumor immune responses. Furthermore, high-
throughput screening has identified multiple SEV PD-L1 inhibitors, such as ibuprofen, which exert
synergistic anti-tumor effects with immunotherapy [160]. Emerging evidence reveals that targeting protein
palmitoylation enables dual downregulation of PD-L1 on tumor cell membranes and sEVs alike,
establishing a novel therapeutic paradigm for tumors with low responsiveness to PD-L1 antibody
monotherapy [161].
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5.4.2. Dual Targeting of Tumor-Derived and sEVs-Derived PD-L1

Combining conventional PD-L1 antibodies with agents that block sEVs PD-L1 secretion or neutralize
circulating SEVs PD-L1 effectively restores the concentration of functional therapeutic antibodies at tumor
sites [162]. A recently developed pH-responsive sEVs permeabilization strategy (ExoPERM) selectively
disrupts sEVs within the tumor microenvironment via pH-sensitive PEGylated peptides. This approach
efficiently blocks the interaction between sEVs PD-L1 and PD-1 on CD8" T cells, thereby restoring T cell
effector functions [163,164]. In murine melanoma models, the combination of ExoPERM with immune
checkpoint blockade markedly enhances the infiltration and activation of tumor-infiltrating CD8" T cells,
thereby converting immune “cold” tumors into T cell-inflamed “hot” tumors [164]. Such a dual-targeting
strategy is particularly beneficial for patients with high baseline sEVs PD-L1 levels, who are predicted to
be refractory to single-agent ICI therapy.

5.4.3. Reversing sEVs-Driven Myeloid Cell Reprogramming

Inhibition of TLR4 signaling, SI00A8/A9 antagonism, or blockade of miRNA-mediated macrophage
polarization can constrain the formation of immunosuppressive myeloid phenotypes and reinstate anti-
tumor immune surveillance [165]. In addition, therapeutic strategies targeting MDSCs depletion or
reprogramming of TAMs toward the M1-like pro-inflammatory phenotype exert synergistic effects with
ICI treatment [166,167].

5.4.4. Engineered sEVs-Based Therapeutic Agents

Owing to their outstanding biocompatibility and inherent capacity for targeted delivery, sEVs serve as
versatile therapeutic vectors to reshape the tumor immune microenvironment and enhance ICI efficacy.
Morishita et al. constructed GALA peptide-modified sEVs that enhance MHC-I antigen presentation in
dendritic cells, thereby amplifying systemic anti-tumor immune responses [168]. Notably, a newly
developed inhalable bispecific exosomal T-cell activator (BEAT) system utilizes the Alix sorting domain
to co-display PD-1 and FZDS at a 1:1 ratio on individual SEVs surfaces, enabling simultaneous blockade
of the PD-L1 and Wnt7b signaling pathways [169]. In ICI-resistant melanoma mouse models, inhalable
BEAT efficiently recruits and activates intratumoral CD8" T cells, remodels the immunosuppressive tumor
microenvironment, and elicits robust anti-tumor effects, that are superior to combination treatment with
PD-L1 and Wnt7b bispecific antibodies [169]. Moreover, engineered SEVs can be loaded with functional
miRNAs (e.g., miR-155 to potentiate T cell function) or PD-L1-targeting siRNAs to silence tumoral PD-
L1 expression, thereby generating synergistic anti-tumor effects with ICI.

5.4.5. sEVs-Based Liquid Biopsy for Precise Stratified Therapy

Monitoring circulating levels of PD-L1" sEVs, PD-17 sEVs, uPAR" sEVs, or specific SEVs miRNA
signatures enables the identification of patients at high risk of ICI resistance and guides early combination
intervention [75—77]. Furthermore, sEVs-based liquid biopsy enables dynamic evaluation of therapeutic
responses and facilitates adaptive adjustments to individualized treatment strategies during clinical follow-

up [170].
6. Conclusions and Future Perspectives
6.1. sEVs-Mediated Immune Regulatory Networks: Dual Effects and Determinant Factors

This review systematically elaborates the immunomodulatory functions of sEVs derived from
melanoma cells and multiple immune cell subsets (NK cells, macrophages, DCs, MDSCs, and T cells)
within the tumor microenvironment.
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6.1.1. Melanoma Cell-Derived sEVs Exert Bidirectional Immunomodulatory Effects

At the innate immune level, these sEVs either suppress NK cell function via the MICA/TGF-p axis or
activate NK cells through the BAG6/NKp30 signaling cascade. Similarly, they can induce DC maturation
to stimulate CTL responses by delivering tumor antigens, while simultaneously impairing DC maturation
via VEGF-A/S100A8/A9 signaling. With regard to adaptive immunity, sEVs cooperatively suppress
effector T cells through multiple cascades, including PD-L1/SHP2, miR-3187-3p/miR-498, PTPN11/IL-2,
and metabolic reprogramming. Meanwhile, they drive Tregs expansion and MDSCs accumulation to
establish a systemic immunosuppressive milieu. The ultimate functional bias of this bidirectional regulation
is determined by the integrated interplay of tumor stage, sEVs subtypes, cargo composition, pS3/BAG6
expression status, and microenvironmental cues such as hypoxia and local TGF-f concentration.

6.1.2. sEVs Secreted by Immune Cells Predominantly Mediate Anti-Tumor Activities

NK cell-derived sEVs carry FasL, perforin, TNF-a, and tumor-suppressive microRNAs to elicit direct
cytotoxicity. M1 macrophage-derived sEVs exert anti-tumor functions by polarizing MO macrophages
toward an M1 phenotype, transporting pro-inflammatory cytokines, and acting as vaccine adjuvants. DC-
derived sEVs possess dual capacities for antigen delivery and direct T cell activation, and their safety profile
has been validated in phase I clinical trials. In contrast, MDSC-derived sEVs amplify immune suppression
via effector molecules, including SI00A8/A9 and TGF-B1. T cell-derived sEVs exhibit FasL-dependent
dual bioactivities: they trigger apoptosis in drug-sensitive tumor cells yet promote invasiveness of therapy-
resistant tumor clones.

Collectively, sEVs construct intricate immune regulatory networks in the melanoma microenvironment,
and their biological functions are tightly governed by the crosstalk among parental cell origin, molecular
cargo, and contextual microenvironmental conditions.

6.2. Translational Challenges and Future Perspectives

Despite the promising applications of sSEVs in the diagnosis, prognostic evaluation, and
immunotherapeutic intervention of melanoma, multiple translational bottlenecks remain to be addressed
before robust clinical implementation.

6.2.1. Lack of Unified Standards for sEVs Isolation and Purification

Currently, ultracentrifugation, size-exclusion chromatography, immunoaffinity enrichment, and
polymer-based precipitation constitute the mainstream techniques for sEVs isolation. However, these
methods differ substantially in product purity, sample recovery rate, and experimental reproducibility, and no
universally accepted gold-standard protocol has been established in the field [171]. sEVs isolated via distinct
purification strategies exhibit inherent variations in particle size distribution and the abundance of functional
protein and nucleic acid cargos. Such technical biases impair cross-laboratory data comparability and
compromise the stability and reliability of results from sEVs-based liquid biopsies, highlighting the urgent
need to develop standardized operating procedures and full-process quality control systems for SEVs research.

6.2.2. Imperfect Quantitative Systems for SEVs Cargo Detection

Precise quantitative detection of sEVs surface biomarkers (e.g., PD-L1), microRNAs, and functional
proteins still faces prominent technical limitations. For the representative biomarker PD-L1, enzyme-linked
immunosorbent assay (ELISA) and flow cytometry are the predominant quantitative approaches.
Nevertheless, unified operating guidelines and standardized internal reference criteria are currently
unavailable for these assays. Moreover, the absence of authoritative reference materials and universal data
normalization principles severely restricts the routine clinical application of SEVs-derived biomarkers.
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6.2.3. In Vivo Stability and Pharmacokinetic Limitations

Intravenously administered sEV's are rapidly cleared by hepatic Kupffer cells and splenic macrophages,
with an in vivo circulation half-life ranging from several minutes to hours, thereby drastically reducing the
effective dose delivered to target lesions [172]. Engineered strategies, including PEGylation, targeted
ligand conjugation, and hybrid sEVs-liposome construction, can prolong sEVs circulation time; however,
their potential impacts on biosafety and immunogenicity require further rigorous evaluation [173].

6.2.4. Off-Target Toxicity Risks

Beyond the delivery of therapeutic cargos, surface proteins and internal contents of SEVs may be non-
specifically internalized by normal tissues, triggering aberrant immune activation and inflammatory
responses. Furthermore, insufficient removal of oncogenic cargos from tumor-derived sEVs may
conversely promote tumor progression. Therefore, systematic assessment of the biodistribution,
immunogenicity, and long-term safety of engineered sEVs is indispensable for clinical translation.

6.2.5. Imperfect Clinical Trial System

DC-derived sEVs vaccines have demonstrated favorable safety profiles in phase I clinical trials for
melanoma and can induce NK and T cell immune memory responses. However, large-scale phase II/III
randomized controlled clinical data are lacking, and the definitive therapeutic efficacy remains to be
validated. Additionally, most engineered sEVs formulations, including miRNA-loaded, PD-L1-silenced,
and drug-loaded sEVs, are still in the preclinical stage, with considerable challenges remaining in large-
scale production and standardized quality control.

6.2.6. Advances in Single-Vesicle Analysis and Breakthroughs in Immune Regulation Research

Traditional bulk analysis of sEVs averages signals from tens of thousands of vesicles, masking
molecular heterogeneity between individual vesicles and obscuring rare but critical biological information
originating from pathological cells. Rapid advances in single-vesicle analytical technology have overcome
this fundamental limitation. Current mainstream platforms include single-particle tracking microscopy,
single-vesicle RNA sequencing, nano-flow cytometry, nanoplasmonic sensing, immune droplet digital
detection, microfluidics, and nanomaterial-based biosensing [174]. In terms of methodological innovation,
FRET-enabled tetrahedral DNA nanoprobes combined with nano-flow cytometry enable precise
quantification of single-vesicle miRNAs at high resolution [175]. The Protein Interaction Coupling (PICO)
reference-free quantitative assay integrates DNA-barcoded antibodies with digital PCR, achieving
multiplexed protein profiling of intact single vesicles using merely 1 pL of sample [176]. High-throughput
single-vesicle imaging platforms have also realized direct profiling of human plasma specimens across 191
clinical samples [177].

Single-vesicle resolution is essential for deciphering sEVs-mediated immune regulation in melanoma.
Tumor-derived sEVs exhibit prominent heterogeneity, and distinct sSEVs subpopulations carry completely
different immunomodulatory molecules. Specifically, PD-L17/PD-L1~ and BAG6"/BAG6~ sEVs subsets
exert opposite immune-activating or immunosuppressive effects, which are strictly determined by the
molecular signature of individual subpopulations. Single-vesicle multi-omics analysis enables accurate
identification of key sEVs subpopulations driving tumor immune evasion and characterizes their co-
expression patterns of PD-L1, immunosuppressive miRNAs, and metabolic regulators, providing
unprecedented resolution for elucidating the precise molecular mechanisms underlying sEVs-mediated
immunosuppression and ICI resistance. Furthermore, single-vesicle technologies facilitate the discovery of
novel diagnostic biomarkers and therapeutic targets. In the future, the deep integration of single-vesicle
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analysis with artificial intelligence-driven data interpretation is expected to achieve precise prediction and
dynamic monitoring of ICI therapeutic responses in melanoma patients via liquid biopsy.

6.2.7. Future Research Directions

Subsequent research can be focused on five core directions: (1) establishing standardized platforms for
sEVs isolation, purification, and multi-dimensional characterization to unify full-process quality control
specifications; (2) conducting large-sample validation based on prospective clinical cohorts to clarify the
clinical value of diverse sEVs biomarkers for prognostic stratification and ICI response prediction in
melanoma patients; (3) optimizing the manufacturing protocols of engineered sEVs to promote translational
evaluation of modified vesicle therapeutics; (4) exploring synergistic combination regimens of sEVs
intervention with ICI therapy and dissecting the underlying mechanisms of combinatorial efficacy
enhancement; (5) characterizing the distinct molecular profiles of sEVs in rare melanoma subtypes (e.g.,
uveal melanoma) to develop subtype-specific diagnostic and targeted therapeutic strategies. Collectively,
the clinical translation of sEVs-based basic research into individualized immunotherapeutic regimens for
melanoma requires interdisciplinary collaboration across immunology, pharmaceutics, clinical medicine,
and bioengineering, as well as sustained in-depth scientific investigation.
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