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Abstract

Stem cell-derived exosomes (SDEs) have emerged as revolutionary mediators in cancer
immunotherapy, offering unprecedented potential to reprogram the immunosuppressive
tumor immune microenvironment (TIME). These nano-sized extracellular vesicles, laden
with non-coding RNAs (ncRNAs), serve as natural biocompatible carriers, capable of
orchestrating immune cell dynamics, stromal remodeling, and tumor cell fate. Unlike their
tumor-derived counterparts, which often propagate oncogenic signals, SDEs uniquely harbor
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immunomodulatory miRNAs (e.g., miR-155, miR-342-3p) and IncRNAs (e.g., MALAT1, XIST)
that recalibrate TIME components, activating cytotoxic CD8* T cells, polarizing macrophages
toward anti-tumor M1 phenotypes, and suppressing regulatory T cells (Tregs). This review
delineates how SDEs leverage ncRNA cargo to dismantle immunosuppressive barriers: by
silencing checkpoint molecules (PD-L1), reversing chemoresistance, and rewiring cancer-
associated fibroblasts (CAFs). We highlight the dual roles of exosomal ncRNAs, such as miR-
126, which initially bolster cancer stemness but, upon sustained delivery, trigger tumor-
selective necroptosis, underscoring their context-dependent therapeutic utility. Despite
promising preclinical outcomes, challenges in scalable production, off-target effects, and
tumor heterogeneity necessitate engineered solutions, CRISPR-edited exosomes, surface-
targeted modifications, and combinatorial regimens with checkpoint inhibitors. By
integrating mechanistic insights with translational advances, this review positions SDEs as a
paradigm-shifting tool in precision oncology and advocates for multidisciplinary strategies to
harness their full potential. As the field evolves, SDE-based therapies stand poised to
redefine cancer treatment, transforming the TIME from a fortress of immune evasion into a
battleground for tumor eradication.
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1. Introduction

Exosomes are nanosized extracellular vesicles, typically 30-150 nm, released by various cell
types into the extracellular space and play crucial roles in intercellular communication. They are
formed by invagination of endosomal membranes, leading to the formation of multivesicular
bodies (MVBs), which subsequently fuse with the plasma membrane to release exosomes into the
extracellular milieu [1, 2]. These vesicles encapsulate a variety of bioactive molecules, including
proteins, lipids, and nucleic acids, which contribute to their functionality in mediating cellular
communication processes such as immune responses, angiogenesis, and tumor development [1,
3]. The protein composition of exosomes typically induces tetraspanins, heat shock proteins, and
various cargo proteins, which can influence recipient cells through receptor-mediated mechanisms
or by directly transferring their molecular cargo into the cytoplasm, thereby activating diverse
intracellular signaling pathways [2, 4]. Exosomes also contain various types of nucleic acids,
including messenger RNAs (mRNAs) and non-coding RNAs (ncRNAs), which have garnered
significant interest due to their roles in gene regulation and their potential implications in disease
processes, including cancer [5, 6]. By transferring these genetic materials, exosomes can modulate
the recipient cell's phenotype and function, acting as vectors for horizontal gene transfer within
the tumor microenvironment (TME) and influencing immune responses [7]. This intercellular
communication mediated by exosomes is critical for maintaining homeostasis and regulating
pathological conditions, including malignancies [3, 8].

Stem cell-derived exosomes (SDEs) exhibit unique properties that distinguish them from
exosomes derived from other cell types, notably their immunomodulatory and regenerative
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capabilities, as well as their lower immunogenicity [9, 10]. The immunomodulatory properties of
SDEs stem from their ability to influence immune cell activation and function, promoting a pro-
regenerative environment while simultaneously modulating the TME to favor anti-tumor
immunity [11, 12]. Additionally, SDEs demonstrate exceptional regenerative properties that may
enhance tissue repair and regeneration following injury, making them valuable therapeutic
candidates for various diseases, including cancer [10]. Compared with exosomes from normal
cells, those from cancer cells often promote tumorigenesis and immune evasion. Cancer cell-
derived exosomes typically carry oncogenic factors, including specific miRNAs and proteins that
facilitate tumor growth, metastasis, and immune suppression [13, 14]. For instance, exosomes
from triple-negative breast cancer cells can inhibit CD8* T cell functions, thus facilitating immune
escape [13, 15]. This highlights a fundamental contrast between SDEs and cancer cell-derived
exosomes, emphasizing the potential of SDEs to reprogram the tumor immune microenvironment
towards an anti-tumorigenic state [9, 12].

In this review, we focus on stem cell-derived exosomes as active regulators of tumor immune
microenvironment (TIME) reprogramming. All discussed topics, including ncRNA cargo selection,
immune cell modulation, stromal remodeling, chemoresistance, and exosome engineering, are
framed in terms of their contributions to shifting the TIME from an immunosuppressive to an
immune-permissive state. This framework emphasizes SDE-associated ncRNAs as system-level
modulators of tumor-immune interactions rather than as isolated molecular signals.

2. Non-Coding RNAs in Tumor Microenvironment

ncRNAs, including microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs
(circRNAs), represent a significant class of biomolecules found within exosomes. These ncRNAs
play vital roles in regulating gene expression and cellular processes, making them critical
components of exosomal cargo in modulating the TME [4, 5]. miRNAs, small regulatory RNAs
approximately 20-24 nucleotides in length, can silence target genes post-transcriptionally,
influencing various cellular phenotypes, including immune cell differentiation, activation, and
apoptosis [6, 7]. LncRNAs and circRNAs can modulate gene expression at both transcriptional and
post-transcriptional levels, and they are essential for cellular signaling and programming [16].
Importantly, ncRNAs carried by exosomes are increasingly recognized as key mediators of TME
modulation. They can influence immune cell responses, alter chemokine and cytokine gradients,
and contribute to immune escape mechanisms [7, 17]. For instance, exosomal miRNAs may
downregulate immune checkpoint molecules such as programmed death-ligand 1 (PD-L1) in
tumor-associated immune cells, thereby enhancing anti-tumor immunity [4, 17]. The notion that
ncRNAs within exosomes can reshape the TME underscores their potential as therapeutic agents
for reprogramming tumor immune dynamics [18, 19].

The TIME encompasses a complex network of immune cells, cytokines, stromal components,
and tumor cells that collectively shape tumor progression and treatment responses. Critical
cellular components of TIME include T lymphocytes (both cytotoxic CD8* cells and regulatory T
cells), macrophages, dendritic cells (DCs), and various stromal cells such as cancer-associated
fibroblasts (CAFs) [20, 21]. Cytokines and chemokines secreted by these cells orchestrate the
immune profile within the TME, influencing whether the immune response is anti-tumorigenic or
tumor-promoting [22, 23]. Understanding the role of TIME is essential, as it directly impacts
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cancer progression, metastasis, and therapy resistance. Immunosuppressive factors present within
the TIME, such as tumor-derived exosomes carrying inhibitory ligands, can effectively hinder T cell
activation and cytotoxicity, facilitating tumor immune escape [14, 24]. Additionally, the interplay
between immune cells and their microenvironment often determines therapeutic efficacy;
immunotherapies may succeed in some tumors while failing in others due to the inherent
characteristics of the TIME [5, 21]. As such, unraveling the complexities of the TIME is paramount
for developing effective therapeutic strategies aimed at reprogramming immune responses
against tumors [10, 22].

Given the transformative potential of stem cell-derived exosomal ncRNAs in mediating immune
responses, there is a compelling rationale for investigating their role in reprogramming the TIME.
SDEs not only possess inherent immunomodulatory properties but also convey multi-faceted gene
regulatory functions through their cargo of ncRNAs, offering a novel strategy to alter the
immunosuppressive milieu of tumors. By leveraging the unique immunomodulatory and
regenerative properties of stem cell-derived exosomes, researchers can explore whether these
exosomal ncRNAs can reshape the TIME to favor anti-tumor immunity, thereby enhancing
therapeutic outcomes for cancer patients [4, 12].

3. Stem Cell-Derived Exosomes: Biogenesis and Mechanism of Action
3.1 Biogenesis of Stem Cell-Derived Exosomes

The biogenesis of SDEs involves tightly regulated molecular pathways that orchestrate vesicle
formation, cargo sorting, and secretion. The process initiates with the invagination of the
endosomal membrane, forming intraluminal vesicles (ILVs) within MVBs. This process is regulated
by ESCRT-dependent and ESCRT-independent mechanisms that collectively govern intraluminal
vesicle formation and cargo sorting, as extensively reviewed elsewhere [25, 26]. In parallel, ESCRT-
independent pathways involving tetraspanins and ceramide-enriched lipid microdomains also
contribute to ILV biogenesis and influence cargo selection [25, 27].

Following ILV formation, MVBs either undergo lysosomal degradation or fuse with the plasma
membrane via Rab GTPases and SNARE proteins, leading to exosome release. The selective
packaging of ncRNAs (e.g., miRNAs, IncRNAs) into ILVs occurs during invagination and is governed
by sequence-specific RNA-binding proteins. For instance, hnRNPA2B1 recognizes the GGAG/UGCA
motif in miRNAs (e.g., miR-155, miR-21) and undergoes sumoylation, facilitating their loading into
exosomes. Similarly, YBX1 binds to IncRNAs (e.g., MALAT1) via cold-shock domains, thereby
enriching them in SDEs. Additionally, post-transcriptional modifications, such as 3'-uridylation of
miRNAs, serve as sorting signals, directing them to exosomes rather than the cytosol [15, 22].
Notably, unlike cancer-derived exosomes, stem cell-specific features, such as lower nSMase2
activity, favor the selective enrichment of immunomodulatory ncRNAs rather than oncogenic
cargo, highlighting the distinct therapeutic potential of stem cell-derived exosomes [28, 29]. These
mechanisms provide a framework for engineering SDEs with tailored ncRNA profiles for
therapeutic applications (Figure 1) [10, 22].
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Figure 1 Schematic representation of stem cell-derived exosome biogenesis. Exosomes
are generated through ESCRT-dependent and -independent pathways, enabling
selective loading and release of ncRNAs into the tumor microenvironment.

3.2 Key ncRNA Cargos in Stem Cell Exosomes

Several ncRNAs carried by SDEs play pivotal roles in immune regulation and tumor biology.
Representative examples, including miR-21, miR-34a, and IncRNA MALAT1, modulate immune cell
dynamics, immune checkpoint signaling, tumor progression, and therapy response, highlighting
the context-dependent immunomodulatory and oncogenic functions of exosomal ncRNAs [4, 7,
30-32].

Emerging evidence underscores the tumor-suppressive potential of exosomal miRNAs. For
instance, miR-342-3p, enriched in mesenchymal stem cell-derived exosomes (MSCs-exo), has been
shown to inhibit breast cancer metastasis and chemoresistance by targeting Inhibitor of
Differentiation 4 (/D4). Downregulation of miR-342-3p in metastatic breast cancer tissues
correlates with enhanced invasive behavior, while its restoration suppresses these effects,
positioning it as a therapeutic candidate for attenuating aggressive tumor phenotypes [33].
Similarly, IncRNA XIST, transmitted via bone marrow MSC-derived exosomes, promotes
osteosarcoma progression by sponging miR-655, thereby upregulating ATP-citrate lyase (ACLY).
This interaction drives lipid deposition and activates B-catenin signaling, fueling tumor growth and
lung metastasis. These findings illustrate how SDEs can either restrain or exacerbate malignancy
depending on their ncRNA cargo, emphasizing the need for precise therapeutic targeting [34].

The role of SDEs in chemoresistance is exemplified by miR-21-5p, which is enriched in
exosomes from doxorubicin-treated MSCs and transferred to breast cancer cells, where it induces
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S100A6 expression and drug resistance. Silencing miR-21-5p in MSCs reverses this effect,
highlighting its potential as a therapeutic target [35]. Intriguingly, exosomal miR-126 demonstrates
a dual role in malignant pleural mesothelioma (MPM). While initially enhancing cancer stem cell
(CSC) stemness, prolonged miR-126 accumulation, induced by GW4869, an inhibitor of exosome
release, triggers metabolic stress, autophagy dysregulation, and necroptosis, ultimately
suppressing tumor growth. Mechanistically, this functional switch has been attributed to sustained
metabolic stress and disruption of autophagic flux, leading to increased oxidative stress and
activation of necroptotic pathways, including RIPK1/RIPK3 signaling, in cancer stem cells. This
paradoxical effect underscores the context-dependent nature of exosomal ncRNAs and the
therapeutic potential of modulating exosome trafficking to exploit CSC vulnerabilities [36].

Gastric cancer-derived exosomes impaired adipogenesis in cancer-associated cachexia (CAC) by
suppressing lipid droplet formation and promoting brown adipose differentiation in adipose MSCs
via exosomal miR-155. Mechanistically, miR-155 targeted C/EBPB, downregulating adipogenic
markers (C/EBPa, PPARy) and upregulating thermogenic UCP1, shifting adipose MSCs toward
energy-expending brown adipose-like cells. In vivo, miR-155-enriched Gastric cancer exosomes
exacerbated fat loss and CAC, while miR-155 depletion reversed these effects, confirming its
pivotal role in driving adipose remodeling in cachexia [37]. Also, exosomal transfer of miR-155
from cisplatin-resistant (cisRes) to cisplatin-sensitive (cisSens) oral squamous cell carcinoma
(OSCC) cells drives chemoresistance by inducing epithelial-to-mesenchymal transition (EMT) and
enhancing migratory potential. miR-155 mimics or cisRes-derived exosomes similarly conferred
resistance and aggressive traits in cisSens cells, mirroring the phenotypic changes observed in
resistant cells. These findings establish exosome-mediated miR-155 shuttling as a key mechanism
in cisplatin resistance, offering a therapeutic target to counteract chemoresistance in OSCC [38].

CAFs in urothelial bladder cancer (UBC) promote stemness and chemoresistance via exosomal
miR-146a-5p, which upregulates SVEP1 in CAFs by recruiting YY1 and targets ARIDIA/PRKAA?2 in
UBC cells. This dual action inhibits SOCS1 (activating STAT3) and AMPKa2 (activating mTOR),
driving CSC maintenance and resistance to gemcitabine/cisplatin. Elevated serum exosomal miR-
146a-5p levels correlate with advanced tumor stage and relapse risk, positioning it as a biomarker
and therapeutic target to disrupt TME-driven chemoresistance in UBC [39].

In another study, genetically modified dental pulp mesenchymal stem cells (DPSCs) secreted
exosomes enriched with tumor-suppressive miR-34a, which effectively inhibited breast cancer cell
proliferation, migration, and invasion by inducing apoptosis, outperforming liposomes in miRNA
delivery efficiency [40]. A summary of key stem cell-derived exosomal ncRNAs, their gene targets,
and specific functional roles in cancer is presented in Table 1.

Page 6/18



OBM Genetics 2026; 10(1), d0i:10.21926/obm.genet.2601325

Table 1 Stem cell-derived exosomes carrying ncRNAs involved in cancer.

ncRNA Name  Type Targeting Gene(s) Specific Roles
Inhibits breast cancer metastasis and chemoresistance by directly targeting /D4, a transcription
. ) factor involved in tumor invasion. Downregulation of miR-342-3p in metastatic tumors correlates
miR-342-3p miRNA ID4 ) . . ) ] [33]
with aggressive phenotypes; restoration via mesenchymal stem cell (MSC)-derived exosomes
suppresses metastasis and enhances chemotherapy sensitivity.
) Sponges miR-655 to upregulate ACLY, driving lipid deposition, B-catenin activation, and
INcRNAXIST  IncRNA  miR-655/ACLY R _ [34]
osteosarcoma progression via bone marrow MSC-derived exosomes.
] ) Transferred from doxorubicin-treated MSC exosomes to breast cancer cells, induces
miR-21-5p miRNA  S100A6 _ _ S . [35]
chemoresistance via S100A6 upregulation. Silencing restores drug efficacy.
. ) PD-L1, IRAK1, Enhances CD8* T cell activation. In chemoresistant oral squamous cell carcinoma, it drives
miR-155 miRNA s o T _ [38, 41]
C/EBPB epithelial-mesenchymal transition and cisplatin resistance via exosomal transfer.
. ) Reprograms tumor-associated macrophages from M2 to M1 phenotype, suppresses PTEN, and
miR-223 miRNA  PTEN _ . _ o _ _ [42]
activates PI3K/AKT in ovarian cancer, driving chemoresistance. Biomarker for recurrence.
. ) SVEP1, Cancer-associated fibroblasts-derived exosomal miR-146a-5p promotes bladder cancer stemness
miR-146a-5p miRNA ] ) o ) [39]
ARID1A/PRKAA2 and chemoresistance via STAT3/mTOR activation. Serum levels correlate with relapse.
. ) o Enhances cancer stem cells' stemness in malignant pleural mesothelioma initially; prolonged
miR-126 miRNA Not specified ] ) ] ] ) [36]
accumulation triggers metabolic stress and necroptosis, suppressing tumor growth.
o Upregulates PD-L1 expression via METTL3-mediated m6A modification in pancreatic cancer,
MALAT1 IncRNA  PD-L1 (indirect) ] . ) ] ) [32]
thereby increasing T-cell exhaustion and immune evasion.
. ) o Induces apoptosis in breast cancer cells, inhibits proliferation/migration, and outperforms
miR-34a miRNA Notch1 (indirect) . . ) o . . [40]
liposomes in delivery efficiency via dental pulp mesenchymal stem cell-derived exosomes.
. ) o In immune cells, it activates AKT via PTEN suppression; in tumor cells, it promotes
miR-21 miRNA PTEN (implied) [43, 44]

chemoresistance via anti-apoptotic pathways.
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3.3 Uptake by Tumor and Immune Cells

The uptake of exosomes by tumor and immune cells involves diverse molecular mechanisms
that dictate cargo delivery and functional outcomes. Tumor cells predominantly internalize
exosomes via receptor-mediated endocytosis, where surface receptors such as integrins and
tetraspanins bind exosomal ligands or phosphatidylserine [45, 46]. This interaction triggers
clathrin- or caveolin-dependent endocytosis, enabling exosomes to deliver ncRNA cargos directly
into the cytoplasm. These ncRNAs can reprogram tumor cell behavior by modulating tumor
suppressive or oncogenic signaling pathways, thereby driving chemoresistance or metastasis [5,
23].

Immune cells exhibit cell-type-specific uptake mechanisms. For example, macrophages
internalize exosomes via scavenger or phosphatidylserine-recognizing receptors, which can
promote polarization toward pro-inflammatory M1 phenotypes through NF-kB activation [5, 17].
Dendritic cells capture exosomes through lectin-dependent pathways, enhancing antigen cross-
presentation and T cell priming via MHC class Il upregulation [47].

Recent advances in exosome engineering exploit these pathways to improve targeting
specificity. For instance, exosomes modified with immune receptor—targeting ligands can
selectively bind to T cells, enhancing their activation against tumors [46, 48]. Additionally, surface
conjugation of pH-sensitive fusogenic elements promotes membrane fusion in acidic tumor
microenvironments, ensuring precise cargo release into recipient cells [49, 50]. These mechanisms
illustrate how tumor and immune cells process exosomal cargo differently, thereby shaping the
tumor immune landscape. Understanding these pathways may facilitate the development of
exosome-based strategies to modulate immune responses or tumor behavior (Figure 2) [45, 51].
Collectively, these biogenesis and uptake mechanisms determine how stem cell-derived exosomal
ncRNAs are delivered to immune and stromal cells, thereby shaping their capacity to reprogram
the TIME.
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Figure 2 Exosome internalization by tumor and immune cells. Uptake of stem cell-
derived exosomes by tumor and immune cells, resulting in differential ncRNA-
mediated effects on tumor behavior and anti-tumor immune activation.

4. Reprogramming the Tumor Immune Microenvironment

SDEs reprogram the tumor immune microenvironment through coordinated effects on immune
cells, immunosuppressive signaling pathways, and stromal components. SDE-associated ncRNAs
act on multiple components of the TIME, collectively promoting a shift toward an immune-
permissive state.

4.1 Modulation of Immune Cells

Stem cell-derived exosomes have been shown to play critical roles in modulating various
immune cell populations within the TIME.

4.1.1 T-Cells Modulation

One of the key roles of stem cell-derived exosomes is their capacity to enhance the activation
and proliferation of cytotoxic CD8* T cells while simultaneously suppressing regulatory T cells
(Tregs). As discussed above, several stem cell-derived exosome—associated ncRNAs exert direct
immunomodulatory effects on T cell function. For instance, the delivery of exosomal miR-155 has
been implicated in promoting T cell activation and augmenting their cytotoxic potential against
tumor cells [52, 53]. Conversely, exosomes derived from tumors often carry immunosuppressive
factors that downregulate the activity of effector T cells, facilitating immune evasion [15, 54]. This
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dual mechanism underlines the potential of utilizing SDEs enriched in specific ncRNAs to generate
robust anti-tumor immune responses while thwarting Treg-mediated suppression [3, 17].
Furthermore, elevated reactive oxygen species (ROS) in ovarian cancer cells reduce exosomal miR-
155-5p levels; however, neutralization of ROS with N-acetyl-L-cysteine (NAC) restores miR-155-5p
levels in tumor exosomes, suppressing macrophage migration and tumor infiltration by targeting
PD-L1, thereby enhancing CD8* T cell activity and reducing T cell apoptosis. In vivo, NAC-derived
exosomes or direct delivery of exosomal miR-155-5p inhibited ovarian cancer progression,
reduced macrophage infiltration, and activated antitumor CD8* T cells more effectively than PD-L1
blockade, suggesting miR-155-5p targets additional immunosuppressive pathways beyond PD-L1.
These findings reveal ROS-driven downregulation of miR-155-5p as a key mechanism of immune
evasion, proposing exosomal miR-155-5p restoration is a potent strategy to reprogram the
immunosuppressive TME [41].

BMSC-derived exosomes alleviate Th17/Treg imbalance by transferring miR-146a-5p to CD4* T
cells, which suppresses IRAK1 expression, reducing pro-inflammatory Th17 cells and promoting
regulatory Tregs. Silencing exosomal miR-146a-5p reversed this effect, increasing Th17/Treg
ratios, while IRAK1 overexpression similarly disrupted balance, both counteracted by BMSC
exosomal miR-146a-5p. These findings highlight exosomal miR-146a-5p as a therapeutic target for
ITP, offering a novel strategy to restore immune homeostasis by inhibiting IJRAK1 [55].

4.1.2 Macrophages

Exosomes derived from stem cells can also polarize macrophages from an M2 (pro-tumor)
phenotype towards an M1 (anti-tumor) phenotype. Consistent with the ncRNA cargo profiles
described earlier, stem cell-derived exosomes profoundly influence macrophage polarization
within the tumor immune microenvironment. For example, exosomal miR-223 has been shown to
induce M1 polarization, leading to enhanced secretion of pro-inflammatory cytokines and
improved antigen-presenting capabilities, thus promoting anti-tumor immunity [24, 56]. In
contrast, tumor-derived exosomes tend to skew macrophage polarization towards an M2
phenotype, fostering an environment conducive to tumor growth and metastasis [5, 57]. Hence,
leveraging SDEs to reshape macrophage polarization could be an effective strategy for
reprogramming the TME to favor anti-tumor responses. Furthermore, hypoxic epithelial ovarian
cancer (EOC) cells recruit macrophages and polarize them into TAM, which secrete exosomes
enriched with miR-223 under hypoxia. These exosomes transfer miR-223 to EOC cells, suppressing
PTEN and activating the PI3K/AKT pathway, thereby driving multidrug resistance in vitro and in
vivo. Clinically, elevated HIF-1a expression correlates with increased CD163* TAM infiltration and
intratumoral miR-223 levels, while circulating exosomal miR-223 serves as a biomarker for EOC
recurrence, highlighting its therapeutic potential to overcome chemoresistance [42].

4.1.3 Dendritic Cells

Exosomal ncRNAs can enhance DC maturation and antigen-presenting capabilities, which are
pivotal for initiating T cell-mediated immune responses. Through the delivery of immunoactive
miRNAs, SDEs may facilitate DC activation, thus improving their ability to process and present
tumor antigens to T cells, potentially leading to enhanced anti-tumor immunity [26, 56]. This
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interaction highlights the importance of exosomal cargo in orchestrating immune responses within
the TME.

4.2 Suppression of Inmunosuppressive Factors

Utilizing stem cell-derived exosomal miRNAs to downregulate immunosuppressive factors in
the TIME represents another promising therapeutic strategy. Exosomal exposure can
downregulate inhibitory proteins, such as PD-L1, TGF-B, and IL-10, which are often upregulated in
the TME to counteract immune responses [3, 4]. For instance, research has indicated that specific
miRNAs can inhibit PD-L1 expression in immune cells, thereby attenuating their
immunosuppressive effects and restoring T cell functionality [14, 58]. This ability to suppress
immunosuppressive signaling pathways could enhance the overall efficacy of cancer
immunotherapies. Furthermore, exosomes released by immune cells can interfere with the
activities of myeloid-derived suppressor cells (MDSCs), which promote immune tolerance and
suppress anti-tumor immunity [57]. The capacity of SDEs to modulate MDSC function by delivering
bioactive molecules presents a unique approach to counteracting the immunosuppressive nature
of the TME.

4.3 Remodeling the Stromal Niche

Exosomal ncRNAs can also target CAFs and the extracellular matrix (ECM), promoting
alterations in the stromal niche that favor anti-tumor immune responses. By delivering specific
signaling molecules, SDEs can reprogram CAFs from a tumor-promoting to a tumor-restraining
phenotype, thereby reducing extracellular matrix stiffness and enhancing T cell infiltration [48,
53]. This remodeling of the TME not only enhances immune cell access but also alters the chemical
signaling environment, potentially increasing therapeutic efficacy against tumors. Moreover,
modulation of ECM components by SDEs can help prevent metastasis and promote apoptosis in
tumor cells, thereby enhancing the overall anti-tumor efficacy of therapeutic approaches [23, 59].
The interplay between stem cell-derived exosomes and stromal cells underscores the multifaceted
role these vesicles play in transforming the TME to support effective immune responses against
tumors (Figure 3).

Page 11/18



OBM Genetics 2026; 10(1), d0i:10.21926/obm.genet.2601325

Infiltrating T cells

Lipid deposition — Impairing proliferation

Blood vessel B-catenin/ACLY inhibition — ‘ DC maturation

‘T cellexclusion

‘ EMT
‘ Metastasis

Increasing T cellinfiltration

|

Reducing collagen deposition

a-SMA+/FAP+ phenotype «——'| 1, o rectraining state @ Treg —— ) TeF-p/IL-10

Immunosuppressive activi
SDEs , . pp ty

) CAFs
Macrophage —— ‘ T cell exhaustion
a-SMA-/FAP- phenotype «—— Tumor promoting state

Figure 3 Exosomal ncRNAs remodel the stromal niche. SDEs reprogram CAFs, reduce
ECM stiffness, and modulate immunosuppressive pathways, thereby promoting an
anti-tumor microenvironment with increased T cell infiltration.

Reprogramming

5. Therapeutic Implications

The therapeutic relevance of stem cell-derived exosomes lies in their ability to reprogram the
TIME rather than directly targeting tumor cells alone. Preclinical studies have established the
potential of stem cell-derived exosomes to induce tumor regression, enhance immune infiltration,
and confer survival benefits. For instance, exosomes derived from MSCs have been demonstrated
to carry anti-tumor miRNAs such as miR-146a that effectively suppress breast cancer metastasis
[56]. In vivo studies indicate that administration of MSC-derived exosomes leads to considerable
tumor shrinkage and increased activation of anti-tumor immune cells, highlighting their potential
as therapeutic agents [11, 27]. Additionally, animal models have shown that SDEs can facilitate the
recruitment of cytotoxic T cells to the tumor site, thereby improving survival rates in cancer-
bearing subjects [4, 31]. These findings collectively underscore the promising role of stem cell-
derived exosomes as natural nanoparticles in cancer therapy.

Despite the promising preclinical findings, several challenges hinder the clinical translation of
stem cell-derived exosomes. Scalability in the production of these exosomes remains a significant
barrier, as efficient protocols for large-scale isolation and purification have yet to be standardized
[23, 27]. Furthermore, ensuring the safety of exosome-based therapies is paramount, as concerns
regarding off-target effects and potential immunogenicity must be rigorously evaluated [60, 61].
Furthermore, targeting specificity is another critical challenge, as tumor heterogeneity and
microenvironmental variability complicate the predictability of therapeutic effects [14, 59].
Therefore, addressing these clinical translation challenges will be essential to the successful
development of exosome-based therapies for cancer treatment.

Combining stem cell-derived exosomes with existing therapies, such as immune checkpoint
inhibitors or chemotherapy, holds significant potentialto enhance therapeutic efficacy. For
example, co-administration of SDEs enriched with immunomodulatory miRNAs alongside anti-PD-
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1 or anti-PD-L1 therapies may synergistically reinvigorate exhausted T cells within the TIME,
resulting in improved immune responses against tumors [3, 62, 63]. This combinatorial approach
leverages both adaptive and innate immune mechanisms, potentially maximizing therapeutic
outcomes while minimizing adverse effects.

6. Challenges and Future Directions

The field of exosome research continues to grapple with critical technical and biological
challenges. A significant bottleneck lies in the isolation and characterization of exosomes, which
remain hampered by their heterogeneity in size, density, and molecular composition. Current
techniques, such as ultracentrifugation and size-exclusion chromatography, often co-isolate non-
exosomal contaminants, such as apoptotic bodies and lipoproteins, skewing downstream analyses
[64, 65]. Moreover, variability in exosomal surface markers, such as tetraspanins (CD9, CD63,
CD81) and adhesion molecules (ICAM-1, MFGES8), across cell types and tumor subtypes
complicates standardized purification protocols. For instance, exosomes from MSCs exhibit
distinct lipidomic profiles (e.g., higher ceramide content) compared to those from induced
pluripotent stem cells (iPSCs), influencing their functional properties [66, 67].

Another barrier is the lack of large-scale clinical trials validating exosome-based therapies (21).
For example, miR-21-5p in SDEs may inadvertently activate oncogenic pathways in healthy tissues
if not selectively targeted. Additionally, the impact of tumor-specific mutations on exosomal
ncRNA function remains underexplored. Mutations in TP53 or KRAS could alter the binding affinity
of exosomal miRNAs (e.g., miR-34a) to their target mRNAs, diminishing therapeutic efficacy in
genetically diverse tumors [46].

Unanswered questions persist regarding the optimal stem cell source for exosome production.
iPSC-derived exosomes, enriched in pluripotency-associated miRNAs (e.g., miR-302), may enhance
regenerative properties but risk teratoma formation, whereas MSC-derived exosomes offer safer
profiles but vary in potency depending on tissue origin [14]. Similarly, the role of epigenetic
modifications (e.g., DNA methylation, histone acetylation) in regulating exosomal ncRNA cargo
remains unclear, presenting opportunities for mechanistic exploration. Future efforts should
prioritize engineering exosomes to overcome these limitations. Surface modifications, such as
conjugating exosomes with EGFR-targeting nanobodies or CXCR4-binding peptides, could enhance
tumor homing. CRISPR/Cas9-edited exosomes, loaded with tumor-suppressive miRNAs (e.g., miR-
34a) and immune-activating IncRNAs (e.g., NKILA), offer precision in reprogramming the TIME.
Furthermore, personalized ncRNA cocktails, tailored to a patient’s tumor mutational burden or
immune profile, could synergize with existing therapies. For example, combining exosomal miR-
155 (to activate CD8* T cells) and anti-PD-1 antibodies might overcome resistance in TP53-mutant
cancers [48, 68].

7. Conclusion

In conclusion, stem cell-derived exosomal ncRNAs represent a novel, versatile, and
biocompatible strategy for reprogramming the tumor immune microenvironment. Rather than
acting through isolated molecular interactions, SDE-associated ncRNAs exert coordinated, system-
level effects on immune cells, immunosuppressive signaling pathways, and stromal components.
Together, these effects shift the TIME from an immunosuppressive toward an immune-permissive
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state. This unifying framework integrates ncRNA cargo delivery, exosome biogenesis and uptake,
immune modulation, stromal remodeling, and mechanisms of therapy resistance into a coherent
model of TIME reprogramming. From a translational perspective, these properties position SDEs as
promising candidates for the development of next-generation cancer immunomodulatory
therapies. Nevertheless, several challenges must be addressed before clinical implementation,
including scalable, standardized exosome production, addressing cargo heterogeneity, ensuring
targeting specificity, and assessing long-term safety. Recent advances in exosome engineering,
such as surface modification for enhanced tumor targeting, controlled ncRNA-loading strategies,
and CRISPR-based exosome editing, may help overcome these limitations. Furthermore,
combining SDE-based approaches with immune checkpoint inhibitors or developing personalized,
tumor-specific ncRNA cocktail strategies holds considerable promise for enhancing therapeutic
efficacy. Collectively, these advances highlight the potential of stem cell-derived exosomal ncRNAs
to bridge mechanistic insights with translational innovation in precision oncology.
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