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ABSTRACT: The central goal of therapeutic tumor vaccines is to activate tumor-specific CD8" cytotoxic
T lymphocytes (CTLs), a process critically dependent on efficient antigen presentation through major
histocompatibility complex class I (MHC-I). Extracellular vesicles (EVs), natural mediators of intercellular
communication, offer a versatile platform for tumor vaccine development because of their biocompatibility,
lymphatic trafficking, and engineering flexibility. In this review, we summarize the biological basis of EV-
mediated antigen presentation and highlight engineering strategies to enhance cross-presentation, including
DC targeting, antigen—adjuvant co-delivery, and modulation of intracellular antigen processing. We further
discuss strategies for direct antigen presentation, encompassing DC-derived EVs, tumor cell-derived
pMHC-enriched EVs, and artificial antigen-presenting EVs (AP-EVs). In addition, we discuss synergistic
strategies that integrate direct presentation with cross-presentation through EV hybridization and
physiological modulation. By combining these complementary pathways, EV-based vaccines may achieve
both rapid T-cell activation and sustained antitumor immunity. Finally, we discuss current challenges in
standardized production, engineering efficiency, in vivo behavior, and clinical translation, and highlight
future opportunities for intelligent, personalized, and Al-assisted EV vaccine design.

Keywords: Extracellular vesicles; Tumor vaccine; Direct presentation; Cross-presentation; Engineering
modification

1. Introduction

Tumor vaccines activate the host immune system by delivering tumor-specific antigens (TSAs),
inducing expansion and functional differentiation of tumor-specific CD8" cytotoxic T lymphocytes (CTLs),
and ultimately eliminating tumor cells [1]. Ideally, therapeutic tumor vaccines deliver tumor antigens to
professional antigen-presenting cells (APCs) in lymph nodes, where antigens are processed and presented
as peptide-major histocompatibility complex (pMHC) to activate naive CD8" T cells [2]. Thus, inducing
sufficient and highly functional tumor-specific CD8" T cell responses is a central challenge in tumor
vaccine design. Despite substantial progress in antigen discovery, vaccine platforms, and delivery systems
in recent years, the clinical translation of tumor vaccines remains constrained by several obstacles [3]. Most
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tumor antigens, particularly tumor-associated antigens (TAAs), exhibit low immunogenicity, making it
difficult to overcome immune tolerance. Conventional vaccine platforms also suffer from suboptimal
antigen delivery efficiency. Moreover, immunosuppressive factors within the tumor microenvironment can
restrict the infiltration, proliferation, and effector functions of vaccine-induced T cells [4,5]. These
challenges highlight the need for strategies that improve antitumor immunity by regulating antigen-
presentation pathways.

Antigen presentation connects vaccine antigens to CD8" T cell activation through two major pathways
[6]. Cross-presentation involves the uptake of exogenous antigens by professional APCs, particularly
dendritic cells (DCs), followed by intracellular processing, loading onto MHC-I, and presentation to CD8"
T cells [7]. This pathway underlies the design of many conventional tumor vaccine platforms. However,
cross-presentation can be limited by inefficient endosomal escape, excessive lysosomal degradation, and
impaired DC function within the TME [8]. Direct presentation refers to the direct engagement of pre-formed
pMHC complexes with cognate T-cell receptors (TCRs), enabling CD8" T-cell activation without requiring
antigen processing by a conventional APC [9]. In tumor immunity, tumor cells often downregulate MHC-
I to evade immune recognition, while DC cross-presentation can be impaired by the TME, creating
complementary barriers to effective antitumor immunity. Accordingly, strategies that exploit and integrate
these two pathways may offer additional opportunities to improve tumor vaccine efficacy.

Extracellular vesicles (EVs) are nanoscale, lipid-bilayer-enclosed particles secreted by virtually all cell
types and play pivotal roles in intercellular communication [10,11]. Based on biogenesis, EVs are broadly
classified into exosomes and microvesicles, with apoptotic bodies representing another class of cell-derived
vesicles [12,13]. As cancer vaccine carriers, EVs offer several potential advantages: their endogenous origin
confers biocompatibility; surface molecules such as CD47 may influence circulation and cellular
interactions; EVs can traffic to draining lymph nodes and be internalized by APCs; and their surface
molecules and cargo can be tailored through genetic engineering, chemical modification, or membrane
fusion [14-16]. Importantly, EVs can support multiple modes of antigen presentation. EV-associated
pMHC can directly engage TCRs on CD8" T cells, whereas EV-associated tumor antigens can be
internalized and processed by APCs for cross-presentation. EVs can also transfer intact pMHC complexes
to APC surfaces through cross-dressing, enabling T-cell recognition without reprocessing of the transferred
complexes [6]. These complementary antigen-presentation pathways provide the conceptual basis for
engineering EVs to enhance direct presentation, cross-presentation, or both within an integrated vaccine
platform. Figure 1 summarizes the overall framework of this review, illustrating the two major antigen-
presentation pathways and the corresponding engineering strategies.
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Figure 1. Schematic overview of EV-mediated direct antigen presentation and cross-presentation in tumor vaccines and the
corresponding engineering strategies. EVs can directly stimulate CD8" T cells through surface pMHC-TCR interactions or
undergo DC-mediated cross-presentation following antigen uptake and intracellular processing. Engineering strategies for
enhancing cross-presentation include DC targeting, antigen—adjuvant co-delivery, and modulation of intracellular antigen
processing, whereas strategies for enhancing direct antigen presentation include DC-derived EVs (DEVs), pMHC-enriched
tumor-derived EVs, and engineered artificial antigen-presenting EVs (AP-EVs). Hybrid EVs represent complementary strategies
that integrate direct antigen presentation and cross-presentation within a dual-pathway vaccine platform.

2. Biological Basis of EVs as Antigen Presentation Platforms

As endogenous mediators of intercellular communication, EVs transport proteins, lipids, and nucleic
acids, and regulate immune responses through surface molecules such as MHC family molecules, co-
stimulatory molecules, and immune checkpoint regulators [17,18]. Understanding EV classification,
biogenesis, natural antigen presentation machinery, immune interactions, and functional heterogeneity is a
prerequisite for engineering EVs for direct antigen presentation and cross-presentation. In this section, we
systematically elaborate on the fundamental biological characteristics of EVs as a next-generation
multifunctional antigen-presenting nanoplatforms.

2.1. Classification and Biogenesis of EVs

EVs are highly heterogeneous membrane-enclosed vesicles categorized into exosomes, microvesicles,
and apoptotic bodies [19]. Exosomes (30-150 nm) originate from the endosomal pathway: plasma
membrane invagination forms early endosomes, which mature into multivesicular bodies (MVBs)
containing intraluminal vesicles; upon MVB fusion with the plasma membrane, vesicles are released [20].
Microvesicles (50 nm—5 pm) bud directly from the plasma membrane via cytoskeletal remodeling and
calcium signaling. Apoptotic bodies (>1000 nm) are produced during programmed cell death and are
generally excluded from EV vaccine research. EV heterogeneity also extends to molecular cargo, which
varies according to the cell of origin and the mechanisms of vesicle biogenesis. However, the relatively
limited yield of naturally secreted EVs, together with challenges in isolation, purification, and large-scale
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production, can constrain their broader application. To address these limitations, cell-derived biomimetic
nanovesicles have been developed as complementary delivery platforms. These vesicles are generally
produced from parental cells or their membranes through artificial processes, such as mechanical disruption
and membrane extrusion, rather than through native vesicle biogenesis. Although they share certain
structural features with natural EVs, they may differ in molecular composition, cargo distribution, and
biological functions. Nevertheless, owing to their cell-derived components and potential for scalable
preparation, they can provide complementary opportunities for antigen delivery and immune modulation
in EV-related vaccine platforms [21]. Natural EVs from different parental cells also selectively enrich
specific proteins, mRNAs, microRNAs, and lipids, contributing to functional differences in antigen
presentation and immune regulation [6]. Understanding both the biogenesis of natural EVs and the
characteristics of biomimetic nanovesicles is therefore important for interpreting their biological functions
and informing the design of antigen-presentation platforms.

2.2. Surface Molecules and Immune Interactions of EVs

EV functions depend on their surface molecular repertoire. EVs inherit membrane proteins from their
parental cells and may selectively incorporate functional molecules, potentially contributing to their
antigen-presentation-related properties [22]. Some EVs carry MHC-I and/or MHC-II molecules, which can
participate in antigen presentation depending on their molecular composition and biological context [23].
When parental cells (especially DCs) express pMHC, these complexes integrate into EV surfaces via MVB
or plasma membrane budding, enabling T cell activation. EVs also carry co-stimulatory molecules (CD80,
CD86) and adhesion molecules (ICAM-1), providing second signals that determine T-cell activation versus
anergy [17]. After administration, EVs interact with immune cell surface receptors, initiating
immunomodulatory cascades. Efficient recognition and internalization of EVs by APCs such as DCs are
critical prerequisites for cross-presentation of exogenous antigens. DCs and other professional APCs can
recognize and internalize EVs through multiple surface pattern recognition receptors [6]. Receptor-
mediated uptake determines EV capture efficiency and intracellular trafficking [24]. Different
internalization routes direct antigens toward MHC-I cross-presentation or MHC-II classical presentation,
shaping T cell response type and intensity [25]. EV immunomodulation exhibits duality: EVs bearing
pMHC and co-stimulatory molecules activate antigen-specific T cells, whereas tumor-derived EVs (TEVs)
overexpressing PD-L1 engage PD-1, inducing T cell exhaustion or apoptosis [26]. Together, these intrinsic
surface properties and cellular interactions provide the biological basis for engineering EVs to enhance
direct antigen presentation and cross-presentation.

3. Engineering Strategies to Enhance EV-Mediated Cross-Presentation

Cross-presentation involves the uptake of exogenous antigens by professional APCs, particularly DCs,
followed by their processing and presentation on MHC-I to CD8" T cells [27]. Two major pathways have
been described for MHC-I cross-presentation: the cytosolic and vacuolar pathways. In the cytosolic
pathway, internalized EVs enter the cytosol and are subsequently degraded by the proteasome into peptide
fragments, which are transported by the transporter associated with antigen processing (TAP) to the
endoplasmic reticulum (ER), where they are loaded onto MHC-I molecules. The resulting pMHC-I
complexes are transported to the DC surface, where CD8" T cells recognize them and initiate CTL
responses [6]. In the vacuolar pathway, by contrast, internalized antigens are processed by endosomal or
phagosomal proteases and the resulting peptides are loaded onto MHC-I within these compartments [28].
These pathways are not necessarily mutually exclusive, and their relative contributions may vary with
antigen properties, uptake routes, and the intracellular trafficking environment. Cross-presentation is
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particularly important for initiating effective antitumor CD8" T-cell responses when tumor cells exhibit
limited MHC-I expression [29].

Despite its central role in antitumor immunity, EV-mediated cross-presentation can be constrained by
multiple biological barriers, including preferential trafficking toward endo-lysosomal compartments,
inefficient endosomal escape, and limited access of EV-associated antigens to the cytosolic proteasome-
TAP-dependent MHC-I processing pathway [28,30,31]. These limitations have motivated the development
of engineering strategies that improve EV delivery to DCs, coordinate antigen delivery with
immunostimulatory signals, and optimize intracellular antigen trafficking and processing. The major
strategies for enhancing EV-mediated cross-presentation are summarized in Table 1 and discussed in the
following sections.

3.1. DC Targeting of EVs

Efficient capture and internalization of EVs by DCs are critical for initiating EV-mediated cross-
presentation [32]. Surface engineering of EVs with ligands or targeting moieties that engage DC endocytic
receptors can enhance EV-DC interactions and cellular uptake, thereby increasing antigen delivery and
MHC-I presentation [33]. Among available approaches, receptor-directed targeting with antibodies
promotes EV recognition by selected DC populations. DEC205 (CD205) is a highly efficient endocytic
receptor on the surface of DCs [34]. Dang et al. modified anti-DEC205 antibodies onto the surface of red
blood cell-derived EVs (RBCEVs), achieving specific targeting of DEC-205" DCs in the spleen [35].
RBCEVs loaded with ovalbumin (OVA) promoted OV A peptide presentation on MHC-I and elicited robust
CDS8" T cell responses. This platform also offers a potential alternative to tumor- or DC-derived EVs, which
may present challenges related to heterogeneity and large-scale production. In a complementary approach,
Bhatta et al. used metabolic labeling with AcsManAz to introduce azide groups onto TEVs, followed by
conjugation of DBCO-modified anti-DEC205 through click chemistry [36]. This strategy enhanced TEV
accumulation in draining lymph node DCs and improved antigen processing and presentation. In both
prophylactic and therapeutic E.G7-OVA tumor models, anti-DEC205-EVs induced stronger antigen-
specific CTL responses and more pronounced tumor growth inhibition. Together, these studies illustrate
how antibody-mediated targeting can be combined with different EV sources and surface-engineering
methods to improve DC delivery.

Table 1. Representative engineering strategies for enhancing EV-mediated cross-presentation.

Strategy Engineering Approach EV Source Key Mechanism Refs.

DC targeting Anti-DEC205 modification Red blood cell, tumor cell DC-targeted delivery [35,36]
Mannose modificationn Serum DC-targeted delivery [37]
LewisY modification Glioblastoma cell Enhanced cellular uptake [38]

Antigen-adj t S . Co-deli f intrinsic adj t and
g lge.n WA MV-TEV hybridization  Bacteria, tumor cell O. clvery of Irnsic acjuvant an [3941]
co-delivery antigen
Pyroptosis-induced EVs Pyroptotic tumor cell Enriched DAMPs and antigens [42]
Metformin/PLGA-treat L e
“Waste” EVs ctformin/PLGA-treated Intrinsic adjuvant activity via dSDNA [43]
tumor cell
Exogenous antigen/adjuvant Bacteria, tumor cell Exogen@s antigen/adjuvapt incorporation [44-51]
loading and in situ vaccine generation
Intracellul . . .
fraceruar GALA peptide modification Tumor cell Endosomal escape [52]
processing
LLO-mediated end 1 .
mediated endosomal - pa cteria Endosomal escape [53]
escape
Autophagy modulation Melanoma cell, DC Enhanced cross-presentation [54]

YTHDF1 inhibition Tumor cell Reduced antigen degradation [55]
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Beyond antibody-mediated targeting, mannose modification represents a widely explored strategy for
DC targeting [56]. The mannose receptor (CD206), an endocytic C-type lectin receptor expressed by subsets
of DCs, can recognizes mannose moieties and mediates receptor-dependent internalization, and decorating
EV surfaces with mannose has therefore been explored to enhance their recognition and uptake by DCs [57].
Choi et al. prepared EXO-PEG-mannose complexes (EXO-PEG-man) by incorporating DSPE-PEG-mannose
conjugates into bovine serum-derived exosome (EXO) membranes [37]. In vitro, EXO-PEG-man showed
approximately 1.4-fold greater uptake by DC2.4 cells than unmodified EXOs and 2.1-fold greater uptake than
PEGylated-only controls. No significant uptake enhancement was observed in mannose receptor-negative
NIH3T3 fibroblasts, supporting the receptor specificity of this approach. Following subcutaneous injection,
EXO-PEG-mannose also showed approximately 1.8-fold greater accumulation in draining lymph nodes than
the PEGylated control. These findings suggest that mannose modification can improve both receptor-
associated cellular uptake and lymphatic delivery, although enhanced uptake alone does not establish more
efficient antigen cross-presentation or stronger antitumor immunity.

A related but more explicitly glycan-guided approach targets DC-SIGN (CD209), another C-type lectin
receptor involved in antigen uptake and presentation [58]. Dusoswa et al. systematically investigated the
glycocalyx composition of glioblastoma-derived EVs and found that although natural EVs are rich in
sialylated N-glycans, they lack natural ligands for DC-SIGN [38]. To address this limitation, they
synthesized a high-affinity DC-SIGN ligand, LewisY (LeY), conjugated to a palmitic acid tail, and
integrated palmitoyl-LeY into the EV membrane via physical insertion. Le¥ modification increased EV
uptake by human monocyte-derived DCs by approximately fourfold, as further supported by imaging flow
cytometry. Beyond demonstrating enhanced uptake, this study highlights the importance of the pre-existing
EV glycocalyx in determining receptor recognition and illustrates how glycan engineering can compensate
for an unfavorable native surface composition.

Collectively, these studies demonstrate that DC targeting can be achieved through distinct but
complementary design principles: antibody-mediated recognition of selected receptors, ligand-mediated
engagement of carbohydrate-recognition pathways, and rational glycan engineering guided by the native
EV surface composition. However, increased DC uptake is an intermediate step rather than a sufficient
indicator of successful cross-presentation. The efficiency of cross-presentation also depends on antigen
availability, intracellular trafficking, processing, and MHC-I loading.

3.2. Antigen—Adjuvant Co-Delivery

Efficient induction of potent CTL responses requires antigen presentation in an appropriate
immunostimulatory context, in which tumor antigens are accompanied by signals that promote DC
maturation and T-cell priming [59]. A central design principle of many tumor vaccine platforms is therefore
the co-delivery of tumor antigens and immune adjuvants, ideally ensuring that DCs receive antigenic and
activation signals within the same immunological context [60,61]. For EV-based vaccines, these strategies
can be broadly categorized according to the source and mode of antigen—adjuvant provision into three
groups: exploiting the intrinsic antigen or adjuvant function of EVs, enhancing endogenous EV functions
through the pre-processing of parental cell, and loading exogenous antigens or adjuvants onto or into EVs.

3.2.1. Harnessing and Enhancing the Intrinsic Antigenic and Adjuvant Functions of EVs

Bacterial outer membrane vesicles (OMVs) are naturally enriched with pathogen-associated molecular
patterns (PAMPs), including lipopolysaccharide (LPS), lipoproteins, and flagellin on their surface, making
them ideal natural immune adjuvants [62]. TEVs, in turn, can carry diverse tumor-associated antigens
(TAAs) and tumor neoantigens, providing a broad source of tumor antigens [63]. Therefore, TEVs
themselves serve as a broad and physiologically relevant antigen source. Building upon these
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complementary properties, researchers have fused OMVs with tumor cell-derived EVs to construct
eukaryotic-prokaryotic hybrid vesicle platforms, achieving integrated co-delivery of endogenous adjuvants
and antigens on a single nanoparticle [41]. Zou et al. hybridized bacterial OMVs with autologous tumor
cell membranes to form mTOMYV, demonstrating enhanced activation of innate immune cells and improved
specific lysis of homologous tumor cells by T cells in vitro [39]. Similarly, Guo et al. further fused
Staphylococcus aureus-derived EVs with B16F10 melanoma cell membranes (CM) to construct EV-CM
hybrid vesicles [40]. In this system, S. aureus-derived EVs served as natural adjuvants to induce the
production of pro-inflammatory cytokines such as IFN-y, IL-1B, and IL-6, while the CM provided broad-
spectrum tumor antigens. The combination of the two components significantly activated systemic
antitumor immunity and potently suppressed melanoma progression. By integrating antigenic and
immunostimulatory components, these hybrid platforms can reduce the need for separate adjuvant-loading
procedures. However, the immunostimulatory activity of OMVs, particularly that associated with LPS, may
also cause excessive inflammation or toxicity, highlighting the need to balance adjuvant potency with safety.

Based on the direct utilization of endogenous EV functions, researchers have further explored the
possibility of enhancing the inherent properties of EVs through pre-processing, thereby amplifying their
natively carried adjuvant or antigen signals [64]. Pyroptosis is gasdermin-mediated lytic cell death with
pore formation and content release [65]. Li et al. isolated pyroptotic vesicles from pyroptotic tumor cells
and found that these vesicles not only carried the full-spectrum antigens of parental tumor cells, but were
also enriched with abundant endogenous damage-associated molecular patterns (DAMPs), including
HMGBI, ATP, and the pro-inflammatory cytokines IL-1p and IL-18 [42]. Proteomics showed higher
immunostimulatory protein content than conventional exosomes. After DC uptake, DAMPs activated DCs
via TLR/IL-1R, promoting maturation and cross-priming. Thus, rather than introducing an exogenous
adjuvant, this strategy enhances the endogenous immunostimulatory content of TEVs by altering the mode
of tumor cell death.

A complementary strategy exploits cellular stress responses to generate EVs with intrinsic adjuvant
activity. Gong et al. reported that when tumor cells are treated with metformin/positively charged PLGA
nanoparticles (Met-PC-NPs) to induce elevated intracellular ROS levels, the cellular DNA damage
response pathway is triggered. The resulting dsSDNA was electrostatically captured by the nanoparticles and
ultimately expelled from the cells via “waste” EVs [43]. Met-PC-EVs carried tumor antigens and dsDNA,
a natural cGAS-STING agonist, acting as self-adjuvant to promote DC maturation and cross-presentation
without exogenous adjuvants. The uniqueness of this strategy lies in exploiting the cellular stress-response
and detoxification mechanism, enabling tumor EVs to acquire dual functions of antigen delivery and self-
adjuvancy without introducing exogenous adjuvants. This approach therefore exploits cellular stress and
waste-disposal processes to confer self-adjuvanting properties on TEVs.

Collectively, these studies illustrate two complementary routes to antigen—adjuvant co-delivery:
combining antigen-bearing tumor components with naturally immunostimulatory vesicles, and enhancing
the endogenous danger signals of EVs through parental-cell manipulation. Both approaches can simplify
adjuvant integration, but their effectiveness depends on the balance between antigen availability and
immune stimulation. In particular, the broad antigenic content of TEVs does not necessarily guarantee
effective antitumor immunity, as TEVs may also carry immunosuppressive molecules such as PD-L1.
Engineering strategies that reduce PD-L1 expression in parental tumor cells or otherwise limit PD-1/PD-
L1-mediated immunosuppression may help improve the immunological profile of tumor-derived vesicles
[66]. Likewise, the inflammatory activity of OMVs requires careful control to avoid excessive immune
activation. Genetic modification of lipid A biosynthesis or LPS depletion can reduce OMV-associated
endotoxin toxicity, although the effects of these modifications on vesicle integrity and adjuvant activity
must also be considered [67]. Therefore, these strategies should be evaluated not only by their antigen and
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adjuvant content, but also by their ability to promote productive MHC-I cross-presentation and antigen-
specific T-cell responses while maintaining an acceptable safety profile.

3.2.2. Exogenous Antigens and Adjuvants Loading

When the intrinsic antigenic or adjuvant functions of EVs are insufficient to achieve the desired
immune response, engineering strategies can be used to incorporate additional antigens or
immunostimulatory molecules. These approaches expand the functional versatility of EV-based vaccines
by combining antigen delivery with enhanced immune activation or modulation.

One strategy is to display exogenous antigens on EV surfaces while retaining the intrinsic adjuvant
activity of OMVs. Lu et al. rapidly displayed OVA antigens on the surface of OMVs through the ClyA—
SpyCatcher-based conjugation system, and further conjugated aPD-L1 antibodies to construct an Antigen
Presentation Signal Enhancer (APSE) [44]. The natural PAMPs of OM Vs activated DC co-stimulatory signals,
while aPD-L1 simultaneously blocked co-inhibitory signals on the DC surface, significantly enhancing
antigen-specific CTL responses. Furthermore, Miao et al. engineered E. coli to express the ClyA-OVA fusion
protein through genetic engineering and isolated OMVs to construct an inhalable nanovaccine termed BMVax
[45]. By displaying OVA on the vesicle surface while retaining the intrinsic adjuvant activity of OMVs,
BMVax integrated antigen delivery and innate immune stimulation in a single platform. Following respiratory
administration, it induced robust immune responses in tracheobronchial lymph nodes and achieved an 83.3%
complete prevention rate in a B16-OVA lung metastasis model. Together, these studies illustrate how antigen
display can be combined with the intrinsic immunostimulatory properties of OMVs.

Beyond antigen incorporation, EVs can be engineered to provide additional immune-activating signals
[68]. Pan et al. displayed IFNa on the surface of E. coli-derived bacterial membrane vesicles (BMVs),
generating IFNa-BMVs [46]. In this system, intrinsic PAMPs provided innate immune stimuli, while
surface-displayed IFNa supplied an additional cytokine signal, enhancing DC maturation and antigen cross-
presentation. In a related approach, tumor cells were engineered to overexpress the co-stimulatory molecule
CDA40L, and the resulting cell-derived vesicles, termed PD1/CD40L-NVs, were isolated [47]. CD40L
provided an early activation signal for DC maturation, which synergized with the intrinsic lymph node-
homing ability of the tumor membrane to induce a 2-fold increase in DC maturation within lymph nodes.
These examples demonstrate that engineering EVs to display cytokines or co-stimulatory molecules can
extend their function beyond antigen transport by providing additional signals that support antigen
presentation and T-cell priming.

Loading synthetic adjuvant molecules into EVs represents another important direction. Tian et al.
covalently conjugated the STING agonist DMXAA to a cationic polymer backbone to form CPTS complexes,
which were then self-assembled with OVA antigens and encapsulated within OMVs [48]. Miao et al.
conjugated biotinylated CpG DNA to the surface of tumor cell-derived EVs, constructing a vaccine platform
that simultaneously carries tumor antigens and CpG adjuvants [50]. Extending this strategy beyond immune
stimulation, Yang et al. further engineered autologous tumor-derived microvesicles (TMVs) loaded with
manganese phosphate nanoparticles (MnPs) to amplify cGAS-STING signaling, while co-delivering PD-L1-
targeting siRNA (siPD-L1), inducing durable protective immunity in melanoma and colorectal cancer models
[51]. These platforms illustrate the flexibility of EV engineering in integrating different functional cargos,
including innate immune agonists and molecules targeting immune-inhibitory pathways.

An alternative strategy is to generate tumor antigens in situ rather than load pre-existing antigens onto
EVs. Nie et al. assembled metal-phenolic network prisons on the OMYV surface through coordination between
ferric ions and tannic acid, significantly reducing the systemic toxicity of OMVs [49]. Upon exposure to the
low pH and high ATP conditions characteristic of the TME, the coating dissociated to release OM Vs, inducing
Fenton reaction-mediated immunogenic cell death (ICD) and generating tumor antigens in situ, which then
converged with OMV adjuvants to form an in situ vaccine. This approach therefore shifts the emphasis from
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exogenous antigen loading to local antigen generation and subsequent immune stimulation, potentially
simplifying vaccine preparation while linking antigen release to the tumor microenvironment.

Collectively, these studies demonstrate that EV-based antigen—adjuvant co-delivery can be achieved
through antigen surface display, the incorporation of additional immune-activating signals, the loading of
synthetic immunomodulatory cargos, or the induction of antigen generation in situ. Although these strategies
offer complementary ways to coordinate antigen delivery and immune activation, their outcomes depend on
the nature of the incorporated components, their accessibility to the relevant cellular pathways, and the
biological context in which they are delivered. Accordingly, successful co-delivery should be evaluated not
simply by cargo incorporation or DC activation, but also by evidence of enhanced MHC-I cross-presentation,
antigen-specific T-cell responses, and antitumor efficacy, alongside appropriate safety assessment.

3.3. Modulation of Intracellular Antigen Processing

Following uptake by DCs, EVs enter the endocytic system and are progressively trafficked through
early and late endosomal compartments, with a substantial fraction ultimately reaching lysosomes, where
internalized cargo can undergo proteolytic degradation [69]. Such trafficking can limit the availability of
intact tumor antigens for cytosolic MHC-I processing, whereas excessive lysosomal degradation may
further compromise cross-presentation [70,71]. Accordingly, engineering strategies that redirect EV
intracellular trafficking, facilitate endosomal escape, or limit excessive lysosomal degradation represent
important approaches for enhancing MHC-I cross-presentation and CD8" T cell priming [72].

Surface modification with pH-sensitive fusogenic peptides is a direct strategy to promote EV
endosomal escape [73]. These peptides undergo pH-dependent conformational transitions within acidic
endosomal compartments, enabling interaction with and destabilization of the endosomal membrane and
thereby facilitating the release of EV-associated cargo into the cytosol. Morishita et al. genetically
engineered B16BL6 melanoma cells to express a streptavidin-lactadherin (SAV-LA) fusion protein,
enabling the secreted exosomes to display SAV on their surface [52]. They then exploited the high affinity
between SAV and biotin to conjugate biotinylated GALA peptide to the exosome surface, constructing
GALA-modified exosomes (GALA-exo0). GALA is a 30-amino-acid peptide containing repetitive EALA
motifs that adopts an amphipathic a-helical conformation upon pH reduction from 7 to 5, thereby disrupting
endosomal membranes. Calcein leakage assays demonstrated that GALA-exo exhibited concentration-
dependent membrane lytic activity under acidic conditions (pH 5.0), whereas no activity was observed at
neutral pH (7.4). Confocal microscopy revealed that following DC uptake, the cargo of GALA-exo
successfully escaped from lysosomes into the cytosol, whereas unmodified exosomes remained colocalized
with lysosomal compartments. Importantly, GALA-exo-treated DCs exhibited significantly enhanced
MHC-I presentation of tumor antigens, leading to effective activation of antigen-specific CD8" T cells.
Collectively, this study established that pH-sensitive peptide-mediated modification of exosomes enables
cytosolic antigen delivery and enhanced MHC-I cross-presentation in DCs.

An alternative strategy involves genetically engineering the EV surfaces to directly display endosomal
escape proteins [74]. Li et al. constructed the OMV-LL platform by simultaneously fusing listeriolysin O
(LLO) and the RNA-binding protein L7Ae to the C-terminus of the OMV surface protein ClyA [53]. L7Ae
specifically recognizes the box C/D sequence, enabling rapid “plug-and-display” adsorption of mRNA
antigens onto the OMV surface (OMV-LL-mRNA), while LLO forms pores within the acidic endosomal
environment of DCs to mediate endosomal escape, allowing mRNA to enter the cytosol for translation. In
bone marrow-derived DCs (BMDCs), OMV-LL-associated fluorescence was initially colocalized with
lysosomes but became more diffusely distributed in the cytosol over time, consistent with endosomal escape.
Compared with the LLO-deficient control, OMV-LL-mRNA enhanced the expression of MHC-I-OVA
complexes, with antigen presentation sustained for up to 48 h. The platform also inhibited pulmonary
melanoma metastasis and induced complete tumor regression in a subset of animals in a colon cancer model.
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Unlike GALA-mediated delivery of EV-associated cargo, this strategy combines endosomal escape with
intracellular mRNA delivery and antigen expression, thereby providing a distinct route to MHC-I presentation.

Beyond directly facilitating endosomal escape, modulating the autophagic pathway in host DCs offers
a distinct strategy to enhance cross-presentation. Yan et al. generated a biomimetic hybrid nanovesicle by
fusing UVC-induced pyroptotic B16 tumor cells with DC2.4 cells through gradient extrusion, and further
loaded the autophagy-inducing peptide beclin-1 to construct hDMVac [54]. Beclin-1 is a critical initiator
of autophagosome formation, with its 267-284 amino acid sequence activating the class III PI3K complex
to trigger autophagosome biogenesis. The study found that after uptake by DCs, hDMVac initially co-
localized with lysosomes, but subsequently escaped from lysosomes and co-localized with the endoplasmic
reticulum and Golgi apparatus, a trafficking pattern consistent with the classical antigen cross-presentation
pathway. hDMVac-treated BMDCs displayed significantly upregulated MHC-I surface expression, a 2.9-
fold increase in CD80/CD86 maturation markers, and enhanced cross-presentation capacity of cDCls. In
therapeutic B16 melanoma models, hDMVac significantly inhibited tumor growth and prolonged mouse
survival. In prophylactic models, hDMVac delayed tumor onset and protected a subset of mice from tumor
formation. This platform combines the antigenic and danger signals associated with pyroptotic tumor cells
with autophagy-related modulation of intracellular trafficking. Thus, rather than relying solely on
membrane disruption, it seeks to improve the intracellular handling of antigen-bearing EVs.

An alternative approach is to limit excessive antigen degradation by modulating the host DCs
themselves. N°-methyladenosine (m®A) modification is the most prevalent chemical modification of
eukaryotic mRNAs, and YTHDF1 serves as an m°A reader protein that recognizes m®A-modified mRNAs
and promotes their translation [75]. Han et al. showed that YTHDF1 promotes the translation of mRNAs
encoding lysosomal proteases in DCs, thereby enhancing lysosomal antigen degradation and restricting
cross-presentation [76]. Building on this, You et al. designed the NICER nanovaccine by co-assembling
ALDHI1A1-overexpressing TEVs with an epigenetic nanoregulator (ENR) loaded with siYthdfl, and
further modified the surface with a DC-SIGN-targeting aptamer [55]. YTHDF1 suppression reduced
lysosomal protease abundance and activity without a corresponding decrease in protease mRNA levels,
indicating post-transcriptional regulation. This intervention reduced antigen degradation, increased the
availability of intact antigen in the cytosol, and enhanced MHC-I cross-presentation and OT-I CD8" T-cell
activation in vitro. NICER also inhibited tumor growth and prolonged survival in 4T1 breast cancer and
B16 melanoma models. The distinctive feature of this strategy lies in its modulation of the translational
program of host APCs rather than direct EVs engineering, thereby reducing antigen lysosomal degradation
at the source and providing a novel paradigm for intracellular processing modulation.

Collectively, these studies address distinct intracellular barriers to MHC-I presentation. Fusogenic
peptides and endosomal escape proteins promote cytosolic delivery, autophagy-related modulation seeks
to improve intracellular trafficking, and YTHDF1 inhibition limits excessive lysosomal antigen degradation.
These approaches are complementary because their effects depend on the cargo type, intracellular
destination, and antigen-processing route involved. Importantly, enhanced endosomal escape or reduced
antigen degradation does not by itself establish improved cross-presentation; evidence of pMHC-I complex
formation and antigen-specific CD8" T-cell responses remains essential.

4. Engineering Strategies for Direct Antigen Presentation by EVs

EVs can activate CD8" T cells not only via cross-presentation but also through direct engagement of
surface pMHC with TCRs, without requiring antigen uptake, intracellular processing, or de novo MHC-I
loading by a conventional APC [77]. This direct pathway enables rapid immune initiation within hours and
may reduce dependence on the antigen-processing capacity of recipient APCs. By contrast, cross-
presentation involves the uptake of exogenous antigens by APCs, followed by intracellular processing and
presentation of the resulting peptides on the APCs” own MHC-I molecules. A related mechanism, termed
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cross-dressing or semi-direct antigen presentation, occurs when APCs acquire intact pMHC complexes
from other cells or EVs and subsequently display pMHC complexes to T cells without reprocessing the
transferred antigens [78]. Thus, the key distinction is whether the antigen is processed and loaded onto
MHC-I by the recipient APC, transferred as an intact pMHC complex, or presented directly by EV-
associated pMHC. These complementary mechanisms provide a rationale for engineering EVs to support
direct T-cell stimulation and APC-mediated cross-presentation.

EV-mediated direct antigen presentation exhibits unique biological advantages and translational value
in tumor immunotherapy. First, it enables a more direct route of antigen recognition by T cells by bypassing
the intracellular antigen-processing and MHC-loading steps required for conventional cross-presentation.
This may accelerate T-cell stimulation and reduce dependence on antigen-processing capacity within
recipient APCs. Second, engineered pMHC-bearing EVs can directly deliver antigen-specific stimulatory
signals to T cells within the TME, providing a potential strategy to complement conventional APC-
dependent antigen presentation. A summary of current strategies for enhancing EV-mediated direct antigen
presentation is provided in Table 2.

Table 2. Representative engineering strategies for enhancing EV-mediated direct antigen presentation.

Strategy Engineering Approach EV Source Key Mechanism Refs.
. . . Integration of antigen presentation, co-

DC-derived EVs Antigen loading be stimulation, and checkpoint blockade [79]

IL-12 ti-CTLA-4 . L .

. and .an 1 c DC IL-12-mediated cytokine signaling [80]
functionalization
. . In situ DC-derived/n situ generation of immunostimulatory
In situ generation of DEVs EVs DEVs [81]
MHC-enrich . Enh MHC-I displ -stimulat

PMHC en.rlc ed STX11 overexpression Tumor cell " agced PMHC-I display and co-stimulatory [82]
tumor-derived EVs capacity

IFN-y stimulation Tumor cell Enhanced pMHC-I display [83]

CAP treatment Tumor cell CAP-mediated induction of antigen- [84]

presentation features
Senescent tumor Enhanced pMHC-I display and co-stimulatory

Radiotherapy induction cells capacity [85]
Artificial AP-EVs ~ pMHC-I construct HEK293 cells g{:ﬁfy'med‘ated APVrelease and pMHC-T ¢

Co-display pMHC-I, co- HEK293 cells Integration of antigen-specific, co-stimulatory,

stimulatory molecules, and IL-2 and cytokine signals [871

4.1. DC-Derived EVs

DC-derived EVs (DEVs) naturally inherit pMHC complexes and co-stimulatory molecules
(CD80/CD86) from parental DCs, enabling direct antigen presentation to T cells. However, their antigen
repertoire and stimulatory capacity may be limited by the properties and activation state of the parental
DCs. Accordingly, current strategies aim to enhance the antigenic content of DEVs, supplement T-cell
activation signals, or promote their generation in situ. For example, Liu et al. engineered DCs with
recombinant adenovirus to express OVA or multiple tumor antigens and subsequently isolated the resulting
DEVs to generate the ASPIRE nanovaccine [79]. This platform directly presents neoantigens to CD8" T
cells, provides co-stimulatory signals through B7 molecules, and incorporates anti-PD-1 activity to counter
inhibitory signaling. Although DEVs inherently contain key components required for T-cell activation,
their limited capacity for cytokine secretion can constrain sustained T-cell expansion and differentiation in
vivo. Chen et al. therefore engineered DEVs with surface-conjugated IL-12 and aCTLA-4 (DEV@IL-12-
aCTLA-4) [80]. In this design, IL-12 provides an additional cytokine signal, whereas aCTLA-4 blocks
CTLA-4-mediated inhibitory signaling, extending the function of DEVs beyond antigen presentation alone.
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Although ex vivo DEV production allows control over parental DC activation and EV engineering, it
requires cell culture and isolation procedures and may be constrained by the functional status of the source
DCs. To address these limitations, Zhang et al. developed IGNITE, an in situ amplification strategy that
combines ginseng-derived nanoparticles (GENs) with nanohydroxyapatite to activate tumor-infiltrating
DCs and promote DEV generation, increasing DEV yield by up to 30-fold [81]. The resulting in situ-
generated DEVs were enriched in immunostimulatory molecules and could transport tumor antigens to
lymphoid tissues, enhancing systemic antitumor immune responses. This strategy illustrates the potential
of in situ activation and release to amplify EV-mediated antigen presentation while reducing the need for
ex vivo DC manipulation.

Collectively, these strategies address different limitations of DEV-based vaccines: antigen engineering
broadens or specifies the antigenic repertoire, surface functionalization supplements immunostimulatory
signals, and in situ amplification may improve local production. Nevertheless, increased DEV yield or
enhanced immunostimulatory activity does not necessarily establish effective direct antigen presentation.
Further evaluation should distinguish T-cell activation mediated by EV-associated pMHC from responses
arising through EV uptake and cross-dressing by recipient DCs, while also assessing antigen-specific CD8"
T-cell responses, systemic antitumor efficacy, and safety.

4.2. pMHC-Enriched Tumor-Derived EVs

Unlike professional APCs, tumor cells often exhibit insufficient co-stimulatory activity and may
downregulate MHC-I expression, limiting their capacity to activate T cells. However, they naturally retain
a broad and patient-specific repertoire of tumor antigens, making them an attractive source for personalized
antigen-presenting EVs. Accordingly, various strategies have been explored to enhance the antigen-
presenting properties of TEVs, including genetic engineering, cytokine stimulation, physical intervention,
and cellular stress or pathological-state induction. These approaches can increase MHC-1/pMHC abundance
and/or immunostimulatory signals in TEVs, thereby enhancing their potential for direct antigen
presentation and T-cell activation [88].

Genetic engineering offers a means of reprogramming tumor cells to acquire APC-like features. Yu et
al. found that upregulation of syntaxin 11 (STX11) significantly enhances the expression of MHC-I and co-
stimulatory molecules (CD80/CD86) on the tumor cell surface, endowing them with DC-like antigen
presentation characteristics [82]. Based on this, they extracted EVs from STX11-overexpressing tumor cells
and constructed a nanovaccine named RP@sMs. By directly presenting tumor antigens to CD8" T cells,
this vaccine effectively activates antigen-specific cytotoxic T-cell responses, providing proof of concept
for enhancing the antigen-presenting properties of TEVs through genetic modification.

In addition to genetic engineering, cytokine stimulation represents a broadly applicable approach to
enhance the antigen presentation capacity of tumor cells [89]. Li et al. treated multiple tumor cell lines with
IFN-y to broadly upregulate surface MHC-I expression, subsequently extracted antigen-enriched cell
membranes (AECM) and coated them onto the STING agonist PC7A to construct the AECM@PC7A
nanovaccine [83]. Notably, this strategy not only enhances direct presentation by the resulting membrane-
derived platform but also illustrates that DCs can acquire intact pMHC complexes through cross-dressing,
thereby providing an additional route for T-cell activation.

Physical intervention offers another route to enhancing tumor-cell antigen-presentation features. Li et al.
developed a physical intervention strategy based on cold atmospheric plasma (CAP), termed CAPTURE [84].
CAP treatment of tumor cells upregulates MHC-I expression through the KEAPI-Nrf2—p62 autophagy
pathway. Meanwhile, tumor cells were engineered to display membrane-anchored anti-CD28 antibodies. The
resulting CAPTURE platform exhibited increased surface MHC-I density, while membrane-bound anti-
CD28 provided co-stimulatory signals through CD28 engagement on T cells. This strategy offers a non-
genetic, drug-free physical approach to enhancing the direct-presentation capacity of TEVs.
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Beyond active intervention, certain pathological states can also endow tumor cells with APC-like
characteristics. Pan et al. observed that radiotherapy-induced senescent tumor cells (STCs) naturally
upregulate MHC-I and co-stimulatory molecules (CD80/CD86) [85]. Mechanistically, STCs acquire APC-
like functions through the upregulation of antigen processing and presentation-related genes (H-2D1, H-
2K1, Tapl, Tap2, etc.). Based on this, they extracted EVs from senescent tumor cells and found that these
EVs could directly prime STC-specific CD8" T cells in the spleen, generating robust systemic antitumor
effects. This study not only revealed the association between cellular senescence and antigen presentation
capacity but also provided a theoretical basis for combining radiotherapy with EV-based vaccine strategies.

Collectively, these studies illustrate complementary routes to enhancing tumor-derived antigen-
presentation platforms: genetic engineering can reprogram antigen-presentation and co-stimulatory
machinery, cytokine or physical stimulation can increase MHC-I expression, and therapy-induced
senescence can establish an APC-like phenotype. However, increased MHC-I abundance alone does not
necessarily establish enhanced presentation of relevant tumor-derived peptides or effective T-cell activation.
Functional evaluation should therefore include pMHC expression, antigen-specific CD8" T-cell responses,
and antitumor efficacy.

4.3. Artificial Antigen-Presenting EVs

Although tumor-cell-based strategies can provide a broad repertoire of tumor antigens and enhance antigen-
presentation features, their complex and heterogeneous molecular composition may complicate precise control
over EV composition and function. Artificial antigen-presenting EVs (AP-EVs) offer an alternative approach
by enabling more defined and modular construction of antigen-presenting platforms. Olson et al. reported a
strategy for constructing AP-EVs in non-immune HEK293 cells [86]. They designed a single-chain trimer (SCT)
pMHC fusion protein linked to an ESCRT-recruitment sequence (EABR). Expression of this fusion protein
recruited endogenous ESCRT machinery and promoted vesicle budding, generating AP-EVs with high pMHC
valency. These AP-EVs selectively stimulated T cells expressing the corresponding TCR, while their defined
composition and cell-independent antigen-presenting design provided a potential basis for scalable production.
By enabling pMHC display in a non-immune cell background, this strategy offers a potential route to more
controlled, scalable production of antigen-specific EVs.

Beyond pMHC display alone, Lyu et al. developed engineered EVs incorporating pMHC-I, co-
stimulatory molecules, and IL-2 to integrate the three signals required for T-cell activation [87]. In this
design, pMHC-I provides antigen-specific TCR stimulation, co-stimulatory molecules support T-cell
activation, and IL-2 promotes T-cell proliferation. Single-EV level analysis revealed that over 50% of the
EVs simultaneously expressed IL-2 and CD80. AP-EVs directly activated OT-I CD8" T cells in the absence
of APCs in a dose-dependent proliferative manner. AP-EVs selectively expanded OV A-specific CD8" T
cells in vivo and, combined with anti-PD-1 therapy, significantly inhibited tumor progression in the E.G7
tumor model. This strategy illustrates how integrating antigen-specific recognition with co-stimulatory and
cytokine signals can enhance the functional capacity of artificial EV-based platforms.

5. Synergistic Strategies: Hybrid EVs for Direct and Cross-Presentation

Direct presentation and cross-presentation provide complementary routes for activating antitumor T-
cell responses. Direct presentation enables antigen recognition through pre-formed surface pMHC, whereas
cross-presentation supports antigen processing by professional antigen-presenting cells and can broaden
and sustain antitumor T-cell responses. Hybrid EVs that integrate pMHC-bearing components with tumor-
antigen-rich or immunostimulatory components therefore offer a potential strategy to coordinate these two
complementary pathways within a single vaccine platform.
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DEVs naturally carry pMHC complexes and co-stimulatory molecules inherited from parental DCs,
conferring the potential to directly activate T cells, whereas TEVs provide a broad repertoire of tumor
antigens that can serve as substrates for cross-presentation. By combining these components through
membrane fusion techniques (e.g., repeated extrusion, sonication), direct and cross-presentation functions
can be integrated into a single vaccine platform. Liu et al. generated hybrid cells by PEG-mediated fusion
of DCs and 4T1 tumor cells, extracted the fused cell membranes, and coated them onto MOF nanoparticles
to construct the NP@FM nanovaccine [90]. NP@FM inherited DC-derived pMHC complexes and co-
stimulatory molecules, enabling direct activation of CD8" T cells, while simultaneously carrying the full
tumor antigen spectrum from 4T1 cells to be recognized and internalized by DCs, thereby promoting DC
maturation and cross-presentation. /n vitro, the fused-membrane group induced a significantly higher
proportion of CD8" CTLs than groups receiving tumor-membrane or DC-membrane alone. In a 4T1 tumor
prophylaxis model, MOF@FM achieved a tumor-free rate of up to 60%.

Li et al. adopted a more modular fusion strategy by fusing DC2.4-derived exosomes (DEX) with
glioblastoma cell membranes (GM) to construct the DEX/GM hybrid vaccine [91]. DEX naturally carry
MHC-I/II complexes and co-stimulatory molecules from parental DCs, enabling direct antigen presentation,
whereas GM provide a broad spectrum of tumor antigens that DCs can take up and process through the
cross-presentation pathway. Moreover, T cells activated by DEX/GM can kill tumor cells and release
additional antigens that are subsequently captured by DCs, potentially establishing a positive feedback loop.
In vivo, DEX/GM promoted DC maturation, enhanced antigen cross-presentation, and induced durable
systemic immune memory. These findings illustrate how spatial integration of direct-presentation and
cross-presentation components can coordinate complementary antigen-presentation functions within a
single vaccine platform.

Although hybridization of DEVs and TEVs can achieve dual-pathway synergy, its efficacy is still
limited by the immune status of the parental cells. Because cellular physiological status is closely linked to
immunoregulatory function, researchers have begun to utilize physiological stimuli (e.g., senescence,
activation) to actively amplify the direct and cross-presentation capabilities of EVs, thereby constructing
non-engineered dual-pathway nanovaccines without relying on genetic engineering or chemical
conjugation. For example, the ASCENT platform developed by Fan et al. uses senescent tumor cells and
activated platelets as EV sources [92]. Doxorubicin-induced senescent B16-F10 tumor cells exhibit
increased MHC-I expression, enabling senescent tumor cell membrane-derived nanovesicles (STNVs) to
carry higher levels of pMHC-I and enhance direct antigen presentation. In parallel, low-dose thrombin-
activated platelets express high levels of CD40L and OX40L, which can promote DC activation and cross-
presentation. Fusion of STNVs with activated platelet-derived nanovesicles (aPNVs) generated ASCENT
hybrid EVs that displayed pMHC-I along with CD40L and OX40L without additional molecular
modification. In an immunosuppressive 4T1 tumor model, ASCENT combined with aPD-L1 therapy
increased the complete tumor regression rate to approximately 60%. This approach illustrates how
manipulating the physiological states of source cells can complement EV hybridization, potentially
simplifying the engineering process while integrating direct-presentation and APC-activating functions.

6. Conclusions and Perspectives

As natural mediators of intercellular communication, EVs provide a versatile platform for tumor
vaccine development owing to their biocompatibility, lymphatic trafficking, and engineering flexibility.
Importantly, EVs can support both direct antigen presentation through surface pMHC and cross-
presentation of tumor antigens by DCs. This review summarized engineering strategies targeting these two
pathways, including DC targeting, antigen—adjuvant co-delivery, intracellular processing modulation,
pMHC enrichment of DEVs and TEVs, and the construction of artificial AP-EVs. We further discussed
synergistic strategies that integrate direct and cross-presentation through EV hybridization and
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physiological modulation. Together, these strategies highlight the potential of EV-based vaccines to
coordinate direct T-cell stimulation with APC-mediated antigen amplification.

Despite the promising prospects, the clinical translation of EV-based tumor vaccines still faces multiple
challenges. First, EVs are highly heterogeneous, and their isolation, purification, characterization, and quality
control lack unified standards, resulting in significant batch-to-batch variation. Second, efficiently and stably
loading functional molecules onto or into EVs while preserving their native structure and biological activity
remains technically challenging. The in vivo distribution, pharmacokinetics, and clearance of administered
EVs also remain incompletely understood, while long-term safety, immunogenicity, and scalable
manufacturing require further evaluation [93]. In addition to these general challenges, the functional
validation of antigen presentation is particularly important. Increased antigen loading, cellular uptake, or
surface MHC-I expression does not necessarily demonstrate effective antigen-specific presentation. Future
studies should assess pMHC display, antigen-specific CD8" T-cell activation, antitumor efficacy, and safety
using complementary assays. For clinical translation, standardized potency assays should ideally capture both
the relevant antigen-presentation function and its consistency across batches.

Future EV-based tumor vaccines should prioritize controllable, tumor-selective, and functionally
validated designs. Stimuli-responsive engineering may enable antigen-presentation activity to be regulated
by signals in the tumor microenvironment, potentially improving local immune activation while limiting
systemic toxicity. Personalized strategies using patient-derived tumor antigens may help address
interpatient variability and tumor heterogeneity, although their feasibility will depend on reproducible
manufacturing and reliable antigen selection. In addition, modular and orthogonal engineering could
facilitate the integration of antigen loading, targeting, intracellular delivery, and immune stimulation while
allowing each function to be optimized and evaluated.

Notably, integrating artificial intelligence and machine learning with EV physicochemical, engineering,
and immunological datasets may facilitate the prediction and prioritization of promising EV vaccine
designs [94-96]. However, these applications depend on standardized, high-quality datasets and a stronger
understanding of EV biology. Given the heterogeneity of EV preparations and the complexity of antigen-
presentation pathways, Al-derived predictions will require experimental validation. With continued
advances in engineering, functional characterization, and manufacturing, EV-based vaccines may
contribute to the development of more precise and effective cancer immunotherapies.
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