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1 | INTRODUCTION

| Lianhui Wang'

Abstract

Immunotherapy has transformed cancer treatment by enabling the immune
system to target tumors more precisely. However, challenges such as immu-
nosuppression within the tumor microenvironment, off-target effects, and
limited success in treating solid tumors continue to hinder its broader effec-
tiveness. Extracellular vesicles (EVs), secreted by various cell types, have
drawn increasing interest for their potential to overcome these barriers.
Tumor-derived EVs can promote immune evasion but also carry tumor anti-
gens that stimulate immune responses. Meanwhile, EVs from immune cells,
such as dendritic cells and macrophages, can enhance immune function by
delivering signaling molecules that support both innate and adaptive immu-
nity. Advances in EV engineering have further improved their stability, tar-
geting capabilities, and therapeutic potential. This review explores the dual
roles of tumor-derived and immune cell-derived EVs in cancer immuno-
therapy, discusses recent progress in EV engineering that improves their
clinical utility, and evaluates their potential to augment existing
immunotherapies.
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achievements, major limitations remain. Patient responses

Immunotherapy has significantly advanced cancer treat-
ment by enabling the immune system to selectively target
tumor cells. Compared to traditional therapies such as
chemotherapy and radiotherapy, which often damage
healthy tissues, immunotherapy offers greater specificity
and the potential for lasting effects."”? Treatments like
cancer vaccines, immune checkpoint inhibitors, and
chimeric antigen receptor (CAR)-T cell therapy have
shown success in treating certain cancers.” > Despite these

vary widely, severe immune-related side effects can occur,
and the tumor microenvironment (TME) often poses a
barrier to treatment effectiveness.® Tumors frequently
evade immune detection through mechanisms such as
immune suppression, antigen loss, and modulation of
immune checkpoints. While immune checkpoint in-
hibitors can restore T-cell activity, they may also trigger
autoimmune reactions.”'® Similarly, CAR-T cell therapy
has proven effective in hematologic malignancies but
struggles in solid tumors due to limited tumor penetration,
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antigen heterogeneity, and a suppressive TME."' ™ Addi-
tionally, the systemic delivery of immunotherapies often
results in off-target effects, poor bioavailability, and
reduced efficacy at the tumor site.'**°

Extracellular vesicles (EVs) have emerged as promising
candidates to address these challenges. These nanoscale
vesicles, secreted by a variety of cell types, facilitate inter-
cellular communication by transporting proteins, lipids,
and nucleic acids.'”* Their natural biocompatibility,
ability to cross biological barriers, and selective targeting
properties make them attractive for drug delivery and im-
mune modulation in cancer.”®** EVs can be engineered to
carry immune-regulatory molecules, tumor antigens, or
therapeutic agents, enhancing immune responses or
altering the TME.”>** Advances in EV engineering now
allow precise modification of vesicle contents and surfaces
to improve delivery specificity and stability.>*” Immune
cell-derived EVs, particularly those from dendritic cells
(DCs) and macrophages, are of special interest due to their
ability to activate both innate and adaptive immunity.***°
EVs are also being studied as adjuncts to CAR-T therapy,
with the goal of overcoming physical and immunological
barriers in solid tumors by delivering cytotoxic or immu-
nomodulatory agents directly to tumor sites.>"** These ca-
pabilities allow EVs to be versatile platforms for enhancing
current cancer immunotherapies. Furthermore, with

advances in EV engineering, their applications have
expanded even further. Modifications to improve targeting
efficiency, enhance cargo stability, and boost immune
activation have made EVs a versatile platform for cancer
immunotherapy.®*° These strengthen their therapeutic
outcomes and reduce systemic toxicity, providing a safer
and more effective alternative to existing methods. By
addressing fundamental challenges in immunotherapy,
EVs have the potential to reshape cancer treatment.

This review presents the transformative potential of
EVs in cancer immunotherapy, with a focus on their dual
origins from tumor and immune cells, their functional
diversity, and the emerging strategies used to engineer
them for therapeutic applications (Figure 1). We also
highlight how EVs may complement or improve existing
treatments, potentially offering safer and more effective

alternatives in the evolving field of cancer
immunotherapy.
2 | THERAPEUTIC POTENTIAL OF EVs

IN IMMUNOTHERAPY

EVs, lipid bilayer-enclosed structures secreted by most
cell types, have gained increasing attention for their
unique biological characteristics—low toxicity, high
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FIGURE 1 Schematic illustration of the therapeutic potential of extracellular vesicles in immunotherapy.
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biocompatibility, minimal immunogenicity, and capacity
for targeted delivery.*®*” In cancer biology, EVs exhibit a
dual role: they can activate anti-tumor immune responses
or contribute to immune suppression, depending on their
cellular origin and molecular cargo.”**® One of the key
therapeutic features of EVs is their ability to present
tumor-associated antigens to immune cells. This function
supports antigen-specific responses, particularly by acti-
vating DCs and cytotoxic T lymphocytes (CTLs), which
are critical for initiating and sustaining anti-tumor im-
munity.”* At the same time, EVs can also play a role in
immune evasion. They may carry immunosuppressive
molecules—proteins, lipids, or nucleic acids—that
dampen CTL activity or promote the expansion of regu-
latory T cells (Tregs), thereby facilitating tumor progres-
sion.*** This functional versatility, along with their
natural stability and capacity for selective targeting,
makes EVs appealing platforms for drug delivery and
cancer immunotherapy (Table 1).>>*®7* Moreover, ad-
vances in EV engineering enable customization of their
surface molecules and cargo, boosting relevance in pre-
cision medicine and enabling tailored immunotherapies.

The TME is an intricate cellular and molecular
network involving signaling crosstalk between tumor
cells, diverse stromal cells (e.g., fibroblasts, mesenchymal
stromal cells), immune cells (e.g., regulatory T cells,
natural killer (NK) cells, macrophages), and the extra-
cellular matrix (ECM). Tumor-derived extracellular ves-
icles (TEVs) act as key mediators of tumor immune
evasion by constructing a robust immunosuppressive
network through multiple mechanisms.”* On one hand,
TEVs directly inhibit T cell function and induce apoptosis
via surface ligands such as FasL and PD-L1, while
attenuating NK cell activation through galectin-9. On the
other hand, TEVs carry immunosuppressive factors like
HMGB1 and CD73, which induce the generation and
activation of regulatory T cells (Tregs) and regulatory B
cells (Bregs) to suppress adaptive immune responses at
their source. Cancer-associated fibroblasts (CAFs) are a
major stromal component in many cancers
(e.g., pancreatic, breast, colon cancer), and TEVs can
modulate CAF phenotypes and functions, while CAFs
secrete EVs that act on tumor cells and other TME
components, forming a bidirectional regulatory
network.”” CAF-derived EVs enhance PD-L1 transcrip-
tion via miR-92, thereby suppressing immune cell func-
tion.”® EVs from other TME immune cells also contribute
to immunosuppression. Treg-EVs containing IL-35
induce peripheral tolerance in T cells and inhibit Thl
and DC functions,”””® myeloid-derived suppressor cells
(MDSC)-EVs facilitate MDSC accumulation and T cell
apoptosis while modulating macrophage polarization,”
and TAM-EVs carry miR-155-5p to promote immune
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evasion, regulate PD-L1, and modulate cell prolifera-
tion.*° Endothelial cell-derived extracellular vesicles (EC-
EVs) directly regulate tumor angiogenesis via molecules
like vascular endothelial growth factor (VEGF) and
endothelial nitric oxide synthase, while inducing
abnormal phenotypes including distorted morphology
and increased permeability in tumor-associated blood
vessels to exacerbate the hypoxic and acidic TME,
thereby inhibiting T cell infiltration and functional ac-
tivity. These EVs directly suppress effector T cell function
and induce apoptosis by promoting endothelial secretion
of inhibitory factors (e.g., IL-6, PGE2) and upregulating
PD-L1 expression. In cancer therapy, EC-EVs exhibit
substantial promise. They act as natural carriers to cross
the blood-brain barrier (BBB) and deliver therapeutic
VEGF small interfering RNA (siRNA) to brain tumors,
while their intrinsic anti-cancer molecules miR-126
downregulate oncogenic targets VEGF to inhibit tumor
cell proliferation and tumorigenesis.*""*> These findings
collectively elucidate the complexity of the interaction

between EVs and TME components in tumor
immunotherapy.
2.1 | Tumor cells-derived EVs

TEVs play complex roles in cancer biology, influencing
tumor initiation, progression, and immune modulation
through a variety of mechanisms.**® Early in tumor
development, TEVs are released into circulation and
accumulate in bodily fluids, where they act as key me-
diators of intercellular signaling.®® These vesicles transfer
bioactive cargo to recipient cells, including tumor-
associated antigens and major histocompatibility com-
plex (MHC) molecules, which can prime DCs to activate
CTLs and initiate antitumor immunity.*” Paradoxically,
TEVs also exhibit dual functional properties dictated by
surface molecules inherited from parental cancer cells,
which may either drive tumor progression or suppress
immune surveillance.®*°° TEVs can carry microRNA
(miRNA) and enzyme-activating arginase-1 (ARG1), both
of which directly influence T cell activation, proliferation,
and cytokine release by downregulating T cell receptors
(TCRs). The surface composition of TEVs critically de-
termines their biological impact.”’”** Tetraspanins facil-
itate preferential homing and internalization of TEVs by
their parent cells, reinforcing tumor-stroma crosstalk.*
Meanwhile, PD-L1 on TEVs engages PD-1 receptors on T
cells, suppressing their proliferation and activation.”>*’
This effect is amplified by ICAM-1-mediated adhesion
to CD8™ T cells, stabilizing PD-L1/PD-1 interactions.”®*’
TEVs further impair immunity through FasL expression,
inducing apoptosis of activated immune cells via Fas
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TABLE 1 Summary of using EVs for drug delivery and therapeutic systems.

EV source

Tumor cell

DC cell

Macrophage

T Cell

NK cell

Type
4T1

MV3

US7MG

4T1

Ascites

M1
M1

M1

M1

M2

M2

M1

M1

M1
CD8™"

CD8*

CD8"

Tregs
CART

NK-92
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Cargo

TGF-f type II receptor
(TBRII)

TIM-3

CTLA-4, CD73

GSDMD-N mRNA
GM-CSF

Tumor antigens

Doxorubicin

ICG and PD-L1 antibody

Prodrug aldoxorubicin

miR-150

miR-628-5p

miR-16-5p

miR-143-3p

LINCO01232

0OX40L

CD47 and SIRP «

antibodies

Metformin

PD-1

IL-2, anti-EGFR antibody,
cetuximab (CTX)

miR-181a-3p, miR-223-3p

miR-150-5p, miR-142-3p

Paclitaxel

Perforin and Fas-L

miR-186

Doxorubicin

Paclitaxel

Disease

Breast cancer

Melanoma

Glioblastoma

Breast cancer

Colorectal cancer

Non-small cell lung
cancer (NSCLC)

Breast cancer

Non-small cell lung
cancer (NSCLC)

Breast cancer

Glioma
Hepatocellular
carcinoma
Gastric cancer
Colorectal cancer
Glioma

Breast cancer

Breast cancer

Breast cancer

Triple-negative breast

cancer

Lung cancer

Melanoma

Lung cancer

Melanoma,
glioblastoma

Neuroblastoma

Breast cancer

Breast cancer

Outcomes

Impose CD8" T cell exhaustion

Inhibit the immune function of CD4" T cells and
induce M2 macrophages polarization

Decrease the immunological function of CD4" T
cells and natural killer (NK) cells

Penetrate tumor cells and trigger pyroptosis

Elicit antigen-specific cytotoxic T lymphocyte
response

Enhance the immune response of natural killer
(NK) cells

Deliver doxorubicin specifically to tumor tissues

Specifically target tumor and offer a multimodal
therapeutic intervention

Repolarize M2 to M1 macrophages

Targets and binds to MMP16 in glioma cells,
subsequently downregulating its expression

Inhibit the m6A modification of circFUT8

Induced T-cell immune responses by suppressing
PD-L1 expression

Stimulate the aggressive tumor by the ZC3H12A/C/
EBPf axis-dependent mechanism

Regulate the autophagy-lysosomal pathway and
induce glioma immune escape

Activate the adaptive immunity by engaging the
0X40/0X40L pathway

Block CD47 and SIRPa on macrophages

Promote macrophage polarization

Einvigorated tumor CD8" T lymphocytes from PD-
L1-induced suppression

Enhance tumor cytotoxicity and tumor targeting
ability

Downregulate both cellular and exosomal PD-L1
expression

Caused a tolerogenic phenotype in DC cells

Penetrate tumor barriers and increase CD8™ T cells
infiltration

Perform remarkable cytolytic activity against tumor

Suppress the expression of MYCN and AURKA and
induce apoptosis of neuroblastoma cells

Enable cell apoptosis

Upregulate the expression of Bax and Caspase-3 to
activate apoptotic signaling pathway

Ref

41

42

43

44

45

46

47

48

49

50

51

53

56

57

60

61

63,64

65

66
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TABLE 1 (Continued)

EV source Type Cargo Disease
CAR-NK  Ce6 Breast cancer

Others Neutrophil miR-4466 Lung cancer
MSC microRNA-379 Breast cancer
MSC miR-101 Osteosarcoma
MSC - Gastric cancer

FleXMat-WiLEy——2

Outcomes Ref

Facilitate the release of therapeutic molecules at ~ ®

tumor sites

Promote the stemness and glycolytic metabolism,

thereby promoting brain metastasis of lung tumor
cells

Promote tumor cell apoptosis and necrosis 70

Suppress tumor cell invasion and migration 7

Activate the CaM-Ks/Raf/MEK/ERK signaling 72
pathway

Abbreviations: AURKA, aurora kinase A; CAR-NK, chimeric antigen receptor-natural killer cells; ERK, extracellular signal-regulated kinase; EV, extracellular
vesicle; MEK, mitogen-activated protein kinase kinase; MSC, mesenchymal stem cells; MYCN, v-Myc avian myelocytomatosis viral oncogene neuroblastoma

derived homolog; SIRP, signal regulatory protein.

receptor binding,'°>'°" and through NKG2D ligands that
promote immune evasion.'> Heat shock proteins on
TEVs stimulate DCs to secrete IL-6, thereby enhancing
tumor invasiveness.'*®> Notably, cancer type-specific TEV
signatures dictate distinct immune-modulatory out-
comes. Breast cancer-derived EVs induce CD8" T cell
exhaustion via TGF- type II receptor signaling,** while
melanoma EVs suppress CD4" T cell activity and drive
M2 macrophage polarization through TIM-3 over-
expression.** Glioblastoma EVs compromise CD4" T cell
and NK cell function via surface CTLA-4 and CD73
expression.”> While TEVs can mediate tumor progres-
sion, they also play an immunogenic role in antitumor
response. Melanoma EVs can enhance interferon-gamma
(IFN-y) secretion, promote proliferation, and boost NK
cells' tumor cytotoxicity. These vesicles express the
NKp30 ligand-binding antigen (BAG6) on their surface,
which triggers an anti-tumor response in NK cells upon
binding. The functional switching of TEVs between
tumor-promoting and tumor-suppressive phenotypes
is regulated by key factors including tumor cell
status, TME signals, and post-secretion modifications
(e.g., engineering). These findings collectively underscore
the complexity of TEV-mediated immune regulation in
shaping the TME.'**"'°® Translating TEVs' dual proper-
ties into clinical therapies is hindered by heterogeneity,
poor targeting specificity, and scalability challenges,
which can be addressed via precision sorting and stan-
dardized production.

2.1.1 | Engineered TEVs as multimodal
therapeutic platforms

Beyond their pathological roles, TEVs have emerged as
promising drug delivery vectors capable of transporting

diverse therapeutic payloads, ranging from small-
molecule agents'®”'*® to biologics such as proteins,'”
and nucleic acids."'® Through systematic engineering
approaches, including chemical conjugation, physical
loading, and genetic reprogramming, the pharmacoki-
netic profile and targeting precision of TEVs can be
substantially optimized.**'*'** By simultaneously
delivering cytotoxic payloads and reprogramming
immunosuppressive TME through cargo-mediated ef-
fects, TEV could achieve dual microenvironment modu-
lation. For instance, TEVs encapsulating GSDMD-N
terminal (Gasdermin D-N) mRNA effectively penetrate
tumor cells to induce pyroptosis, thereby circumventing
ferroptosis resistance mechanisms.**"'* Co-loading of
siSTAT3 and doxorubicin creates synergistic effects, with
TEVs simultaneously delivering gene-silencing agents
and chemotherapeutics to trigger immunogenic cell
death (ICD).'®” Surface-engineered TEVs permit real-
time tracking while maintaining therapeutic function-
ality. Engineered TEVs demonstrate clinical translational
potential in reversing chemoresistance and suppressing
metastatic progression, as evidenced by their efficacy in
colorectal cancer (CRC) liver metastasis models.'**
TEVs have emerged as a transformative platform for
personalized immunotherapy,''>""” offering unparal-
leled treatment specificity and efficacy by leveraging
patient-specific tumor antigens.''® Clinically, malignant
effusions (such as pleural and ascitic fluids) serve as rich
reservoirs of TEVs, which can be harnessed as potent
antigen carriers to orchestrate robust antitumor immune
responses. For example, TEVs isolated from malignant
pleural effusions (MPEs) have been shown to promote
DCs maturation and macrophage polarization, thereby
activating antigen-specific T cells and mitigating the
immunosuppressive effects of the MPE microenviron-
ment (Figure 2).*° In a Phase I clinical trial for CRC
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FIGURE 2 Masking tumor cell-derived extracellular vesicle (mnTEV) sourced from human MPE enhanced autologous antigen-specific

T cell activation. (A) Masking with a thin iron oxide layer enables complete masking of the anti-phagocytosis ligands and results in robust
phagocytosis of the mTEV and antigen-presenting for T cell activation. (B) A schematic illustration of the TEV nano-mask strategy with
TEV-templated in situ FeOOH biomineralization and the representative TEM image of TEVs and masked TEVs. (C) The schematic design
of the clinical study. EVs in human MPE were collected to produce autologous mTEV vaccines on microfluidic chips for MPE treatment.
(D) Flow cytometry analysis of human T cell activation by human mTEV vaccine based on CD4 T and CD8 T (left), and the heat map of

cytokine levels of IL-23, IFN-y and TNF in human pleural effusion after treatment (right). Reproduced with permission.*®> Copyright 2024,

Springer Nature. IFN-y, interferon-gamma; MPE, malignant pleural effusion; TEM, transmission electron microscopy; TEV, tumor-derived

extracellular vesicle; TNF, tumor necrosis factor.

immunotherapy, ascites-derived EVs combined with
granulocyte-macrophage  colony-stimulating  factor
induced a strong tumor-specific CTL response, demon-
strating clinical feasibility and immunogenicity.*> These
findings underscore the intrinsic properties of TEVs,
including their tumor antigen repertoire, biocompati-
bility, and immune-modulatory potential, positioning
them as a versatile tool for personalized vaccines.

2.1.2 | Challenges and considerations in
TEV-based therapies

TEVs loaded with tumor antigens and costimulatory
signals represent a promising platform for cancer ther-
apy. Leveraging the inherent homing ability of TEVs,
they can deliver antitumor drugs directly to the tumor
site, thereby enhancing drug concentration within the
TME. While TEVs hold immense potential as therapeutic
agents, their clinical translation is hindered by several
challenges. Tumor cells often exploit EV-mediated
intercellular communication to evade immune surveil-
lance. For instance, TEVs may carry immunosuppressive

molecules such as PD-L1, impairing T cell function and
facilitating tumor immune escape. To counteract im-
mune evasion mediated by TEVs, it is essential to pre-
cisely disrupt the interaction between TEVs and recipient
cells. While inhibiting TEV formation and secretion using
EV inhibitors is a potential strategy, this approach poses
challenges, as it may also impact normal cells and their
physiological functions. Therefore, developing treatments
targeting TEV biogenesis and uptake is critical to mini-
mizing off-target effects and maximizing therapeutic ef-
ficacy. Such targeted interventions could significantly
improve the outcomes of TEV-based cancer therapies.

2.2 | Immune cell-derived EVs

EVs derived from immune cells are rich in bioactive
molecules that reflect the functional roles of their parent
cells. Depending on their origin, these EVs can either
stimulate or suppress immune responses, making them
valuable candidates for immunotherapeutic applica-
tions.?®!1%12% Antigen-presenting cell (APC)-derived EVs,
for example, express MHC molecules that enable them to
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present antigens and modulate adaptive immunity by
activating T cells.'*" Similarly, EVs released by NK cells
contain cytotoxic molecules such as Fas ligand and per-
forin, contributing to their ability to directly induce tu-
mor cell apoptosis.'**'** However, not all immune-
derived EVs are immunostimulatory. Regulatory T cell-
derived EVs, for instance, can carry miRNAs like miR-
150-5p and miR-142-3p that promote immune tolerance
by suppressing effector T cell activation.®® This dual
functionality underscores the need for careful consider-
ation when designing EV-based immunotherapies, as the
same class of vesicles can exert opposing effects
depending on their molecular content. Given their ability
to reflect and transmit the functional programming of
their source cells, immune cell-derived EVs represent a
promising platform for targeted cancer immunotherapy.
In the following sections, we examine EVs derived from
specific immune cell types—including DCs (DC-EVs),
macrophages (M-EVs), T cells (T-EVs), NK cells (NK-
EVs), neutrophils (N-EVs), and mesenchymal stem cells
(MSC-EVs)—each offering distinct mechanisms and
therapeutic potential rooted in the biology of their parent
cells.

2.2.1 | DC cells-derived EVs (DC-EVs)

DCs are key regulators of adaptive immunity, responsible
for both initiating antigen-specific immune responses and
maintaining immune tolerance.'**'?° In addition to
direct antigen presentation, DCs can modulate immune
activity through the secretion of EVs (DC-EVs), which
carry many of the functional markers and signaling
molecules of their parent cells (Figure 3A-E)."*” DC-EVs
typically contain MHC class I and II molecules along
with co-stimulatory proteins such as CD80, CD86, and
CD40, enabling them to present antigens and activate T
cells independently of direct cell contact.*>'** These
vesicles are enriched with MHC complexes and co-
stimulatory molecules (CD80, CD40, CD86), enabling
direct antigen presentation and T cell activation.'**'*°
They can also initiate CTL responses via T cell receptor
engagement and influence surrounding immune cells by
delivering Toll-like receptor ligands to nearby DCs,
thereby amplifying the immune response."*’

To improve their therapeutic utility, DC-EVs have
been engineered to enhance antigen specificity and im-
mune activation. For instance, DC-EVs can be genetically
modified using viral vectors to express tumor-specific
antigens. Surface functionalization with lymph node-
homing receptors (e.g.,, CCR7, ICAM-1) and co-
stimulatory molecules enhances both lymphatic target-
ing and immunogenicity.'** These engineered vesicles

offer dual benefits: precise delivery of tumor antigens to
secondary lymphoid organs and robust stimulation of
tumor-specific T cell responses. As acellular vaccine
carriers, neoantigen-loaded DC-EVs have shown the
ability to accumulate in lymphoid tissues and induce
coordinated activation of both T and B cells in preclinical
models (Figure 3F)."*®** In patients with advanced non-
small cell lung cancer (NSCLC), dendritic cell-derived
extracellular vesicles (DEV)-based therapies have
enhanced NK cell activity and improved immunologic
outcomes.*® Together, these findings support the poten-
tial of DC-EVs as a scalable, customizable platform for
cancer immunotherapy.

Engineered DC-EVs for drug delivery: DC-EVs are
increasingly being explored as targeted delivery vehicles
for cancer therapy, especially for applications requiring
passage across biological barriers such as the BBB. A
notable example is the use of hybrid EVs derived from
DC-tumor fusion cells, which are loaded with stimulators
of interferon genes (STING) and agonists (DT-Exo-
STING). These hybrid vesicles are enriched with tumor
antigen peptide-major histocompatibility complex and
co-stimulatory molecules, synergistically enhancing DC
maturation and tumor antigen presentation. This strategy
has shown promising results in activating antigen-
specific T cell responses in models of glioblastoma.'**
Engineered DC-EVs have also demonstrated effectiveness
in solid tumors such as breast cancer. In these models,
DC-EVs loaded with chemotherapeutic agents like
doxorubicin (DOX) have been used to deliver drugs
selectively to tumor tissues, minimizing off-target toxicity
and improving therapeutic efficacy.*” More recently, re-
searchers have developed multifunctional DEV platforms
that integrate multiple therapeutic modalities. One such
example involves DC-EVs modified with azide groups
and co-loaded with the photosensitizer indocyanine
green and PD-L1 antibodies. These vesicles are designed
to combine photodynamic therapy with immunotherapy,
enabling both targeted tumor cell destruction and im-
mune checkpoint blockade. In preclinical models of
NSCLC, this dual approach has shown enhanced tumor
targeting and immune activation.** These examples
highlight the versatility of engineered DC-EVs as drug
carriers, offering a promising route for combining tar-
geted delivery, immunostimulation, and multimodal
cancer treatment in a single platform.

Challenges and considerations in DC-EV-based thera-
pies: DC-EVs have shown considerable promise in cancer
immunotherapy due to their ability to present antigens
and activate T-cell responses. These nanoscale vesicles
naturally carry functional MHC-peptide complexes and
co-stimulatory molecules, making them effective tools for
modulating adaptive immunity. However, despite their
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FIGURE 3 DC-EV transits tumor antigen to the draining LN and mediates immunotherapy against the tumor. (A-E) Tumor antigen

transits to the draining LN via vesicle-laden migratory DCs. (A) Schematic for tdLN confocal imaging (top). Image of B16ZsGreen tdLN at

lower magnification and ZsGreen localization pattern in tdLN. Scale bars, 50 mm (left) and 10 mm (higher magnification, right).

(B) LLS imaging of sorted resident CD11b™* DCs from B16ZsGreen tdLN of mTmG mouse. The large image shows a surface rendering of the
cell membrane (red) and tumor-derived ZsGreen (green). (C) Tumor-derived ZsGreen within myeloid cells or MPss of tdLN from C57BL/6
wild-type or Ccr7_x0003_ /_x0003_ mice. (D) MFI of ZsGreen within migratory DC types in B16ZsGreen tumors and matched tdLN.
(E) Mean ZsGreen™ vesicle count per cell in migratory DC subsets (CD103, m11b) in the tumor and tdLN. Reproduced with permission.'?’

Copyright 2020, Springer Elsevier. (F) The DC-derived extracellular vesicles carried the patient-specific neoantigens as a nanovaccine
platform for individualized immunotherapies. Reproduced with permission.'*® Copyright 2023, Springer Elsevier. DC, dendritic cell; LLS,
lattice light sheet; LN, lymph node; MFI, mean fluorescence intensity.

and maintenance of DCs are technically demanding, and
producing DC-EVs with consistent quality and composi-
tion remains a significant hurdle. Variability in donor

potential, several obstacles limit their clinical translation.
One of the primary challenges is the limited availability
of DCs for large-scale production. The ex vivo generation
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cells, culture conditions, and vesicle isolation methods
can affect the immunogenicity and efficacy of the final
product. To address these issues, current strategies focus
on enhancing the immunostimulatory capacity of DC-
EVs through genetic and biochemical engineering.
Overexpression of specific surface markers or selective
enrichment of immunomodulatory cargo can improve
their therapeutic potential, particularly in the context of
immunosuppressive tumor environments. Nevertheless,
while preclinical models have demonstrated strong anti-
tumor effects using DEV-based vaccines, clinical out-
comes have been less impressive—especially in
generating robust tumor-specific T cell responses. This
discrepancy may stem from the common use of peptide-
loaded DC-EVs derived from monocyte-derived DCs,
which may not fully replicate the functionality of natu-
rally occurring DC subsets. Future efforts will need to
refine DC sources, optimize vesicle engineering, and
standardize production protocols to fully realize the
clinical benefits of DC-EVs in cancer immunotherapy.

2.2.2 | Macrophage-derived EVs (M-EVs)

Dual roles of M-EVs in tumor biology: Macrophage-
derived EVs (M-EVs) reflect the functional diversity of
their parent macrophages, exhibiting either pro-
inflammatory or immunosuppressive effects depending
on their polarization state.**'*>'*® M1-type macrophages,
associated with pro-inflammatory activity, release M1-
EVs enriched with immune-activating cytokines and
signaling molecules. These vesicles enhance cytotoxic
immune responses and promote adaptive immunity
through MHC-II-mediated antigen presentation to helper
T cells.**>"3” Notably, M1-EVs can circumvent tradi-
tional drug resistance pathways by employing alternative
cellular entry mechanisms,'*® making them promising
delivery platforms for the delivery of therapeutic miR-
NAs, proteins, or drugs.'* Conversely, M2-type macro-
phages produce M2-EVs that support tumor progression
by promoting immunosuppressive microenvironments
conducive to tumor cell migration, invasion, and immune
escape.”’ This functional dichotomy highlights the need
for phenotype-specific strategies in therapeutic design.
Due to their natural targeting capabilities and flexible
cargo profiles, both M1- and M2-derived EVs can be
engineered for precision applications in cancer therapy.
M1-EVs may be used to directly stimulate anti-tumor
immunity, while M2-EVs offer opportunities for reprog-
ramming or intercepting tumor-promoting signals.
Tailored approaches that exploit the unique properties of
each subtype could help address existing challenges in

drug delivery, immune modulation, and treatment resis-
tance in the TME.

Dual roles of M-EVs in immune regulation: M-EVs
influence tumor progression by delivering regulatory
miRNAs and proteins, with their effects largely deter-
mined by the phenotype of the parent macrophage.”*'*°
M1-EVs generally exert anti-tumor effects by targeting
oncogenic pathways and enhancing immune responses.
For instance, M1-EVs have been shown to transfer miR-
150, which suppresses MMP-16 expression in glioma
cells, thereby inhibiting tumor progression (Figure 4A).>
Similarly, miR-628-5p carried by M1-EVs blocks m6A
modification of circFUTS8, suppressing hepatocellular
carcinoma growth (Figure 4B).”* Another study identified
miR-16-5p within MI1-EVs as a regulator of PD-L1
expression; by downregulating PD-L1, these EVs pro-
mote T cell activation and inhibit gastric cancer devel-
opment.”®> Furthermore, M1-EVs can be utilized as
radiosensitizers by loading them with catalysts
(e.g., hypoxia-inducible factor degraders) or DNA repair
inhibitors to remodel the TME and promote cancer cell
death.'** These effects are mediated through the delivery
of pro-inflammatory factors such as tumor necrosis factor
(TNF)-a and polarizing miRNAs that reinforce M1
macrophage activation. In contrast, M2-EVs predomi-
nantly promote tumor growth and suppress cell death,
making therapeutic pharmacological treatments less
effective. For example, M2-EVs enriched with miR-143-
3p activate the ZC3H12A/C/EBPB signaling axis,
driving CRC aggressiveness.”'** Additionally, M2-
derived exosomal LINC01232 has been shown to sup-
press MHC-I expression in glioma cells through the
autophagy-lysosomal pathway, aiding in immune
evasion.”* In thyroid cancer, M2-EVs alter m6A ribonu-
cleic acid (RNA) methylation patterns, leading to
immunosuppressive macrophage polarization and ther-
apy resistance.'** Although M2-EVs tend to promote tu-
mor growth and reduce drug efficacy, they play a
prominent role in anti-inflammation and tissue regener-
ation. For example, subcutaneous injection of M2-EVs at
the wound edge accelerates healing by regulating
macrophage subsets, and they increase regulatory T cell
populations while reducing pro-inflammatory cytokines
in a DSS-induced colitis animal model.’*>'*® These
findings illustrate the dual and opposing roles of M-EVs
in tumor immune regulation. M1-EVs present prom-
ising tools for immunomodulatory therapies by sup-
pressing oncogenic signaling and enhancing immune
activity, while M2-EVs represent both a challenge and an
opportunity—either as targets for disruption or as plat-
forms for reprogramming to reverse their tumor-
promoting effects.
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FIGURE 4 M1-EVs induce macrophage polarization and inhibition of tumor cell progression. (A) M1-EV enriched with miR-150
inhibits the glioma cell proliferation by targeting MMP16. Reproduced with permission.>® Copyright 2023, Springer Elsevier. (B) M1-EV
regulated the circFUTS/CHMP4B axis via METTL14 to inhibit HCC cell progression. Reproduced with permission.>® Copyright 2022,
Springer Nature. (C) The hybrid nanovesicles, consisting of engineered SaV-C-NVs, M1-NVs, and P-NVs, could efficiently interact with
CTCs in the blood, repolarize TAMs toward M1 phenotype, and block the CD47-SIRPa “don't eat me” pathway, thus promoting

macrophage phagocytosis of cancer cells, as well as boosting antitumor T cell immunity. Reproduced with permission.'*!

Copyright 2020,

Springer Nature. EV, extracellular vesicle; HCC, hepatocellular carcinoma; SIRPa, signal regulatory protein a.

Engineering modification of M-EVs for therapy: Sur-
face engineering macrophage-derived EVs has become a
promising strategy to improve their tumor-targeting ca-
pabilities and therapeutic functionality. These modifica-
tions enable M-EVs to overcome biological barriers,
deliver drugs with precision, and modulate the immune
microenvironment for enhanced anti-tumor efficacy. For
instance, chimeric EVs generated from activated M1-like
macrophages fused with tumor cell nuclei have demon-
strated dual homing capabilities—to both lymph nodes
and tumor sites—effectively priming T-cell activation in
murine models. Another approach involves engineering
M1-EVs to overexpress OX40L, which engages the 0X40/
OX40L co-stimulatory pathway, boosting adaptive im-
mune responses. These OX40L-expressing vesicles also
induce reprogramming of M2 macrophages toward a pro-
inflammatory M1 phenotype, restoring innate immune

activity in the TME.>®> M-EVs are also being developed as
drug delivery platforms. For example, doxorubicin-loaded
M-EVs modified with c-Met affinity peptides have been
used for targeted chemotherapy in triple-negative breast
cancer, improving drug accumulation at tumor sites
while reducing systemic toxicity.'*® Additionally, pH-
sensitive M1-EVs conjugated with antibodies targeting
CD47 and signal regulatory protein o (SIRPa) disrupt the
CD47-SIRPa “don't eat me” signal in acidic tumor
environments. This design promotes phagocytosis by
macrophages and supports M2-to-M1 macrophage repo-
larization, resulting in reduced tumor growth and
metastasis.*®

Hybrid nanovesicles (hNVs), formed by fusing M1-
EVs with tumor-derived vesicles, have also shown
promise in melanoma models by targeting the CD47-
SIRPa axis and inducing immune reprogramming
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(Figure 4C).'*' Additional designs include M1-EVs
loaded with paclitaxel, which not only improve chemo-
therapeutic efficacy but also stimulate NF-xB-dependent
inflammatory pathways to enhance anti-tumor immu-
nity."*” Furthermore, mannose-modified macrophage
microparticles carrying metformin (Met@Man-MPs)
have been developed to convert M2 macrophages to M1-
like phenotypes, increasing CD8" T cell infiltration and
reducing immunosuppressive cell populations in the
TME.”” Together, these approaches demonstrate the po-
tential of engineered M-EVs as multifunctional thera-
peutic agents. By combining immune activation, drug
delivery, and microenvironmental remodeling, M-EVs
offer a flexible and potent platform for addressing ther-
apeutic resistance in cancer treatment.

Challenges and considerations in M-EV-based thera-
pies: While M-EVs offer considerable therapeutic prom-
ise, they also present significant challenges. Their dual
nature—as potential stimulators of immune activity or
promoters of tumor progression—requires careful control
and precise engineering. M1-EVs enhance anti-tumor
immunity by promoting macrophage polarization and
supporting T cell function. In contrast, M2-EVs can carry
tumor-promoting miRNAs and signaling molecules that
facilitate immune suppression and tumor growth via
epigenetic reprogramming. To safely and effectively apply
M-EVs in clinical settings, several technical and biolog-
ical hurdles must be addressed. These include: (1) opti-
mizing EV stability to extend circulation time and
therapeutic persistence; (2) enhancing tumor specificity
to avoid off-target effects and preserve healthy tissues; (3)
developing subtype-selective delivery systems that
distinguish between M1- and M2-EVs or reprogram the
latter to support anti-tumor responses. Meeting these
requirements will depend on advances in EV bioengi-
neering, a deeper understanding of macrophage biology,
and the integration of scalable, regulatory-compliant
production methods. With continued interdisciplinary
innovation, M-EVs could become powerful tools for
personalized, immune-driven cancer therapy.

2.2.3 | T cell-derived EVs (T-EVs)

EVs derived from T cells carry cytotoxic molecules that
can directly induce apoptosis in cancer cells."*® For
example, CTL-derived EVs trigger apoptosis in tumor
cells by delivering cytotoxic proteins.'** "> Additionally,
CD8" T cell-derived EVs specifically target tumor-
associated mesenchymal stromal cells, inducing their
apoptosis and hindering tumor invasion and metas-
tasis.">* T-EVs also serve as modulators of the broader
immune response. CD4 " T cell-derived EVs, for example,

FleXMat-WiLEy——2

promote the proliferation and activation of other immune
cells—including CD8" T cells and macrophages—
thereby amplifying the overall anti-tumor response
within the TME. Recent research has focused on engi-
neering CAR T cell-derived EVs, which retain the tumor-
targeting specificity and cytotoxic payload of their
parental CAR-T cells. These engineered vesicles offer a
cell-free immunotherapeutic alternative that can inhibit
tumor growth while potentially reducing the risks asso-
ciated with live CAR-T cell therapy.'>"'>* Together, these
findings highlight the therapeutic relevance of T-EVs in
both innate and engineered forms, positioning them as
valuable tools in reshaping the TME and enhancing the
efficacy of cancer immunotherapy.

CD8" T cell-derived EVs: CTLs, or CD8" T cells, are
central to adaptive immunity and play a key role in
recognizing and eliminating tumor cells."** Upon acti-
vation, CD8" T cells secrete EVs that reflect the immu-
nologic properties of their parent cells and contribute to
anti-tumor defense. CTL-derived EVs carry surface pro-
teins that facilitate specific binding to tumor cells and
enable targeted delivery of cytotoxic molecules, such as
perforin and granzymes, which trigger apoptosis in can-
cer cells." "7 Additionally, these vesicles act as in-
termediaries in cell-cell communication, influencing the
behavior of both immune and tumor cells in the TME."*®
Notably, EVs from CD8" T cells stimulated with
interleukin-12 (IL-12) have been shown to activate
neighboring naive CD8" T cells, even in the absence of
direct antigen presentation. This paracrine signaling en-
hances the production of IFN-y and granzyme B, broad-
ening the immune response and improving tumor cell
recognition under conditions of weak antigen stimula-
tion.’** These findings underscore the potential of CD8™"
T cell-derived EVs as both direct effectors of tumor cell
killing and amplifiers of broader immune activity—
highlighting their value in next-generation immuno-
therapeutic strategies.

Therapeutic potential of CDS8' T cell-derived EVs:
Activated CD8" T cells are critical mediators of tumor
immunity, directly killing cancer cells through recogni-
tion of tumor antigens presented via MHC class I mole-
cules.'® Their functional properties are reflected in the
EVs they release, which have shown considerable
promise as anti-cancer agents. CD8" T cell-derived EVs
can induce apoptosis in tumor stromal cells, thereby
disrupting the supportive tumor niche and limiting
metastatic spread.’> Beyond their inherent cytotoxicity,
these EVs can be engineered to enhance immune regu-
lation and tumor targeting. One notable example involves
surface expression of programmed cell death protein
1 (PD-1) on CD8" T-EVs. These engineered vesicles serve
a dual function: they block the immunosuppressive
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PD-1/PD-L1 axis by binding to PD-L1 on tumor cells, and
they reactivate exhausted tumor-infiltrating lymphocytes,
restoring effective immune surveillance.”® In addition,
these vesicles can deliver pro-apoptotic molecules like
Fas ligand and granzyme B directly to tumor cells,
amplifying cytotoxic effects (Figure 5A).'>° Recent ad-
vancements have further expanded the functionality of
CDS8™ T cell-derived EVs. For example, EVs engineered to
co-deliver interleukin-2 (IL-2) and the anti-EGFR
antibody cetuximab have demonstrated enhanced tar-
geting precision and tumor cell killing.”® Similarly,
IL-2-modified Jurkat T cell-derived EVs boost endoge-
nous CD8" T cell activation and contain miRNAs

(e.g., miR-181a-3p and miR-223-3p) that downregulate
melanoma markers and suppress exosomal PD-L1
expression, thereby increasing tumor vulnerability to
immune attack.®® In contrast, naive T cells remain in a
quiescent state, and the EVs they secrete possess rela-
tively weak immunoregulatory functions, tending more
toward maintaining immune homeostasis rather than
initiating active immune attacks. Therefore, in cancer
immunotherapy, engineered EVs derived from activated
T cells—such as those displaying PD-1—have been
shown to more effectively block the PD-1/PD-L1 pathway
and directly kill tumor cells, demonstrating more direct
and potent therapeutic potential compared with vesicles

(A)
|
GFP-PD-1- Mlcroveswle (PD-1-MV)
Lentiviruses p T #
= : 4 PD-1-MV
‘/ cells cell debris
’ o _Z_, e __4_. 4
2 | 300g 10min 'y 2,000g 30 min 10,000 g i e IE
b 30 min
| _
GFP-PD-1 )
GFP-PD-1-Exosome (PD-1-Exo) 100,000 g 70 min
Stable T cell lines expressing GFP-PD-1
I PD-1EVs i
oo °,
) °
PO-1 Granzyme B
wr
PD- L1
Tumor cell
° \ Active /
° - caspases
oo
TCR MHC | *
Apoptosis Tumor cell
(B) (©)
Granzyme B Perforin Granzyme B Perforin
100 100 100 100
é 80 80 é 80 80 + c'}-‘:é\/ ’é/\/
= e 80 = e 60 + +0
5 © 5w w© & QK N ¥
S 2 20 S 20 20 ¥ & & ¥ kD
10° 10' 10° 10’ 10" 10° 10" 10" 10° 10 10° 10" 10° 10" 10° 10" 10' 10" 10" 10"
CAR-T-CTX CAR-T-TTZ Granzyme B IEEL 3
100 100 100 100 r 55
% e 80 % @ 80 CD63 |
S w & = w ) — - 35
3 - 3 : oAPOH [ | o
° o
o 20 20 o~ 20 20
] 0 0 [}
10" 10' 10" 10 10! 10° 10" 16° 10° 10 16" 10' 108 10" 10 10°10' 108 10" 10
CAR-EXO-CTX CAR-EXO-TTZ

Fluorescence

FIGURE 5 T cell-derived EV performed cytotoxic activity against cancer. (A) PD-1 overexpressing cytotoxic T cells-derived EVs (PD-1
T-EVs) block the PD-1/PD-L1 pathway and induce tumor cells apoptosis. Reproduced with permission.'>® Copyright 2022, Elsevier. (B, C)
Cytolytic activity of CAR-T-EVs in vitro. (B) Flow cytometry analyses of perforin and granzyme B expression in CAR-T-EVs and CAR-T

cells. (C) Immunoblots for perforin and granzyme B expression in CAR-T-EVs. Reproduced with permission.** Copyright 2019, Springer

Nature. CAR-T, chimeric antigen receptor T-cell; EV, extracellular vesicle.
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derived from naive T cells.">® Together, these findings
support the utility of CD8" T cell-derived EVs as both
therapeutic agents and immune modulators, offering a
versatile  platform  for next-generation  cancer
immunotherapies.

CD4" T cell-derived EVs: CD4" T cells play a crucial
role in regulating immune processes by interacting with
other immune cells in the TME.'**'®* They primarily
support CD8" T cells in driving anti-tumor immunity,
either wvia direct cell-cell contact or cytokine
secretion.'®*1%° Specifically, CD4" T cells secrete IL-2 to
regulate both CD8" T cell anti-tumor responses and their
activity.'®®"'%® Reflecting their role, CD4" T cell-derived
EVs regulate CD4" T cell-mediated CD8" T cell re-
sponses. These EVs deliver miRNAs promoting CD8" T
cell proliferation and activation, amplifying anti-tumor
immunity. Furthermore, IL-2 stimulation alters the bio-
logical function of CD4™ T-EVs, leading to a stronger
anti-tumor response from CD8" T cells.'®® Additionally,
these EVs can activate the STING pathway via IFN
signaling, facilitating macrophage reprogramming.'”®

Regulatory T cells cell-derived EVs: Regulatory T cells
(Tregs), a subset of CD4" T cells, are essential in pre-
serving immune tolerance, preventing autoimmunity,
and regulating immune responses.'”! Tregs-derived EVs,
which carry proteins and miRNAs from their parent cells,
play a role in various physiological and pathological
processes. These EVs are distinguished by CD25, CTLA-
4, and CD73 surface expression, which underscore
their immunosuppressive functions.'’”> CD73-expressing
Tregs-EVs exert immunosuppressive effects by produc-
ing adenosine, a key player in the anti-inflammatory
response. Additionally, Treg-derived EVs can suppress
the activation of target cells by transferring specific
miRNAs. For instance, Tregs-EVs carrying miR-150-5p
and miR-142-3p induce a tolerogenic phenotype in DCs,
marked by elevated IL-10 and diminished IL-6 produc-
tion.®* Furthermore, Tregs-EVs promoted M1 macro-
phages polarized to the M2 phenotype, reducing
myocardial infarct size and inhibiting myocardial cell
apoptosis in acute myocardial infarction mouse
models.'”?

CAR T cell-derived EVs (CAR-T-EVs): CAR-T therapy
has shown impressive success in treating hematologic
malignancies by genetically modifying T cells to recog-
nize and attack cancer-specific antigens.'”*'”> However,
its effectiveness in solid tumors remains limited due to
barriers such as tumor heterogeneity, poor infiltration,
and the immunosuppressive TME.*'”®'”” In response to
these challenges, CAR-T cell-derived EVs have emerged
as a promising alternative. These vesicles retain many of
the functional properties of CAR-T cells—including tar-
geted cytotoxicity—while offering important advantages

as cell-free therapeutic agents.'”® Unlike live CAR-T cells,
CAR-T-EVs are associated with reduced risk of cytokine
release syndrome (CRS) and other immune-related tox-
icities, improving their safety profile in clinical applica-
tions.”’ CAR-T-EVs express surface molecules and
cytotoxic proteins derived from their parental CAR-T
cells, allowing them to suppress tumor growth through
antigen-specific mechanisms. Importantly, they do not
express programmed cell death protein 1 (PD-1), which
enables them to function synergistically with PD-L1-
targeted checkpoint inhibitors—overcoming a key limi-
tation of traditional CAR-T therapies (Figure 5B,C).*

CAR-T-EVs also serve as carriers of pro-apoptotic
molecules and RNA, enabling them to efficiently pene-
trate tumor barriers and address one of the main chal-
lenges in CAR-T cell therapy for solid tumors.'** Their cell-
free nature, ease of genetic modification, and cancer-
specific targeting capabilities make CAR-T-EVs a prom-
ising platform for advancing cancer immunotherapy.'”*'%°
For example, paclitaxel-loaded CAR-T-EVs can efficiently
penetrate tumor barriers and accumulate at tumor sites.
This reprograms the immunosuppressive TME by
increasing CD8™ T cell infiltration and boosting IFN-y and
TNF-a expression.'®! To further improve drug-loading ef-
ficiency, Zhu et al. developed a hNV, Lip-CExo@paclitaxel
(PTX), by combining mesothelin (MSLN)- and PD-L1-
targeting CAR-T-EVs with lung-targeted liposomes. This
design enables Lip-CExo@PTX to accumulate in lung tis-
sue, block PD-L1 to prevent T cell exhaustion, and enhance
PTX-induced ICD, thereby facilitating immunochemo-
therapy for lung cancer.®?

With their unique combination of tumor specificity,
reduced toxicity, and compatibility with immune check-
point blockade, CAR-T-EVs represent a next-generation
platform for immunotherapy. Their ability to penetrate
solid tumors and avoid some of the risks associated with
live cell therapies makes them particularly attractive for
overcoming barriers in solid tumor treatment.

Challenges and considerations in T-EV-based therapies:
While T-EVs have the potential to reshape the TME and
counteract tumor immune evasion, their efficacy in solid
tumors may be limited by the immunosuppressive TME. In
contrast, CAR-T-EVs can bypass this limitation because
they do not interact with the TME in the same way as live
cells, thus mitigating the risk of CRS. CAR-T-EVs retain
the potent cytotoxicity and targeting abilities of their
parent CAR-T cells, making them promising candidates for
solid tumor therapy. However, EVs isolated directly from
CAR-T cell cultures may display heterogeneity and
potentially lose their targeting specificity. Therefore,
advanced purification techniques are necessary to isolate
CAR-T-EVs, which would improve their tumor-targeting
capabilities and enhance therapeutic efficacy.
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NK cells-derived EVs (NK-EVs)

NK cells, innate immune lymphocytes predominantly
localized in the blood and peripheral tissues,'®* exert
potent antitumor activity. While adoptive NX cell thera-
pies face limitations such as poor tissue penetration and
risks of CRS,'?*'8318% Eyg derived from NK cells (NK-
EVs) offer a promising alternative. Their nanoscale size
enhances tissue permeability, enabling efficient traversal
of physiological barriers that restrict cellular
therapies.®*'%

Cargo Characteristics of NK-EVs: NK-EVs contain
various bioactive molecules, such as membrane toxicity
receptors, cytotoxic proteins, and miRNAs, which sup-
port antitumor immunotherapy and drug delivery.
Studies have shown that NK-EVs are enriched with
membrane receptors critical for antitumor activity,
including NKG2D, Fas-L, and CD47.%7'® Fas-L on NK-
EVs interacts with the Fas receptor on target cell mem-
branes, initiating caspase-dependent apoptosis.'*>'*’
Concurrently, CD47 interacts with the SIRP-a receptor
on macrophages, inhibiting phagocytic clearance and
extending the circulatory lifespan of NK-EVs.'** NK-EVs
harbor potent cytotoxic proteins such as perforin and
granzymes. Perforin facilitates membrane pore forma-
tion, enabling granzyme B and granulysin to penetrate
tumor cells. These proteins disrupt mitochondrial mem-
brane potential and activate caspase cascades, inducing
apoptosis.'**'*° Granzyme B further directly cleaves
cystathionine-3, a pro-survival protein, to amplify cell
death.””" EVs derived from NK-92 cells exhibit elevated
perforin and Fas-L levels demonstrate robust cytolytic
efficacy against melanoma and glioblastoma.®*** Beyond
direct cytotoxicity, NK-EVs deliver miRNAs that modu-
late tumor behavior. For instance, miR-186 suppresses
oncogenic v-Myc avian myelocytomatosis viral oncogene
neuroblastoma derived homolog and aurora kinase
A expression in neuroblastoma cells, promoting apoptosis
and counteracting TGF@-driven immunosuppression of
NK cells.®® Additionally, NK-EVs can enhance innate and
adaptive antitumor immunity through multiple mecha-
nisms. NK-EVs pre-exposed to neuroblastoma cells
“educate” naive NK cells, upregulating natural cytotox-
icity receptors and amplifying tumor-specific cytotox-
icity."”> NK-EVs stimulate IFN-y and IL-2 production,
fostering Thl polarization to bolster cell-mediated im-
munity. Meanwhile, NK-EVs can promote DC matura-
tion and costimulatory molecule expression, improving
antigen presentation and T cell priming.'”

Therapeutic Potential of NK-EVs: Previous studies
have shown that NK-EVs accumulate specifically at tu-
mor sites without affecting normal tissues.>'** This

selective homing ability positions NK-EVs as ideal car-
riers for targeted cancer therapies. For instance, NK-EVs
loaded with therapeutic miRNAs have been shown to
effectively deliver their cargo to neuroblastoma tissues,
significantly inhibiting tumor progression.'** NK-EVs
have been successfully engineered to deliver chemo-
therapeutic agents, enhancing their antitumor efficacy.
For example, doxorubicin-loaded NK-EVs induce
apoptosis and suppress tumor cell proliferation through
their inherent cytotoxicity.®® Similarly, Luo et al.
demonstrated that NK-EVs, when combined with
cisplatin, sensitize drug-resistant ovarian cancer cells to
chemotherapy, resulting in potent tumor Kkilling
(Figure 6A)."°> Han et al. further reported that paclitaxel-
loaded NK-EVs upregulate pro-apoptotic proteins such as
Bax and caspase-3, activating apoptotic pathways to
inhibit tumor growth.®” Advanced engineering strategies
have further expanded the therapeutic potential of NK-
EVs. For instance, dibenzocyclooctyne (DBCO)-modi-
fied NK-EVs were conjugated to azide-modified CTLs
using click chemistry. In the acidic TME, these NK-EVs
release their payload, inducing tumor apoptosis and
CTL activation. Additionally, they promote MHC-I
expression on tumor cells and polarize immunosuppres-
sive M2 macrophages to antitumor M1 phenotypes.'*®
CAR-engineered NK-EVs represent a breakthrough in
precision oncology. These EVs facilitate reactive oxygen
species (ROS)-responsive drug release of the photosensi-
tizer chlorine e6, enabling targeted therapy for HER2-
positive breast cancer brain metastases. By incorpo-
rating antigen-recognition regions, chimeric antigen
receptor-natural killer cells derived EVs (CAR-NK-EVs)
specifically target HER2-positive cells, enhancing cyto-
toxicity and improving treatment outcomes (Figure 6B).*®

Challenges and considerations in NK-EV-based thera-
pies: NK-EVs hold immense potential as next-generation
immunotherapies due to their inherent cytotoxic and
immunomodulatory properties. However, several chal-
lenges must be addressed to fully translate these advan-
tages into clinical applications. At first, metabolic factors
such as hypoxia and adenosine accumulation in the TME,
along with the presence of immunosuppressive cells, can
impair NK cells activation and, consequently, the anti-
tumor efficacy of NK-EVs. Moreover, the functional di-
versity of NK cells subsets and their activation states
contribute to variability in EV composition, production
efficiency, and therapeutic potency. Further research is
needed to standardize EV isolation and determine
optimal dosing strategies for clinical applications. Finally,
although NK-EVs show synergistic potential in combi-
nation with other treatments, effectively coordinating
multiple therapeutic modalities to maximize efficacy
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FIGURE 6 NK-EVs mediated immunotherapy against cancer. (A) NK-EV delivered chemotherapeutic drugs and reactivated NK cell

functions against ovarian cancer. Reproduced with permission.'®> Copyright 2023, Frontiers. (B) Engineering CAR-NK-EV used for HER2-
positive breast cancer brain metastasis therapy. Luminescence images of HER2" BCBM lesion tumor-bearing nude mice after different
treatments, and the representative H&E images of the tumor area after different treatments (scale bars, 1 mm). Reproduced with
permission.®® Copyright 2023, Elsevier. BCBM, breast cancer brain metastasis; CAR, chimeric antigen receptor; EV, extracellular vesicle;

NK, natural Kkiller.

remains a significant hurdle. Addressing these challenges
will require interdisciplinary efforts to optimize NK-EV
production, enhance their resistance to TME-driven
suppression, and develop innovative strategies for inte-
grating NK-EVs into multimodal cancer therapies.

2.2.5

Neutrophil cell-derived EVs (N-EVs)

Neutrophils are the most abundant leukocytes in sys-
temic circulation and serve as a first line of defense in
innate immunity through chemotaxis, phagocytosis, and
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direct bactericidal activity."”” EVs derived from neutro-
phils (N-EVs) inherit several advantageous properties
from their parent cells, including biocompatibility,
biodegradability, and low systemic toxicity, making them
promising candidates for therapeutic use.'”® Importantly,
N-EVs also preserve the natural tumor-targeting capacity
of neutrophils, allowing them to home to both primary
and metastatic tumor sites while avoiding immune
clearance. Beyond their targeting capabilities, N-EVs
exert direct anti-tumor effects by delivering cytotoxic
proteins that activate caspase-dependent apoptotic path-
ways in cancer cells.'”® However, their role in cancer is
not unidirectional. Within the TME, neutrophils can
polarize into pro-tumorigenic N2 tumor-associated neu-
trophils, which support tumor progression and meta-
stasis.'”**°! N-EVs derived from these N2 subsets may
facilitate pre-metastatic niche formation by transferring
regulatory RNAs that condition distant organs to support
metastatic colonization.?*® For instance, exosomal miR-
4466 from N2 neutrophils enhances stemness and
glycolytic activity in lung cancer cells, promoting brain
metastasis.®” Similarly, N2-EVs have been shown to
transfer miRNAs to gastric cancer cells, contributing to a
pro-metastatic  TME  and  accelerating  tumor
dissemination.?”*

Engineered N-EVs for targeted cancer therapy: Recent
advances in bioengineering have significantly expanded
the therapeutic potential of N-EVs. For example, SPIONs/
DOX-loaded N-EVs (SPIONs@N-EVs/DOX) enable
external magnetic field (EMF)-guided precise tumor tar-
geting, boosting drug delivery and modulating antitumor
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Loaded DOX for Targeted
Glioma Therapy
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Efficient BBB penetration

immunity for enhanced efficacy. EMF-driven tumor im-
mune microenvironment accumulation elevates local
DOX, inducing tumor cell apoptosis and estrogen
receptor stress-mediated ICD with damage-associated
molecular pattern (DAMP) release (calreticulin, heat
shock protein [HSP70/90], high mobility group box 1
[HMGB1]). DAMPs activate DCs to present antigens to
naive CD8" T cells, promoting CTL differentiation and
markedly enhancing drug delivery precision and thera-
peutic efficacy.”®* Additionally, leveraging the intrinsic
chemotactic response of neutrophils to inflammatory sig-
nals and their ability to cross the BBB, doxorubicin-loaded
N-EVs have shown efficacy in glioma models, where they
inhibited tumor growth and improved survival outcomes
(Figure 7A).*>> Beyond oncology, functionalized N-EVs
have demonstrated therapeutic utility in inflammatory
diseases. In models of advanced rheumatoid arthritis, N-
EVs carrying neutrophil-targeted biomolecules have been
shown to modulate the inflammatory microenvironment,
thereby reducing joint damage and improving disease
outcomes.””” These results underscore the versatility of N-
EVs as a delivery platform for both anticancer and anti-
inflammatory therapies.

Challenges and considerations in N-EV-based thera-
pies: Despite their therapeutic promise, the development
of N-EV-based treatments is complicated by the func-
tional heterogeneity of neutrophils. Neutrophils can
adopt either tumor-promoting or tumor-suppressing
phenotypes depending on their polarization status and
the surrounding cytokine milieu. This plasticity means
that N-EVs may exert divergent effects in different cancer

(8)

FIGURE 7 Other cell-derived EVs for cancer immunotherapy. (A) Neutrophil-EVs loading doxorubicin could penetrate the
blood-brain barrier and perform the inflammatory stimuli-responsive activity against glioma. Reproduced with permission.>*> Copyright
2021, Elsevier. (B) Bone marrow mesenchymal stem cell-derived EVs combined with chemotherapy against pancreatic cancer by targeting

the tumor. Bioluminescence imaging of tumor at day 25. Reproduced with permission.””® Copyright 2020, Elsevier. EV, extracellular

vesicle.
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contexts, shaped by the dynamic and heterogeneous na-
ture of the TME. A major challenge lies in characterizing
how specific neutrophil subtypes—such as the anti-
tumorigenic N1 and pro-tumorigenic N2 phenotypes—
influence the molecular composition and function of
their secreted EVs. Understanding how polarization
states dictate N-EV cargo and signaling pathways will be
critical for harnessing their therapeutic benefits while
minimizing risks associated with tumor promotion.
Moreover, the complexity of neutrophil biology and the
intrinsic variability of EV populations call for rigorous
standardization in N-EV isolation, characterization, and
functional testing to ensure reproducibility and clinical
safety.

2.2.6 | Mesenchymal stem cells-derived EVs
(MSC-EVs)

Mesenchymal stem cells (MSCs) have demonstrated sig-
nificant therapeutic potential across various biomedical
domains,”® such as immunotherapy, cellular therapy,
and tissue repair.”*~*'* Their ability to be cultured and
expanded in vitro makes them attractive for clinical ap-
plications. However, practical limitations persist, such as
restricted proliferative capacity during long-term culture,
a tendency toward unwanted differentiation and senes-
cence,””® and poor in vivo targeting efficiency due to
immune clearance.”’**'® As increasing evidence attri-
butes the therapeutic effects of MSCs primarily to their
paracrine activity, MSC-derived EVs (MSC-EVs) have
emerged as a compelling, cell-free alternative.*'’ "
MSC-EVs retain the characteristic surface markers of
MSCs, including CD44, CD73, and CD90, and serve as
carriers for bioactive molecules that mediate intercellular
communication and modulate recipient cell function.**°
Importantly, immortalized MSC lines can provide a
continuous source of EVs, facilitating scalable produc-
tion.??***2 Moreover, MSC-EVs remain structurally and
functionally stable after repeated freeze-thaw cycles,
enhancing their practicality for storage and therapeutic
use.”?® These attributes support the development of MSC-
EVs as a versatile platform for targeted therapy and
immunomodulation (Figure 7B).%°%***2%>

Dual roles of MSC-EVs in tumor biology: The influence
of MSC-EVs on tumor progression is highly context-
dependent, reflecting their complex biological activity.
On the one hand, MSC-EVs can exert anti-tumor effects
by modulating immune responses and disrupting onco-
genic signaling pathways.””® Through the transfer of
specific miRNAs, MSC-EVs are capable of suppressing
tumor proliferation and promoting apoptosis.**”**® For
example, MSC-EVs delivering miR-379 have been shown
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to induce tumor cell apoptosis and necrosis.”” While
adipose-derived MSC-EVs enriched in miR-101 inhibit
invasion and migration, reducing metastatic potential in
osteosarcoma.”’ Antitumor effects of MSC-EVs involve
regulating TME immune cell subsets, inhibiting cancer
cell invasiveness via miR-338-5p/Wifl/Wnt8/3-catenin
pathway in pancreatic cancer,* and suppressing angio-
genesis via targeting mTOR/HIF1A/VEGF axis in breast
cancer.””>**® On the other hand, MSC-EVs may also
promote tumor progression under certain conditions.
They have been implicated in fostering immune evasion,
supporting tumor growth, and mediating chemo-
resistanc.?*! In osteosarcoma, MSC-EVs have been shown
to activate autophagy pathways that facilitate tumor
survival and metastasis.*** Similarly, in gastric cancer,
they enhance drug resistance through activation of the
CaM-Ks/Raf/mitogen-activated protein kinase kinase/
extracellular signal-regulated kinase signaling cascade.””
In breast cancer, MSC-EVs can induce mesenchymal-to-
epithelial transition (MET), thereby increasing cell
adhesion and reducing sensitivity to chemotherapeutic
agents.””” Inflammatory signals in the TME are key reg-
ulators: high levels of IL-6 activate MSCs to secrete pro-
tumor MSC-EVs (via PI3K/Akt pathway), while low
inflammation keeps MSCs quiescent, preserving MSC-
EVs' antitumor cargo and enhancing targeting to DCs or
T cells via upregulated ICAM-1.2**>*® Beyond inflam-
mation, TME factors such as hypoxia, acidosis, and ECM
stiffness synergize with inflammatory cytokines to
modulate MSC-EV cargo sorting, further shaping their
dual effects on tumor progression.

MSC-EVs as drug delivery vehicles: Given their natural
biocompatibility and ability to traverse biological bar-
riers, MSC-EVs represent a promising vehicle for tumor-
targeted drug delivery.?*”**® These vesicles can be engi-
neered to encapsulate and deliver therapeutic agents
directly to tumor sites, enhancing anti-tumor efficacy
while minimizing systemic toxicity.***"*** Encapsulation
of conventional chemotherapeutics such as paclitaxel or
doxorubicin in MSC-EVs has been shown to reduce off-
target effects, improve drug accumulation at the tumor,
and extend circulation time—key factors that contribute
to better treatment outcomes.

Challenges and considerations in MSC-EV-based ther-
apies: Despite their promise, the clinical application of
MSC-EVs is not without challenges. The immunogenicity
introduced during MSC expansion and cryopreservation
can affect EV composition and therapeutic efficacy.
Moreover, the functional role of MSC-EVs varies
depending on tumor type, microenvironmental context,
and genetic background of the cancer cells. This vari-
ability necessitates rigorous, cancer-specific evaluation to
avoid unintended pro-tumorigenic effects.
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One particular concern is the potential for MSC-EVs
to mediate drug resistance through the delivery of spe-
cific miRNAs. While it may be mitigated through
bioengineering approaches—for instance, by loading
MSC-EVs with siRNAs designed to target and suppress
resistance-related pathways. Such strategies may be
beneficial to enhance the therapeutic impact of MSC-EVs
and counteract mechanisms of immune escape and
chemoresistance.

3 | CHALLENGES AND OUTLOOK

EV-based immunotherapy is rapidly emerging as a
promising strategy in the treatment of cancer and
immune-related disorders. EVs possess a unique combi-
nation of features that make them well-suited for thera-
peutic applications, including natural biocompatibility,
low immunogenicity, and the intrinsic ability to carry
diverse bioactive cargos. By delivering molecules such as
tumor antigens, immune checkpoint inhibitors, and reg-
ulatory RNAs directly to immune cells or into the TME,
EVs offer novel solutions to long-standing challenges in
immunotherapy—namely, limited targeting specificity
and systemic toxicity. Although multiple hurdles remain,
the therapeutic potential of EV-based platforms to enable
more precise, safer, and personalized treatments is
increasingly evident.

3.1 | EV heterogeneity

One of the primary challenges in EV-based immuno-
therapy is the heterogeneity of EV populations. EVs
comprise diverse subtypes—including exosomes, micro-
vesicles, and apoptotic bodies—each differing in size,
composition, and cellular origin.”® EVs exhibit significant
size heterogeneity, with diameters ranging continuously
from 30 to 1000 nm, and are classified into exosomes
(30-150 nm, MVB-derived with CD63/CD81/TSG101),
microvesicles (100-1000 nm) and apoptotic bodies
(50-5000 nm, from plasma membrane budding/apoptosis
etc.), each with distinct morphology and cargo.*** This
size variation arises from factors like endoplasmic retic-
ulum membrane invagination, cell type differences, and
microenvironmental conditions (e.g., nutrients, oxygen),
directly regulating EV uptake efficiency, tissue distribu-
tion, and immunomodulatory functions, making it a key
controllable variable in research and therapy. Further-
more, this variability is further influenced by the physi-
ological state of the parent cell and the techniques used
for EV isolation.®** For instance, EVs secreted by im-
mune cells such as DCs or macrophages may enhance

antitumor responses by presenting antigens or co-
stimulatory signals.”* > In contrast, tumor-derived EVs
often promote immunosuppression or metastasis by car-
rying oncogenic molecules.'®'%"'%® Identifying which
EV subtypes are most suitable for immunotherapy and
isolating them effectively is an area of ongoing research.
Even within a single cell type, EV populations remain
heterogeneous. External conditions—such as hypoxia,
inflammation, or disease state—can alter EV cargo,
resulting in dramatic functional differences.**>*® For
example, EVs released from tumor cells under hypoxic
conditions exhibit distinct immunomodulatory properties
compared to those secreted under normoxic condi-
tions.'***” This intrinsic heterogeneity complicates the
standardization of EV products for therapeutic use, as
subtle changes in cargo composition or surface markers
can significantly influence their biological activity.

Furthermore, current isolation methods—including
ultracentrifugation, precipitation, and size-exclusion
chromatography—frequently yield mixed EV populations
and may co-isolate protein aggregates or lipoproteins.
These impurities can hinder therapeutic efficacy and
confound downstream analyses. The lack of standardized,
universally accepted isolation protocols makes inter-study
comparisons difficult and impedes the reproducibility
required for clinical development. EV subpopulations also
show marked functional heterogeneity, primarily driven
by their cell of origin, cargo components, recipient cell
type, and microenvironment—for example, APC-derived
EVs activate T cells, while tumor cell-derived EVs inhibit
immunity, and MSC-derived EVs exert dual immuno-
modulatory effects. These functional differences reflect EV
component diversity and provide critical insights and po-
tential targets for advancing EV-based immunotherapy
and disease diagnosis.*

3.1.1 | Isolation and purification and storage
for clinical use

The scalability and clinical translation of EV-based
therapies depend heavily on the efficiency and repro-
ducibility of isolation and purification processes.**®
Achieving the high purity necessary for therapeutic use is
often accompanied by a trade-off in yield, posing a barrier
to large-scale production. Contaminants such as cellular
debris, nucleic acids, or lipoproteins not only reduce
therapeutic potency but may also introduce safety con-
cerns. Thus, optimizing methods that balance purity,
yield, and cost remains a significant focus for the field.
Maintaining the functional integrity of EVs during long-
term storage and transportation is critical for their
translation into immunotherapy.**>>! Previous studies
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show EVs stored at 4°C or 37°C for 25 days undergo size
reduction and potential degradation, while those at
—20°C with up to 10 freeze-thaw cycles or —70°C exhibit
minimal structural/cargo loss.>>>***> Wu et al. reported
that 4°C storage for a week causes sharp drops in EV total
protein and CD63 levels, whereas —20°C or —80°C stor-
age preserves these properties.”>* The International So-
ciety for Extracellular Vesicles recommends storing EVs
in phosphate-buffered saline at —80°C, which is preferred
for therapeutic applications due to better preservation of
structural integrity and biological activity.*>**° Despite
short-term stability under freezing, prolonged freezing
disrupts EV lipid membranes, leading to cargo leakage
and loss of biological activity, hindering experimental
and clinical applications.””” Lyophilization (freeze-dry-
ing) is an alternative that enables room-temperature
storage while retaining EV functional properties
(e.g., anti-inflammatory activity), enhancing accessibility
and scalability of EV-based therapies.””®*° However,
lyophilization may induce EV disruption or denaturation,
requiring protective agents (e.g., sucrose, trehalose, hu-
man albumin) to mitigate damage, a method widely used
for MSC-EVs and HEK293T EVs.**°?* Traditional
batch-wise lyophilization has high time and energy costs,
making it unsuitable for EVs with complex structural and
compositional characteristics.

3.2 | Safety concerns

Despite their favorable safety profile, EVs present several
risks that must be addressed before clinical translation.
Tumor-derived EVs may contain oncogenic proteins,
nucleic acids, or signaling molecules capable of
enhancing tumor progression.'®*'" Engineered EVs,
while offering enhanced targeting and efficacy, can
potentially trigger unintended immune responses, espe-
cially when loaded with non-native molecules or surface
modifications.>® EVs face in vivo stability challenges
including rapid clearance by the mononuclear phagocyte
system, lipid bilayer degradation (via phospholipases,
oxidative stress, or proteases), potential immune recog-
nition, and difficulties penetrating physiological barriers
such as BBB and tumor ECM.?*® Despite natural inter-
cellular communication capabilities, native EVs exhibit
weak targeting in pathological environments. While ge-
netic engineering and chemical modification strategies
aim to address this, they suffer from limitations such as
low efficiency, membrane damage, or ligand insta-
bility.?*"°° Batch-to-batch consistency is compromised
by factors including parental cell heterogeneity, sensitive
culture conditions, variable isolation methods, inherent
EV subpopulation complexity, and the lack of unified
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quality control standards.?®’ Comprehensive preclinical
safety assessments and long-term clinical monitoring are
essential to mitigate these risks and ensure that thera-
peutic EVs do not inadvertently promote disease.

3.3 | EV tracking technologies

Emerging visualization technologies for accurate in vivo
biodistribution tracking of EVs include fluorescence la-
beling, luciferase labeling, magnetic resonance imaging
(MRI), and radioactive isotope labeling. Each technique
contributes uniquely to EV tracking research, with fluo-
rescence imaging being particularly prevalent due to its
operational convenience. Fluorescent labels
(e.g., fluorescent proteins, dyes, quantum dots) emit
characteristic fluorescence upon excitation, while lucif-
erases such as firefly, sea cucumber, and Gaussia secre-
tory luciferase are commonly used for bioluminescent
tracking.”®**’° Fluorescent dyes bind stably to EV lipid
membranes, enhancing and stabilizing fluorescence in-
tensity for reliable long-term tracking.””' MRI (using
superparamagnetic iron oxide nanoparticles like ultra-
small superparamagnetic iron oxide) and radioactive
isotope labeling (e.g., 99mTc, 125I) are increasingly
valued for deep-tissue imaging, enabling real-time
monitoring of EV localization (MRI) and quantitative
tracking via radioactive measurement methods.>’**"*
Compared to fluorescence or bioluminescence imaging,
radionuclide imaging offers superior deep-tissue sensi-
tivity and quantitative capability, making it advantageous
for in vivo tracking of EV-based biomolecular therapies.

3.4 | Integrating artificial intelligence
in EV-based immunotherapy

Artificial intelligence (AI) has the potential to revolu-
tionize the development of EV-based immunotherapies.
The inherent complexity and variability of EVs make
them ideal candidates for Al-driven analysis. By inte-
grating multi-omics datasets—including proteomics,
transcriptomics, and lipidomics—machine learning al-
gorithms can identify biomarkers or cargo signatures
associated with immunotherapeutic efficacy. Al can also
optimize EV engineering strategies by predicting how
modifications, such as surface ligands or encapsulated
cargos, influence targeting efficiency, stability, and im-
mune activation.Flexible electronics enable spatiotem-
porally controlled EVs release via external stimuli, while
simultaneously capturing real-time biological feedback.
Al integrates these dual streams of data to optimize
therapeutic regimens: by analyzing dynamic changes in
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exosome biomarkers and tissue microenvironment pa-
rameters, Al models can predict treatment response,
adjust release kinetics, and trigger on-demand EVs
delivery—minimizing off-target toxicity while maxi-
mizing efficacy.”’>*’® For example, Al models could
prioritize tumor-associated antigens most likely to elicit
robust T-cell responses, streamlining the design of EV-
based cancer vaccines. Additionally, AI tools can
enhance manufacturing scalability by recommending
isolation protocols that maximize yield and purity based
on empirical data.

3.5 | Advances in EV engineering

Recent developments in EV engineering have expanded
their utility as therapeutic delivery systems. By deco-
rating EV surfaces with targeting ligands or antibodies,
researchers can improve specificity for immune cell
subsets or tumor tissues. Moreover, EVs can be loaded
with immunomodulatory cargos—including cytokines,
immune checkpoint inhibitors, and tumor antigens—
enhancing their potential to reshape the immune
microenvironment. The combination of EVs and flexible
electronics enables the development of wearable or
implantable exosome biosensors with high sensitivity and
specificity.”’”?’® EV-functionalized flexible electronics
hold great promise for targeted drug delivery and on-
demand release.”’**® These engineered EVs offer the
possibility of precise, cell-type-specific immunotherapy
with minimal off-target effects.

3.6 | Integration with established
therapies

EVs also hold promise as adjuvants to existing immu-
notherapies. For example, EVs carrying immunostimu-
latory molecules can augment the efficacy of immune
checkpoint inhibitors by fostering a more permissive
TME. Similarly, combining EVs with CAR-T therapy may
promote T-cell infiltration and activity in solid tumors—
an area where CAR-T therapy has traditionally been less
effective. EVs may also enhance the immunogenicity of
conventional treatments like chemotherapy or radio-
therapy, thereby improving treatment synergy and pa-
tient response.
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