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Abstract 

The intestine is the largest immune organ and plays a critical role in regulating local and systemic tissue homeostasis, while 
disruption of gut immunity can drive an array of diverse diseases both within and beyond the gut. However, current clinical 
therapeutics (mainly anti-inflammatory drugs) display limited efficacy in restoring gut immune homeostasis and often cause severe 
side effects. Therefore, new therapeutic strategies are needed to regulate gut immunity for disease treatment. In recent years, 
extracellular vesicle (EV)-based therapies have emerged as promising nanomedicines for treating gut immune disorder-related 
diseases by mediating multilayered signaling networks composed of immune cells, resident cells, and the gut microbiota. EVs from 
diverse sources (e.g., mammalian cells, food, plants and microbiota) may regulate gut immunity by modulating the phenotypes of 
diverse immune cells (e.g., macrophages, dendritic cells, and T cells), gut barrier integrity, and host–microbiota communication, 
with therapeutic effects reported mainly in preclinical models of gut immune disorders, such as inflammatory bowel disease, 
metabolic diseases, graft-versus-host disease, allergies, and colorectal cancer. EVs can be further engineered via cargo loading or 
surface modification to enhance their targeting ability and specific therapeutic efficacy. Overall, preclinical findings support further 
investigations of EV-based gut immunotherapy, but the clinical efficacy and long-term safety remain to be established. 
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Introduction 
The intestine is the largest immune organ in the 

human body and is composed of diverse types of 
immune cells, such as T cells, B cells, dendritic cells 
(DCs), and innate lymphoid cells, which play critical 
roles in regulating local and systemic tissue 
homeostasis via dynamic interactions with gut-
resident cells, such as intestinal stem cells and 
epithelial cells (enterocytes, Paneth cells, goblet cells, 
tuft cells, etc.), as well as the gut microbiota [1,2]. 
Notably, disruption of intestinal immune homeostasis 
can drive an array of local and systemic diseases, such 
as inflammatory bowel disease, colorectal cancer 
(CRC), intestinal graft-versus-host disease (GvHD), 

chronic metabolic diseases, inflammatory disorders, 
and autoimmunity, via complex mechanisms, 
including microbiota-driven products (e.g., 
metabolites and toxic substrates) and immune cell-
derived cytokines or the direct trafficking of immune 
cells [3]. However, current clinical treatments, such as 
corticosteroids and biologics, mainly relieve clinical 
symptoms by exerting overall immunosuppressive 
effects. Although these drugs have therapeutic effects 
in some patients, they still face some major issues, such 
as nonresponse, relapse, and severe off-target/side 
effects [3], which might be due to their limited efficacy 
in restoring the homeostasis of gut immunity and 
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host–microbiota crosstalk. Therefore, novel 
biotherapeutics with high biosafety that fine-tune gut 
immunity for disease treatment are desired. 

In recent years, extracellular vesicle (EV) 
therapeutics have been investigated for the treatment 
of gut immune disorders, with evidence derived 
mainly from preclinical studies. EVs are natural 
nanovesicles that are released by almost all types of 
cells and can exert therapeutic effects by transferring 
endogenous or exogenous payloads (e.g., RNAs, 
proteins, lipids, and metabolites) between cells [4]. 
Accumulating evidence has indicated that EVs can 
regulate crosstalk among gut epithelial, immune and 
microbial compartments [5,6]. For example, orally 
administered plant-derived vesicle-like nanoparticles 
and EVs derived from milk or probiotics can be taken 
up by innate immune cells (e.g., macrophages and 
DCs) in the gastrointestinal tract, and they can deliver 
bioactive cargoes to regulate gut immune responses [6-
8], such as by inhibiting proinflammatory NF-κB and 
NLRP3 pathways in macrophages, reshaping DC and 
T-cell responses and reinforcing IgA- or Treg-
associated tolerance [4]. Moreover, these EVs can be 
engineered via multiple strategies, such as cargo 
loading and surface modification, to further enhance 
their targeting ability and specific therapeutic efficacy 
[9-11]. For example, intestinal-homing ligand-
modified EVs can improve their ability to target 
inflamed intestinal sites, whereas anti-inflammatory 
drug- or miRNA-loaded EVs can enhance both 
inflammation resolution and epithelial barrier repair 
[5,12].  

While there are some previous reviews related to 
EV-mediated gut homeostasis, plant-derived 
nanoparticles, microbiota–host communication or 
engineered EVs and their applications [5-8], a 
comprehensive and critical evaluation on the roles of 
EVs in regulating gut immunity and associated 
diseases is still lacking. More importantly, it is 
necessary to focus on how disease-specific immune 
requirements guide the selection and engineering of 
different EV platforms. For instance, restoring 
mucosal tolerance and enhancing antitumor immunity 
impose different requirements on EV cargo, recipient 
cells and delivery. Connecting these requirements to 
source selection and engineering provides a basis for 
evaluating which platforms are appropriate for a 
given disease and where further validation is needed. 

In this review, we examine EV-based therapies 
through the relationships among disease-specific 
immune requirements, source selection and 
engineering design. In intestinal and extraintestinal 
disorders, we compare mammalian EVs, plant-
derived vesicle-like nanoparticles and microbial EVs 
in terms of their immune targets, mechanistic evidence 

and delivery constraints. We distinguish 
experimentally supported cargo functions from 
proposed effects and examine how the limitations of 
native preparations motivate cargo modification, 
targeting and formulation strategies. By connecting 
disease-specific comparisons with engineering 
approaches, this review identifies the biological 
rationale for platform selection, the problems that 
engineering addresses and the evidence still required 
for clinical translation. 

1. Gut immunity as a critical regulator of 
tissue homeostasis 

1.1 Composition and function of the gut 
immune system 

Intestinal immune homeostasis is maintained by 
coordinated epithelial, immune, microbial and 
metabolic circuits. This balance is tightly regulated by 
dynamic communication among epithelial cells, innate 
and adaptive immune cells, the gut microbiota, 
microbial metabolites and microbiota-derived EVs [1] 

(Figure 1). 
 Goblet cell-derived mucin 2 (MUC2) forms a 

mucus layer that physically separates luminal 
microorganisms from the epithelium, whereas tight 
junction proteins, including zonula occludens-1 (ZO-
1), occludin and claudins, regulate paracellular 
permeability [1]. This structural barrier is further 
reinforced by Paneth cell-derived antimicrobial 
peptides and secretory IgA, which constrain microbial 
adherence and overgrowth without inducing overt 
inflammation. Mucus barrier dysfunction can occur 
early in colitis, increasing microbial access to the 
epithelial surface [13,14]. Disruption of any of these 
barrier components allows microbial ligands, such as 
lipopolysaccharide (LPS), flagellin, peptidoglycan and 
bacterial DNA, to reach immune sensors in the 
epithelium and lamina propria. Their recognition by 
Toll-like receptors (TLRs), nucleotide-binding 
oligomerization domain (NOD)-like receptors and 
inflammasome pathways activates NF-κB/MAPK 
signaling and promotes the production of IL-1β, IL-6, 
TNF-α and IL-23, thereby converting barrier 
dysfunction into self-amplifying mucosal 
inflammation [2]. 

Under homeostatic conditions, intestinal 
macrophages clear invading microbes and apoptotic 
cells while maintaining an IL-10-producing, 
hyporesponsive phenotype toward commensal-
derived signals [15]. Under inflammatory conditions, 
however, macrophages activate the TLR4/NF-κB and 
NLRP3/caspase-1 pathways and produce TNF-α, IL-
1β and IL-6. DCs integrate luminal antigen sampling 
through M cells, goblet cell-associated antigen 
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passages and transepithelial dendrite extension [16]. 
CD103+ DCs promote retinoic acid- and TGF-β-
dependent Foxp3+ Treg differentiation, whereas 
proinflammatory DCs produce IL-6, IL-12 and IL-23 to 
drive Th1/Th17 responses [2]. ILC3s provide another 
supportive epithelial axis through the secretion of IL-
22, which activates epithelial STAT3 signaling and 
promotes antimicrobial peptide production, mucus 
defense and tissue repair [17]. 

Adaptive immunity stabilizes long-term mucosal 
tolerance. The Treg/Th17 balance determines whether 
antigen exposure leads to tolerance or inflammation. 
TGF-β, retinoic acid and short-chain fatty acids 
promote Foxp3+ Treg differentiation and IL-10-

dependent tolerance, whereas cytokines such as IL-6, 
IL-1β and IL-23 promote Th17 responses that support 
antimicrobial defense but can also drive tissue injury 
when they are excessive [2]. In addition to soluble 
metabolites such as short-chain fatty acids, bile acids 
and tryptophan metabolites, microbiota-derived EVs 
mediate host–microbe communication. Certain 
bacterial outer membrane vesicles (OMVs) can cross 
the intestinal epithelium and deliver microbial cargo 
to host cells [18]. OMV-associated peptidoglycan can 
activate epithelial NOD1 signaling [19]. OMVs 
containing polysaccharide A from Bacteroides fragilis 
promote regulatory immune responses through TLR2 
signaling in DCs [20]. 

 

 
Figure 1. Gut immune homeostasis and dysregulation. In the healthy intestine, the epithelial barrier, mucus layer, commensal microbiota, antimicrobial peptides, and 
SIgA jointly maintain mucosal defense and cooperate with immune cells such as DCs, macrophages, Tregs, ILC3s, IELs, and IgA⁺ plasma cells to maintain intestinal immune 
tolerance and intestinal barrier homeostasis. In the dysregulated intestine, the intestinal epithelial barrier is damaged, and the intestinal mucus layer is reduced, which is 
accompanied by a disrupted microbial community, leading to abnormal antigen exposure and abnormal activation of immune cells, resulting in an imbalance of the Treg–Th17 
axis, massive recruitment of neutrophils, and the release of proinflammatory cytokines, ultimately aggravating intestinal and systemic inflammation. Abbreviations: AMPs, 
antimicrobial peptides; CD, cluster of differentiation; DC, dendritic cell; Foxp3, forkhead box P3; GM-CSF, granulocyte–macrophage colony-stimulating factor; IEL, intraepithelial 
lymphocyte; IFN-γ, interferon-γ; IgA, immunoglobulin A; IL, interleukin; ILC1/2/3, group 1/2/3 innate lymphoid cells; M cells, microfold cells; M1/M2, classically/alternatively 
activated macrophages; MHC II, major histocompatibility complex class II; NET, neutrophil extracellular trap; ROS, reactive oxygen species; SIgA, secretory immunoglobulin A; 
TCR, T-cell receptor; Tfh, T follicular helper cell; TGF-β, transforming growth factor-β; Th1/Th17, T helper 1/17 cells; TNF-α, tumor necrosis factor-α; Treg, regulatory T cell. 
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1.2 Gut immune disorder-related diseases 
Although the manifestations of intestinal 

immune dysregulation differ among diseases, many 
conditions converge on defective epithelial–immune 
crosstalk. This disruption compromises barrier 
integrity, impairs immune surveillance and facilitates 
sustained inflammatory responses (Figure 1 and Table 
S1). 

1.2.1 Intestinal diseases 

Intestinal immune dysregulation initially 
presents as a mucosal disease. In inflammatory bowel 
disease (IBD), epithelial barrier injury facilitates the 
entry of microbial ligands (e.g., LPS, flagellin, 
peptidoglycan and bacterial DNA) into the intestinal 
lamina propria, resulting in the aberrant activation of 
intestinal innate immune cells. In epithelial cells, 
CX3CR1+ macrophages and DCs, microbial ligands 
engage TLR4, TLR5 and NOD2 while also activating 
inflammasome pathways. These events drive NF-
κB/mitogen-activated protein kinase (MAPK) 
signaling and induce the production of TNF-α, IL-1β, 
IL-6 and IL-23 [15,21]. Following the activation of 
upstream inflammatory signaling, IL-23 supports the 
persistence of Th17 cells and ILC3 mediated IL-
17A/IL-22 signaling, whereas IL-12 drives Th1-
dependent IFN-γ production [2,22]. In parallel, excess 
TNF-α and IL-1β weaken epithelial barrier integrity 
through myosin light chain kinase (MLCK) activation, 
epithelial apoptosis and neutrophil recruitment, 
resulting in a self-amplifying cycle of barrier 
dysfunction and inflammation [15]. Moreover, 
immune tolerance is difficult to maintain when IL-10 
signaling is disrupted, Foxp3+ Treg function is altered, 
and CD103+ DC regulatory activity is reduced [23]. 

CRC progression is shaped by both tumor-
promoting inflammation and impaired antitumor 
immunity. In a mouse model of colorectal 
tumorigenesis, epithelial barrier defects allowed 
microbial products to activate tumor-associated 
myeloid cells and promote IL-23/IL-17-dependent 
tumor growth [24,25]. In mouse models of metastatic 
CRC, increased TGF-β signaling in the tumor 
microenvironment promoted T-cell exclusion and 
suppressed antitumor T-cell responses [26]. 

Intestinal GvHD represents another local 
intestinal disease driven by an immune imbalance, but 
its initiating event is alloimmune injury rather than 
chronic dysbiosis or epithelial transformation. Donor 
CD4+ and CD8+ T cells recognize host alloantigens and 
produce IFN-γ, TNF-α and GM-CSF, whereas 
inflammatory macrophages amplify the production of 
IL-1β, IL-6 and TNF-α [27]. These signals induce crypt 
epithelial apoptosis, disrupt Lgr5+ intestinal stem cell 

niches and damage Paneth cells, reducing the 
expression of antimicrobial peptides such as α-
defensins and Reg3γ [28-30]. Barrier leakage and 
microbial translocation then further reinforce donor T-
cell activation, whereas delayed Foxp3+ Treg recovery 
limits immune tolerance [31].  

Intestinal immune dysregulation is also 
implicated in subsets of patients with irritable bowel 
syndrome (IBS). In diarrhea-predominant IBS, human 
biopsy analyses and complementary mouse 
experiments have revealed that mast-cell activation 
and LPS–TLR4 signaling are involved in epithelial 
barrier dysfunction [32]. Microbiome alterations differ 
across IBS subtypes, indicating that these disturbances 
are not uniform [33]. The term “preinflammatory 
bowel disease” (pre-IBD) has been used in selected 
studies to describe IBS-like presentations 
accompanied by low-grade intestinal inflammation. 
However, this research-defined phenotype should not 
be equated with IBS generally or interpreted as 
evidence of inevitable progression to IBD [34]. 

1.2.2 Extraintestinal organ diseases 

Gut immune dysregulation also drives 
extraintestinal diseases, such as chronic liver and 
kidney diseases, cardiovascular diseases and 
pulmonary disorders, through direct (gut immune cell 
trafficking) or indirect (paracrine) effects. 

1.2.2.1 Gut–kidney axis 

The gut–kidney axis is also involved; as renal 
clearance decreases, urea accumulates in the intestinal 
lumen and is hydrolyzed by bacterial urease into 
ammonia and ammonium hydroxide, which disrupt 
ZO-1-, occludin- and claudin-dependent epithelial 
integrity [35]. Barrier leakage allows LPS, 
peptidoglycan, bacterial DNA and microbial vesicles 
to activate the TLR4, NOD and NLRP3 pathways in 
intestinal macrophages, DCs and circulating 
monocytes, promoting the production of IL-1β, IL-6, 
TNF-α and IL-23 [36]. Thus, gut-directed therapy for 
distal organ diseases should not be limited to reducing 
local intestinal inflammation [36]. More disease-
relevant goals include restoring ZO-1/occludin-
dependent barrier integrity, suppressing the activity of 
the urease- and indole/p-cresol-producing microbial 
pathways, reducing circulating indoxyl sulfate and p-
cresyl sulfate levels, and interrupting TLR4/NF-
κB/NLRP3-driven innate immune activation that 
links intestinal leakage to renal and systemic injury 
[36]. 

1.2.2.2 Gut–liver axis 

The gut‒liver axis is shaped by the portal 
delivery of microbial and metabolic signals [37]. LPS 
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activates TLR4 on Kupffer cells and hepatic stellate 
cells, inducing NF-κB-dependent TNF-α and IL-1β 
production and promoting fibrogenic TGF-β/alpha-
smooth muscle actin (α-SMA)/collagen I signaling 
[38,39]. Thus, in individuals with metabolic disease 
and metabolic dysfunction-associated steatotic liver 
disease (MASLD), the intestine acts as an upstream 
inflammatory and metabolic checkpoint rather than a 
passive target organ. 

1.2.2.3 Gut–heart axis 

The gut microbial metabolism of dietary choline 
and L-carnitine generates trimethylamine, which is 
subsequently oxidized in the liver to trimethylamine 
N-oxide (TMAO) [40]. Increased TMAO signaling can 
promote macrophage foam-cell formation, platelet 
hyperreactivity and thrombotic risk, thereby linking 
intestinal microbial metabolism to atherosclerotic 
cardiovascular disease [41]. Emerging evidence 
further suggests that gut-derived bacterial EVs can 
cross a compromised intestinal barrier and amplify 
systemic and myocardial inflammation, although 
direct evidence supporting therapeutic EV-mediated 
regulation of the gut–heart axis remains limited [42-
44]. 

1.2.2.4 Gut–lung axis 

Intestinal dysbiosis and barrier dysfunction 
during respiratory viral infection can increase 
systemic exposure to microbial products and 
contribute to pulmonary immune activation. In severe 
COVID-19, circulating markers of disrupted intestinal 
barrier integrity and microbial translocation are 
associated with systemic inflammation [45,46]. EV-
mediated gut–lung communication is also beginning 
to emerge: oral or gut commensal-derived bacterial 
EVs have been reported to suppress airway or 
pulmonary inflammation in animal models, although 
the contribution of intestinal immune-cell 
reprogramming has not yet been fully established [47]. 

1.2.3 Systemic immune disorders 

Systemic immune disorders can be accompanied 
by an imbalance in intestinal immune homeostasis. For 
example, in food allergic reactions, impaired oral 
tolerance causes the body to develop abnormal type 2 
immune responses to food antigens, which are 
characterized by the activation of Th2 cells and group 
2 innate lymphoid cells (ILC2s), increased IgE 
production, mast cell degranulation, and allergic 
inflammatory responses [48,49]. In addition, in 
autoimmune diseases such as rheumatoid arthritis, 
gut microbiota dysbiosis and increased intestinal 
barrier permeability lead to excessive antigen uptake, 
thereby altering the function of DCs in the intestinal 

mucosa and changing the balance between Th17 and 
Treg cells [50]. Similarly, in individuals with psoriasis, 
changes in intestinal immune homeostasis increase the 
activity of the IL-23/IL-17 inflammatory axis and 
participate in the regulation of inflammatory changes 
in the skin [51,52]. 

In individuals with systemic inflammatory 
conditions, the injured intestine is an important 
amplification pathway for inflammatory 
dissemination [53]. In addition, EVs released by 
immune cells, endothelial cells, or injured tissues may 
carry proinflammatory, procoagulant, or 
immunosuppressive signals, further exacerbating 
systemic immune homeostasis imbalance [9,11]. In 
patients with severe acute pancreatitis, pancreas-
derived inflammatory mediators and circulating EVs 
can act on intestinal immune cells and intestinal 
epithelial cells, promoting macrophage activation, 
enhancing NLRP3 inflammasome signaling, and 
inducing intestinal epithelial barrier injury [54].  

1.3 Clinical treatments for regulating gut 
immunity 

Biologics that target defined immune circuits 
have been used to treat IBD in the clinic [55-57]. Anti-
TNF agents neutralize soluble and membrane-bound 
TNF-α produced mainly by macrophages, monocytes 
and activated T cells, thereby reducing tumor necrosis 
factor receptor 1/2 (TNFR1/TNFR2)-mediated NF-κB 
and MAPK activation in epithelial, endothelial and 
immune cells [3]. Vedolizumab is a gut-selective anti-
α4β7 integrin antibody that blocks α4β7 integrin and 
mucosal addressin cell adhesion molecule-1 
(MAdCAM-1) interactions and reduces gut-homing 
lymphocyte trafficking into the intestinal mucosa [58]. 
However, the clinical outcomes of these 
immunosuppressive drugs are restricted by several 
limitations, such as primary nonresponse, loss of 
response, and infection risk [59-61]. 

Recently, microbiota-based therapies, which act 
via gut ecological and metabolic reconstruction rather 
than direct immunosuppression, have received 
increasing attention from researchers and clinicians 
[62,63]. However, the efficacy of microbiota-based 
therapies depends on donor strain engraftment and 
the recipient’s baseline microbiota, mucosal 
inflammation and diet [64]. Table S2 compares current 
therapies with EV-based approaches in terms of 
therapeutic targets, mechanisms, benefits and 
limitations. EVs offer opportunities for therapeutic 
cargo delivery, as illustrated by oral delivery of IL-10 
to inflammatory macrophages in murine colitis [65]. 
However, comparative clinical benefits over 
established treatments remain unproven. 
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2. EV biology 
2.1 Major EV biogenesis pathways 

EVs are a group of heterogeneous lipid bilayer 
nanovesicles released by almost all types of 
mammalian cells and carry diverse types of bioactive 
cargos, such as proteins, lipids, mRNAs and 
noncoding RNAs [9,66]. Following the Minimal 
Information for Studies of Extracellular Vesicles 2023 
(MISEV2023) recommendations, we use EVs with 
source-based descriptors for preparations of 
unverified biogenesis and reserve exosomes and 
ectosomes for vesicles of established endosomal and 
plasma membrane origin, respectively [66]. Several 
major EV biogenesis routes, such as exosome (~30–200 
nm) formation through the endosomal pathway, 
ectosome (MV, ~200–1000 nm) shedding from the 
plasma membrane, and apoptotic body (~800–5000 
nm) formation, have been reported (Figure 2). 

Exosomes originate from the endosomal system. 
After endocytosis, early endosomes mature into late 
endosomes and multivesicular bodies (MVBs), where 
intraluminal vesicles (ILVs) are generated by the 
inward budding of the endosomal membrane. ILV 
formation involves both endosomal sorting complex 
required for transport (ESCRT)-dependent and 
ESCRT-independent mechanisms [67]. In the 
canonical ESCRT-dependent pathway, ESCRT 0 
recognizes and clusters ubiquitinated cargo on 
endosomal membranes, ESCRT I and ESCRT II 
facilitate cargo sorting and membrane deformation, 
and ESCRT III drives membrane neck constriction and 
scission, followed by VPS4-mediated disassembly and 
recycling of the ESCRT machinery [67,68]. ESCRT-
independent cargo sorting and ILV formation can 
involve tetraspanin-enriched microdomains and 
ceramide-mediated membrane curvature. Mature 
MVBs are either delivered to lysosomes for 
degradation or transported to the plasma membrane 
for exosome secretion [67]. Their fusion with the 
plasma membrane is regulated by Rab GTPases, 
including Rab27a, Rab27b, Rab11 and Rab35, together 
with the SNARE-associated membrane fusion 
machinery [67]. Once released extracellularly, ILVs are 
referred to as exosomes. 

Ectosomes are generated by outward budding 
and shedding of the plasma membrane [68]. Increased 
intracellular calcium levels activate scramblases and 
inhibit flippases, which promote phosphatidylserine 
exposure and disrupt membrane lipid asymmetry. 
Together with actomyosin contraction and small 
GTPase-mediated cytoskeletal remodeling, these 
changes drive membrane blebbing and EV release [69]. 

ARF6, RhoA, ROCK, Rac1 and myosin light chain 
kinase contribute to this process by regulating actin 
organization, cell contractility and membrane–
cytoskeleton detachment [69]. Apoptotic bodies are 
released from dying cells and are usually larger and 
more heterogeneous than exosomes or ectosomes [70]. 
During apoptosis, caspase activation cleaves 
cytoskeletal and nuclear structural proteins, leading to 
membrane blebbing, nuclear fragmentation and 
cellular disassembly [70]. In addition, apoptotic body 
formation and release require the involvement of 
processes such as ROCK1 activation, actomyosin 
contraction and PANNEXIN1-associated changes in 
membrane permeability, allowing cells to fragment 
into bodies enclosed by a membrane bilayer. 
Phagocytes, such as macrophages, recognize and clear 
vesicles containing nuclear fragments, histones, 
mitochondria and other cellular components. It is 
evident that the timely clearance of apoptotic bodies 
through efferocytosis helps maintain tissue immune 
homeostasis, whereas delayed clearance of these EVs 
can lead to inflammation and other problems [71]. 

Milk-derived EVs and plant-derived vesicle-like 
nanoparticles (PDNVs) have considerable potential for 
treating diseases associated with gut immune 
dysregulation. These preparations can be isolated 
from various foods or medicinal plants, including milk 
[72], garlic [73], broccoli [74], grapefruit [75] and 
Pueraria [76]. Moreover, the lipid-rich membranes of 
these food- or plant-derived vesicles help these 
vesicles withstand gastric acid, bile acids and digestive 
enzymes, making them suitable oral delivery carriers 
for managing diseases associated with gut immune 
dysregulation. Compared with mammalian EVs, 
PDNVs offer more abundant raw materials, lower 
production costs and better compatibility with food-
grade manufacturing. However, their biogenesis 
pathways and marker systems remain elusive 
compared with those of mammalian EVs. PDNVs are 
vesicle-like preparations obtained from processed 
plant tissues when natural EVs released from plants 
have yet to be well established [77]. However, 
mechanical homogenization can mix naturally 
released EVs with other types of intracellular vesicles 
and disrupt membranes that may reassemble them 
into vesicles and nonvesicular components [77,78]. 
Therefore, the particle size and vesicular morphology 
of PDNVs cannot be assumed to reflect structures 
naturally released into the extracellular space [66,77]. 
Moreover, PDNV components, such as lipids, 
proteins, RNAs and phytochemicals, detected in these 
preparations should be distinguished from EV 
components whose contribution to biological activity 
has been functionally demonstrated [66]. 
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Figure 2. EV biogenesis pathway, production, and quality control. EVs arise through distinct biogenesis pathways, giving rise to exosomes, ectosomes and apoptotic 
bodies. Exosomes originate from the intracellular endosomal pathway, ectosomes form through outward budding of the plasma membrane, and apoptotic bodies are generated 
during apoptosis and fragmentation. The plant panel illustrates PDNV preparation by tissue homogenization and a schematic vesicular component. The recovered preparation 
may also contain intracellular vesicles, reassembled membrane fragments and nonvesicular material. The schematic does not establish an extracellular origin or a universal 
marker profile. EVs from different sources can be isolated and purified using ultracentrifugation, size exclusion chromatography and density gradient centrifugation. In addition, 
tangential flow filtration is suitable for larger-scale EV preparation. Standardized quality control evaluates purity, integrity and stability, safety, functional potency, and batch 
consistency. Abbreviations: EVs, extracellular vesicles; NTA, nanoparticle tracking analysis; PDNVs, plant-derived vesicle-like nanoparticles; RNA, ribonucleic acid; SEC, size 
exclusion chromatography; TEM, transmission electron microscopy. 

 

2.2 EV production and characterization 
Differential ultracentrifugation and density 

gradients are used to enrich EVs by sedimentation and 
buoyant density, whereas size exclusion 
chromatography (SEC) separates particles by size [66]. 
In platelet-free supernatants from human platelet 
concentrates, pooling SEC fractions 9-12 increased 
CD61-positive vesicle recovery from 14 ± 9% in 
fraction 9 alone to 43 ± 23% but reduced vesicle-to-
protein enrichment relative to the starting material 
from 562 ± 337-fold to 70 ± 19-fold [79]. In rat plasma, 
the SEC and ultracentrifugation preparations induced 
similar endothelial cell migration at matched particle 
doses, although the CD81 signal in the SEC 
preparations was approximately one-eleventh that in 
the ultracentrifugation preparations. SEC preparations 
also contained more APOB-positive lipoproteins, 
suggesting that coisolated components could 
contribute to the observed activity [80]. These findings 
highlight the need to standardize fraction collection 

and dose normalization and to assess nonvesicular 
contributions when comparing biological activity. 

When a hollow-fiber bioreactor is used, the MSC-
EV yield increases to approximately 1.4 × 10⁹ particles 
per 10⁵ cells, which is greater than the 4.7 × 10⁸ yield 
reported in flask cultures [81]. Additionally, compared 
with conventional 2D culture, microcarrier-based 3D 
culture increased the yield of MSC-EVs approximately 
20-fold when both preparations were isolated by 
ultracentrifugation. Replacing ultracentrifugation 
with tangential flow filtration (TFF) for 3D cultures 
further increased recovery sevenfold [82]. 
Functionally, siRNA-loaded EVs from 3D culture and 
TFF may have enhanced bioactive properties, and they 
achieved half-maximal Huntingtin silencing in 
primary neurons at ~13 nM siRNA, compared with 
~63 nM for EVs from 2D culture and 
ultracentrifugation [82]. However, proteomic analysis 
revealed enrichment of secreted proteins in TFF 
preparations, indicating persistent coisolation despite 
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improved recovery and delivery activity [82]. Scale-up 
therefore requires functional testing alongside the 
assessment of coisolated proteins. 

The standard framework for EV characterization 
has been established in the MISEV guidelines [66]. 
MISEV2023 guidelines recommend that mammalian 
cell-derived EVs should be characterized by 
complementary approaches, including particle size 
and concentration analyses, such as nanoparticle 
tracking analysis (NTA), tunable resistive pulse 
sensing (TRPS) or high-resolution flow cytometry; 
morphological assessments by transmission electron 
microscopy (TEM), cryo-electron microscopy (cryo-
EM) or atomic force microscopy (AFM) to confirm 
lipid bilayer-enclosed vesicular structures; and the 
expression of EV markers, including transmembrane 
or membrane-associated markers such as CD9, CD63 
and CD81; and cytosolic EV-associated proteins such 
as TSG101, ALIX, HSP70 and syntenin [66]. Negative 
EV markers, such as calnexin, GM130, ApoA1/ApoB 
or albumin, should also be detected to evaluate 
contamination from intracellular organelles, 
lipoproteins or soluble proteins (Figure 2). The 
particle/protein ratio alone cannot be used to establish 
purity. Batch comparisons should combine physical 
characterization with a stated dose basis and 
functional assays, such as epithelial barrier recovery or 
macrophage cytokine modulation. Matched 
nonvesicular fractions help assess whether coisolates 
contribute to the observed activity [66]. 

Furthermore, quality control should address 
source-specific contaminants. For mammalian cell-
derived EVs, identically processed unconditioned 
medium provides a control for medium-derived 
vesicles and proteins [66]. In bovine milk, the addition 
of SEC after ultracentrifugation reduced the recovered 
total protein concentration from 125 to 10.6 μg per mL 
of starting milk, whereas the measured particle 
recovery decreased from 1.47 × 10¹² to 2.19 × 10¹¹ 
particles per mL. Proteomic analysis also revealed 
depletion of caseins and whey proteins [83]. Milk EV 
purification should therefore monitor contaminant 
removal alongside particle recovery. In Arabidopsis, 
compared with PDNVs isolated from disrupted 
leaves, apoplastic EVs exhibit approximately threefold 
higher uptake by cancer cells [84]. The isolation of 
plant EVs from apoplastic wash fluid should include 
assessment of cell viability in the source tissue and of 
intracellular contamination in the collected fluid 
[78,85]. In Arabidopsis, differential centrifugation has 
been combined with density gradients or 
immunoaffinity capture to purify EV subclasses [86]. 
Reproducible comparisons require defined tissue 
sources, extraction conditions and collected fractions 
[78,86]. Purity assessment should compare EV marker 

enrichment and depletion of source-relevant non-EV 
components against the starting material [66]. 
RuBisCO-containing nonvesicular complexes are 
relevant potential coisolates in leaf preparations [78]. 
Such negative purity controls require validation for 
each source and cannot be inferred from particle 
morphology alone [66,78].  

With respect to meningococcal OMVs, detergent 
extraction depleted the lipoprotein fHbp and reduced 
both TLR4 and TLR2 activation, whereas lpxL1 
deletion reduced TLR4 activation while retaining 
TLR2 signaling [87]. Thus, OMV quality control 
should assess inflammatory activity and the retention 
of immunologically active components, along with 
testing for residual viable bacteria. Due to the strong 
pro-inflammatory activity of OMVs, it is critical to 
distinguish EV-associated components from 
nonvesicular material. Detection of LPS alone cannot 
make this distinction, because it may be present in 
nonvesicular micelles and protein complexes [66]. 
Protein markers likewise require careful 
interpretation. GroEL and flagellin cannot serve as 
universal negative markers, as both have been 
reported as enriched or depleted in bacterial EV 
preparations [88]. Accordingly, OMV-specific pro-
inflammatory activity should be established using 
source-validated purity controls and functional 
comparisons with matched nonvesicular fractions 
[66,88]. 

2.3 Major EV sources for regulating gut 
immunity 

EVs that regulate gut immunity can be classified 
according to their biological origin because the source 
strongly affects the cargo composition, delivery route, 
immune target and translational feasibility (Table S3). 

2.3.1 Mammalian cell-derived EVs 

Mammalian cell-derived EVs used for gut 
immune regulation are obtained mainly from 
mesenchymal stem cells (MSCs), intestinal epithelial 
cells and immune cells [4]. Their biological functions 
are largely determined by the identity and activation 
state of the parental cells. MSC-derived EVs (MSC-
EVs) can regulate intestinal immunity through specific 
bioactive cargoes. For example, miR-216a-5p delivered 
by EVs from hypoxia-preconditioned adipose-derived 
stromal cells targets HMGB1 and suppresses 
TLR4/NF-κB signaling, promoting macrophage M2-
like polarization in experimental colitis [89,90]. In an 
engineered mammalian EV platform, the delivery of 
IL-10 to inflammatory macrophages reduced reactive 
oxygen species production and proinflammatory 
cytokine expression [65]. Intestinal epithelial cell-
derived EVs (IEC-EVs) are closely linked to mucosal 
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communication, such as epithelial–immune crosstalk 
and antigen handling, because they carry epithelial 
antigens, major histocompatibility complex (MHC)-
related molecules, heat shock proteins, trefoil factors 
and epithelial miRNAs [91].  

The functions of immune cell-derived EVs are 
more context dependent [6]. Although direct evidence 
from tissue-resident intestinal macrophage-derived 
EVs remains limited, studies of colitis and intestinal 
injury models have suggested that macrophage-
derived EVs can transfer polarization-associated 
miRNAs, long noncoding RNAs (lncRNAs) and WNT-
related signals to epithelial and immune cells 
[15,92,93]. Treg cell-derived EVs may suppress local 
inflammatory responses by transferring inhibitory 
molecules or regulatory signals, including cytotoxic T 
lymphocyte-associated protein 4 (CTLA-4), molecules 
involved in CD39/CD73-related adenosine pathways, 
TGF-β/IL-10-associated signals and regulatory 
miRNAs [94,95]. DC-derived EVs can transmit 
antigen-presenting signals through MHC–peptide 
complexes, although their functional effects depend 
on the state of the parental DC [4,96]. EVs from mature 
DCs carrying CD80 and CD86 may support T-cell 
activation, whereas tolerogenic dendritic cell-derived 
EVs (DC-EVs) enriched in PD-L1 or Fas ligand (FasL) 
may favor immune restraint [97,98]. Thus, the 
therapeutic use of these EVs requires disease-matched 
control of parental cell identity, activation state, cargo 
composition and functional potency [9,67]. 

2.3.2 Food- or plant-derived vesicle-like 
nanoparticles 

Milk-derived EVs and plant-derived vesicle-like 
nanoparticles have been investigated for intestinal 
therapy because their biological properties depend on 
their source [7,99,100]. For example, ginger-derived 
nanoparticles have been investigated as orally stable 
vesicle-like carriers for intestinal inflammation [101]. 
In ginger-derived vesicle-like nanoparticles, 
phosphatidic acid contributes to uptake by 
Lactobacillus rhamnosus GG, whereas mdo-miR7267-3p 
targets bacterial ycnE, increasing indole-3-
carboxaldehyde production and promoting AhR-
dependent IL-22 responses and intestinal protection 
[102]. In this mechanism, the metabolite is a 
downstream microbial product rather than a directly 
delivered EV cargo. Evidence for intravesicular RNA 
delivery also requires more than RNA detection. In 
apoplastic Arabidopsis preparations, combined 
protease and RNase analyses revealed that much of 
the extracellular RNA was associated with proteins 
outside EVs [103]. To standardize RNA localization in 
plant-derived preparations, future studies should 
compare untreated aliquots with RNase alone and 

sequential proteinase K–RNase treatment, with and 
without detergent-mediated membrane disruption. 
RNA resistance to proteinase K–RNase treatment, 
followed by degradation after membrane disruption, 
supports membrane encapsulation, provided vesicle 
integrity and enzyme activity are verified [86,103]. 
Because nonvesicular ribonucleoprotein or lipid 
complexes may co-isolate, these assays should be 
combined with fractionation and nonvesicular 
controls before attributing activity to vesicular RNA; 
cargo-specific inhibition or depletion remains 
necessary to establish its functional contribution 
[66,78,103]. Grapefruit and citrus-derived 
nanovesicles have been used as scalable lipid 
nanoplatforms for the oral delivery of small molecules 
or nucleic acids for targeted gut therapy [75]. Milk-
derived EVs contain miRNAs, proteins, lipids and 
milk-associated bioactive molecules and are being 
investigated for oral delivery [104-106]. However, the 
clinical translation of food- and plant-derived vesicle 
preparations is still limited by multiple factors, such as 
source variability, coisolated nonvesicular 
components, heterogeneous cargo composition, 
uncertain uptake specificity and insufficient batch-to-
batch reproducibility. 

2.3.3 Microbe-derived EVs 

Microbe-derived EVs, such as outer membrane 
vesicles (OMVs) from gram-negative bacteria, are vital 
mediators of host–microbiota communication [6,8]. 
They are released by commensals, probiotics and 
pathobionts and contain diverse cargoes, such as LPS, 
peptidoglycan, lipoproteins, outer membrane 
proteins, adhesins, bacterial DNA/RNA and 
metabolites [8]. The biological effects of microbial EVs 
are highly dependent on the source and strain [6,8]. 
EVs from commensal or probiotic bacteria may carry 
tolerogenic or barrier-supportive signals, whereas EVs 
from pathobionts may deliver virulence-associated 
proteins, inflammatory LPS species or adhesins that 
amplify mucosal inflammation or tumor-promoting 
immune responses [8,107]. For example, 
polysaccharide A (PSA) carried by Bacteroides fragilis 
OMVs is sensed through TLR2 on DCs, promoting IL-
10-producing regulatory T (Treg) responses and 
protection against experimental colitis [20]. Similarly, 
OMVs from E. coli Nissle 1917 ameliorate DSS-induced 
colitis in mice [108] and strengthen epithelial barrier 
function in vitro by regulating tight-junction proteins 
[109]. 

Moreover, fungal EVs in the gut system are 
emerging as potential mediators of fungal–host 
communication, although direct evidence in intestinal 
settings remains more limited than that for bacterial or 
mammalian EVs [110]. Studies of pathogenic fungi, 
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particularly Candida albicans, have indicated that 
fungal EVs can carry immunologically active cargo, 
including mannans, β-glucans, chitin-related 
structures, stress-response proteins, virulence-
associated proteins and fungal RNAs [111]. These EV-
associated molecules may influence host innate 
immune responses through pattern recognition 
pathways, especially TLR4 and Dectin-1 signaling. 
With respect to EV-associated mRNAs, the proposed 
immune effects mediated by encoded proteins require 
evidence of translation in recipient cells [112]. More 
generally, cargo profiling alone does not establish 
causality; attribution to individual EV components 
requires functional perturbation and controls for 
coisolated nonvesicular material [66].  

3. EV-based therapies for regulating gut 
immunity 
Research on the biological properties of native 

EVs provides a basis for selecting appropriate EV 
sources for treating specific diseases. On this basis, EV 
engineering further demonstrates how approaches 

such as cargo modification or delivery control can 
address specific therapeutic limitations (Figure 3 and 
Table S4). 

3.1 Inflammatory bowel disease 
Inflammatory bowel disease (IBD) primarily 

includes Crohn’s disease and ulcerative colitis. Among 
intestinal diseases, EV-based therapy has been most 
extensively studied in IBD. Its major pathological 
processes include epithelial barrier failure, 
TLR/NOD-driven innate immune activation, 
inflammatory macrophage polarization, Th17/Treg 
imbalance and dysbiosis. Therapeutic EVs have been 
investigated across these interconnected circuits, 
although most evidence remains limited to DSS-, 
TNBS- and IL-10-deficient colitis models. 

At the epithelial level, MSC-EVs reduce 
apoptosis, oxidative stress and mucosal injury while 
restoring the expression of tight junction proteins 
[113,114]. TSG-6 carried by bone marrow 
mesenchymal stem cell-derived EVs (BMSC-EVs) 
inhibited intestinal epithelial pyroptosis through the 
NLRP3/caspase-1/GSDMD pathway, restored ZO-1 

 

 
Figure 3. Regulatory effects of EVs on gut immunity. EVs can interact with the intestinal mucus layer, intestinal epithelial cells, and M cells, regulating intestinal antigen 
sampling, mucus secretion, antimicrobial peptide release, SIgA production, and barrier function. In the intestinal lamina propria, EVs can regulate macrophages, DCs, T cells, 
B cells, ILCs, and neutrophils, participating in antigen presentation, cytokine signaling, Treg–Th17 balance, IgA class switching, and the maintenance of mucosal immune 
homeostasis. B and F denote bacterial and fungal extracellular vesicles (EVs), respectively. Bacterial EVs include outer membrane vesicles (OMVs) released by gram-negative 
bacteria and membrane vesicles released by gram-positive bacteria. Abbreviations: AMPs, antimicrobial peptides; DC, dendritic cell; EVs, extracellular vesicles; FAE, follicle-
associated epithelium; GAPs, goblet cell-associated antigen passages; IEL, intraepithelial lymphocyte; IgA, immunoglobulin A; IL-10, interleukin-10; ILCs, innate lymphoid cells; 
M cells, microfold cells; M1/M2, classically/alternatively activated macrophages; MLN, mesenteric lymph node; OMVs, outer membrane vesicles; PSA, polysaccharide A; SIgA, 
secretory immunoglobulin A; Tfh, T follicular helper cell; Th17, T helper 17 cell; TLR2, Toll-like receptor 2; Treg, regulatory T cell. 
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and occludin expression and alleviated DSS-induced 
colitis. TSG-6 knockdown weakened these effects, 
supporting a cargo-dependent mechanism [115]. In 
another study, EV-delivered circHECTD1 bound to 
CTCF and suppressed METTL3 transcription, thereby 
reducing the m6A modification of claudin-1 mRNA 
and restoring claudin-1 expression [116]. Orally 
administered milk-derived EVs also improved 
epithelial integrity while suppressing TLR4/NF-κB 
and NLRP3 signaling and partially restoring the 
Th17/Treg balance [117]. Aloe-derived nanovesicles 
also alleviated DSS-induced colitis and increased tight 
junction protein expression [118]. Oral pretreatment 
with L. plantarum Q7-derived EVs alleviated DSS-
induced colitis and altered the gut microbiota 
composition [119]. Lactiplantibacillus plantarum EVs 
reduced epithelial apoptosis through the 
mPTP/CytC/caspase-9/caspase-3 pathway [120], 
whereas Roseburia intestinalis EVs inhibited DPP4 
through an IPI peptide cargo, increased the level of 
active GLP-1 and attenuated inflammatory NF-
κB/STAT3 signaling [121]. In addition, Akkermansia 
muciniphila-derived EVs increased MUC2 expression, 
improved mucus integrity, and reduced intestinal 
permeability in mice with colitis [122]. 

Macrophages represent an important recipient 
population for EV-mediated intestinal 
immunoregulation. Human BMSC-EVs preferentially 
accumulate in inflamed colon tissue and are 
predominantly taken up by F4/80⁺CD11b⁺ 
macrophages, with macrophage depletion weakening 
their therapeutic activity [123]. miR-146a-enriched 
BMSC-EVs suppressed IRAK1/TRAF6/NF-κB 
signaling and reduced TNF-α, IL-6 and IL-1β levels in 
TNBS-induced colitis [124]. Synthetic lipid 
nanoparticles inspired by ginger-derived PDNVs 
loaded with osa-miR164d promoted reparative 
macrophage polarization by targeting TAB1 and 
inhibiting TNF signaling [125]. Similarly, Prunus 
mume-derived vesicle-like nanoparticles were 
preferentially internalized by colonic macrophages 
and delivered miR-159, which disrupted NEK7–
NLRP3 binding and inhibited inflammasome 
activation [126]. Lactobacillus johnsonii EV-associated 
GAPDH also alleviated colitis in a macrophage-
dependent manner by suppressing MAPK–STAT3 
signaling [127]. In addition to conventional colitis 
models, orally administered milk-derived EVs 
attenuated mucosal inflammation in a murine pre-IBD 
model by increasing Lactobacillus murinus and 
reducing lysophosphatidylcholine accumulation, 
thereby modulating TLR2-dependent macrophage 
polarization [128]. These findings remain preclinical 
and do not establish therapeutic efficacy in patients 
with IBS. 

Microbial EVs can additionally reshape adaptive 
mucosal immunity. EVs from B. longum NSP001 
alleviate DSS-induced colitis even after microbiota 
depletion, reducing macrophage infiltration and the 
expression of inflammatory cytokines while increasing 
the levels of IL-10 and TGF-β and shifting the 
Th17/Treg balance toward Treg responses [129]. L. 
johnsonii EVs restored taurine-associated immune 
regulation, reduced Th17 responses, increased the 
number of Tregs and corrected abnormal pIgR/FcRn 
expression and immunoglobulin-coated bacterial 
populations [130]. Source selection in IBD involves 
overlapping biological functions across different 
sources. For example, both MSC-EVs and Prunus 
mume-derived particles act on macrophages, whereas 
both milk-derived EVs and B. longum-derived EVs 
affect barrier and adaptive immune responses 
[117,123,126,129]. Macrophage depletion and cargo 
perturbation support specific mechanisms in selected 
studies, whereas reduced cytokine levels alone 
provide weaker mechanistic evidence. Engineering 
can combine these biological activities with controlled 
delivery. For instance, galactose-modified EVs 
carrying IL-10 use a chitosan/alginate coating for oral 
protection and macrophage-directed delivery [65] 
(Sections 4.1 and 4.4–4.6). Differences in models, 
routes and dose definitions currently limit efficacy 
comparisons between sources. 

3.2 Anticolorectal cancer immunity 
Colorectal cancer (CRC) is characterized by the 

use of EVs to remodel both mucosal and tumor 
immunity. Approximately 85% of CRCs are 
microsatellite stable (MSS) and respond poorly to 
immune checkpoint blockade, owing partly to 
insufficient antigen presentation, limited cytotoxic T-
cell infiltration and suppressive myeloid and stromal 
networks. EV-based platforms may address these 
defects by delivering tumor antigens and innate 
agonists, restoring T-cell costimulation or promoting 
immunogenic tumor-cell death. 

Oral EV administration provides a direct strategy 
for engaging intestinal immunity. Orally delivered 
tumor cell-derived microparticles were taken up by 
ileal epithelial cells, where they activated NOD2–
MAPK–NF-κB signaling and induced CCL2 
production. Consequently, CD103+CD11c+ DCs were 
recruited, while epithelial transcytosis transferred EV-
associated tumor antigens to these cells for cross-
presentation and subsequent antitumor T-cell 
activation in CT26-bearing mice [131]. A related 
strategy involved the oral administration of 
engineered Escherichia coli to produce antigen-bearing 
OMVs in situ. These OMVs cross the intestinal 
epithelium, enter the lamina propria and promote DC 
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maturation, thereby suppressing colon tumor growth 
and generating protective immune memory [132]. 
Together, these studies show that intestinal epithelial 
cells can function as an entry point through which 
orally delivered EVs connect mucosal antigen 
sampling with systemic antitumor immunity. 

Bacterial vesicles can also provide antigen-
independent innate stimulation or serve as modular 
tumor vaccines. Systemic administration of detoxified 
E. coli OMVs induced IFN-γ-dependent tumor 
regression and long-term immune memory in CT26 
and MC38 models [133]. More selective immunity was 
achieved using a plug-and-display platform in which 
the MC38 neoantigen Adpgk was displayed on 
engineered OMVs. Treatment with these OMVs 
increased the numbers of tumor-infiltrating DCs, 
CD4+ and CD8+ T cells and activated neutrophils; 
reduced the number of Foxp3+ Tregs; and resulted in 
complete tumor regression in 60% of the mice [134]. 
OMVs from the intestinal commensal Parabacteroides 
distasonis increased CXCL10 expression and CD8+ T-
cell infiltration in CT26 tumors, and CXCL10 
neutralization weakened their antitumor activity 
[135]. Synthetic bacterial vesicles loaded with STING 
agonists similarly enhanced DC activation and IFN-β 
production, increased intratumoral T-cell infiltration 
and suppressed colon tumor growth [136]. 
Immunologically cold MSS CRC remains a clinical 
challenge because T-cell exclusion limits responses to 
immune checkpoint blockade [26]. In stroma-rich 
tumors, the dense desmoplastic matrix restricts 
therapeutic penetration and immune-cell infiltration, 
while hypoxia-associated CD73–adenosine signaling 
reinforces metabolic immunosuppression [137]. 
Engineered EVs may address both barriers: 
hyaluronidase-expressing OMVs carrying CD73 
siRNA combine matrix degradation with suppression 
of adenosine-mediated immunosuppression [137]. 
However, the applicability of this approach to cold 
MSS CRC still requires further validation in 
immunocompetent orthotopic models with defined 
stromal and immune features. 

Mammalian EVs offer complementary strategies 
for restoring adaptive immunity. Native CRC-derived 
EVs containing miR-424 suppressed CD28 expression 
in tumor-infiltrating T cells and CD80/CD86 
expression in DCs, thereby weakening costimulation 
and promoting resistance to immune checkpoint 
blockade. Removing miR-424 or its murine homolog, 
miR-322, converted these vesicles into immunogenic 
antigen carriers that restored CD8+ T-cell responses 
and improved checkpoint blockade efficacy in CRC 
models [138]. M1 macrophage-derived EVs loaded 
with zinc phthalocyanine provide another approach 
for inducing photodynamic immunogenic cell death, 

release of damage-associated molecular pattern 
(DAMP), DC maturation and protective immune 
memory in MC38 tumor-bearing mice [139]. GEMINI-
engineered EVs further combined αCD3 and αEGFR 
to redirect cytotoxic T cells toward EGFR-positive 
CRC cells, while surface PD-1 and OX40L promoted 
checkpoint inhibition and costimulation. Bacterial and 
tumor-derived platforms require different cargo 
strategies [140]. OMV antigen display and STING 
agonist loading into synthetic bacterial vesicles 
strengthen immune stimulation [134,136], whereas the 
depletion of miR-424 removes an immunosuppressive 
component from tumor-derived EVs [138]. The latter 
provides causal support for cargo removal, rather than 
assuming that tumor antigen carriage is sufficient for 
vaccination. These examples connect source selection 
to antigen display, payload loading or cargo depletion 
(Section 4.6), but their different models and delivery 
routes preclude simple efficacy rankings. 

3.3 Intestinal graft-versus-host disease 
After allogeneic hematopoietic stem cell 

transplantation, conditioning damages the crypt 
epithelium and Paneth cells, allowing microbial 
products and danger signals to activate host antigen-
presenting cells. Activated donor CD4+ and CD8+ T 
cells produce IFN-γ and TNF-α, whereas 
inflammatory macrophages release TNF-α, IL-1β and 
IL-6. These responses promote epithelial apoptosis, 
microbial translocation and alloimmune activation. 
EV-based therapy for intestinal GvHD should 
therefore suppress local antigen presentation, T-cell 
activation or macrophage inflammation without 
abolishing graft-versus-leukemia (GvL) activity. 

Direct evidence that EVs repair the intestinal 
epithelium in patients with GvHD remains limited. 
However, systemic MSC-EVs can attenuate immune 
pathways that drive intestinal injury [141]. 
Prophylactic administration of hUC-MSC-derived EVs 
reduced acute GvHD severity and colonic injury in 
mice [142]. In an allogeneic HSCT mouse model, 
intravenous administration of 300 µg of BMSC-EVs at 
transplantation reduced clinical GvHD and small 
intestinal histological injury. These EVs decreased the 
expression of CD40, CD80 and CD86; reduced the 
expression of IL-6 and IL-12p70; and increased the 
expression of IL-10 in DCs. They also suppressed T-
cell proliferation, promoted CD4+CD25+Foxp3+ Treg 
differentiation and shifted macrophages toward a 
CD206+ M2-like phenotype. Importantly, CD8+ T cells 
retained antileukemia cytotoxicity, suggesting that 
these immunoregulatory effects did not completely 
eliminate GvL activity [143]. 

A more intestine-directed strategy uses microbial 
outer-membrane vesicles for local cargo delivery. In a 
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murine allo-HSCT model, engineered E. coli Nissle 
1917 produced OMVs with low endotoxicity that 
displayed ClyA-fused BigLEN. Following oral 
administration, OMVs delivered BigLEN to intestinal 
lamina propria macrophages and inhibited NLRP3 
inflammasome activation and GSDMD-associated 
pyroptosis. This treatment reduced intestinal 
inflammation and GvHD severity while preserving 
the control of A20 lymphoma cells [144]. Intravenously 
administered MSC-EVs modulate DCs, macrophages 
and T cells [143], whereas orally administered 
engineered E. coli Nissle produces BigLEN-bearing 
OMVs to locally inhibit macrophage pyroptosis [144]. 
Both approaches preserved GvL activity in the tested 
mouse models, but this does not establish equivalent 
safety or efficacy. For GvHD, the source and delivery 
engineering must therefore be assessed against two 
linked outcomes: intestinal protection and the 
preservation of antileukemia immunity. 

3.4 Metabolic diseases 
Obesity, type 2 diabetes and metabolic 

dysfunction-associated steatohepatitis are 
accompanied by chronic low-grade inflammation that 
is partly sustained by intestinal dysbiosis and barrier 
failure. Increased translocation of LPS, bacterial DNA 
and microbial vesicles activates inflammatory 
pathways in intestinal macrophages, adipose-tissue 
macrophages and Kupffer cells, thereby exacerbating 
metabolic injury [145,146]. The most direct evidence 
comes from Akkermansia muciniphila-derived EVs. Oral 
administration of these EVs to HFD-induced diabetic 
mice reduced intestinal permeability and body weight 
gain, improved glucose tolerance and restored the 
expression of tight junction proteins, including 
occludin, ZO-1 and claudins [147]. In Caco-2 cells, the 
induction of occludin expression and resistance to 
LPS-induced permeability involved AMPK activation, 
although the requirement for AMPK was not 
established in vivo [147]. A subsequent study revealed 
that A. muciniphila EVs reduced adiposity and plasma 
glucose levels; suppressed inflammatory changes in 
the colon, adipose tissue and liver; and partially 
restored HFD-disrupted microbial communities. In 
the preventive HFD setting, these effects were 
associated with increased colonic TLR2 and IL-10 
expression and reduced TLR4 and TNF-α expression 
[148]. However, the specific intestinal immune cells 
that directly respond to these vesicles remain 
undefined. 

Food-derived EVs may act through related 
interorgan pathways. In mice concurrently fed a 
NASH-inducing diet, oral administration of bovine 
colostrum-derived EVs reduced hepatic steatosis, 
fibrosis and inflammation. These changes were 

accompanied by increased intestinal Akkermansia 
abundance; increased Muc2, claudin-1 and occludin 
expression; reduced intestinal TNF-α and IL-6 levels; 
and improved barrier integrity, supporting a gut–liver 
mechanism [72]. However, microbiota depletion and 
immune cell-specific experiments were not performed; 
therefore, the contributions of individual microbial or 
immune pathways remain unresolved. Plant-derived 
nanoparticles can also modify the vesicles produced 
by resident bacteria. PDNVs derived from garlic 
reprogrammed A. muciniphila to release OMVs 
enriched in Amuc_1100, P9 and phosphatidylcholines. 
Oral administration of these OMVs increased GLP-1 
signaling, inhibited cGAS–STING-associated 
inflammation in brain microglia and improved insulin 
resistance in HFD-fed mice. This pathway represents a 
microbiota–gut–brain mechanism rather than the 
direct regulation of intestinal immune cells [149]. 

A. muciniphila EVs and milk EVs support oral 
strategies for barrier protection [72,147], whereas 
garlic-derived nanoparticles represent an indirect 
approach through the modification of bacterial OMV 
production [149]. These platforms act at different 
points in host–microbiota communication. Improved 
permeability and metabolic outcomes do not by 
themselves establish which intestinal response 
mediates systemic benefit. Engineering should 
therefore distinguish delivery to host cells from 
reprogramming bacterial vesicle production, with 
active cargo and the contribution of intestinal versus 
peripheral actions remaining priorities for validation. 

3.5 Allergic diseases 
Food allergy reflects a failure of oral tolerance to 

dietary antigens. EV-based therapy should therefore 
restore antigen-specific immune tolerance rather than 
impose broad immunosuppression. Under 
homeostatic conditions, intestinal CD103+ DCs 
generate retinoic acid- and TGF-β-dependent signals 
that promote Foxp3+ Treg differentiation in mesenteric 
lymph nodes. This pathway has been reproduced 
using engineered DC-derived EVs. EVs displaying IL-
2 and OVA peptide–MHC II complexes bound OVA-
specific CD4+ T cells, induced intestinal Tregs and 
suppressed food allergy in an experimental model 
[150,151]. A complementary construct carrying OVA 
peptide–MHC II complexes and cleaved caspase-3 
selectively induced the apoptosis of OVA-specific Th2 
cells, increased intestinal Treg numbers and 
attenuated allergic responses [151]. These studies 
support the use of antigen-coupled EVs as a strategy 
for increasing the number of allergen-specific Tregs or 
eliminating pathogenic Th2 cells. 

Milk-derived EVs provide a distinct oral strategy 
that acts on epithelial and immune responses. In OVA-
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induced food allergies, milk EVs reduced hypothermia 
and serum IgE, IgG1 and MCPT-1 levels; decreased the 
levels of Th2 cytokines and numbers of Th2/Th17 
cells; and limited jejunal injury and mast cell 
infiltration. Treatment also increased the number of 
tight junction-related transcripts and partially restored 
the diversity of microbes, including Firmicutes and 
Lactobacillus. A comparative study revealed that EVs 
derived from cow, buffalo and yak milk reduced 
OVA-specific IgE/IgG1 and MCPT-1 levels, whereas 
EVs derived from yak milk produced the strongest 
barrier protection; increased ZO-1, occludin and 
claudin-1 expression; suppressed IL-4, IL-5 and IL-13 
expression; and partially restored Lactobacillus, 
Ligilactobacillus and Akkermansia abundances [152]. 
Thus, engineered EVs can directly target allergen-
specific T cells, whereas milk-derived EVs act across 
epithelial, Th2/Th17, mast cell and microbiota-
associated pathways. However, these findings remain 
limited to murine models, and the active milk-derived 
EV cargoes and causal contributions of changes in the 
microbiota remain unresolved. Engineered DC-EVs 
couple antigen recognition to Treg induction or Th2-
cell elimination [150], whereas milk-derived EVs 
improve barrier and immune readouts without an 
engineered antigen-recognition module [152]. The 
former offers a defined strategy for antigen-specific 
intervention; the latter still requires identification of 
the components responsible for protection. OVA-
based studies do not establish efficacy across different 
food allergens. Accordingly, antigen selection is 
central to DC-EV engineering, but the mechanism-
guided development of milk EVs first requires cargo 
validation. 

3.6 Chronic inflammatory diseases 
Chronic inflammatory diseases involving the 

kidney, joints and skin may be influenced by gut-
derived immune and vesicular signals, but the 
strength and nature of the evidence differ across 
disease contexts. In these disorders, EVs may act as 
bidirectional regulators, with tolerogenic host cell-
derived EVs restoring immune balance and dysbiotic 
microbial EVs propagating gut-derived inflammatory 
signals to distant tissues [153]. 

3.6.1 Chronic kidney disease (CKD) 

In individuals with CKD and diabetic kidney 
disease (DKD), targeting gut-derived metabolic, 
barrier and immune disturbances may help slow renal 
injury, although the potential of EV-based approaches 
remains underinvestigated. Uremia increases luminal 
urea levels, and bacterial urease converts urea into 
ammonia and ammonium hydroxide, which disrupt 
epithelial tight junctions and increase intestinal 

permeability [35]. Barrier leakage facilitates systemic 
exposure to microbial ligands and indole- or p-cresol-
derived metabolites, which are converted into indoxyl 
sulfate and p-cresyl sulfate. Once absorbed, gut-
derived uremic toxins and microbial vesicles can 
convert barrier leakage into renal and vascular 
inflammation. These uremic toxins activate AhR, ROS 
generation, and NF-κB and TGF-β/Smad signaling in 
endothelial cells, renal tubular epithelial cells and 
macrophages, thereby amplifying vascular 
inflammation, tubular injury and renal fibrosis [154]. 

EV-based therapeutic strategies may act either by 
blocking pathogenic signals or by reshaping gut 
microbiota metabolism. Plant-derived EV-like 
nanoparticles have emerged as an additional 
therapeutic modality for the gut. In DKD, orally 
administered Salvia miltiorrhiza-derived vesicle-like 
nanoparticles have been reported to protect against 
kidney injury through gut microbiota and 
metabolomic remodeling. This study is particularly 
relevant because it links oral administration of PDNVs 
to microbiota-derived metabolic regulation rather 
than direct kidney targeting [155]. Oral Salvia 
preparation links renal improvement to changes in the 
gut microbiota and metabolites, but the causal 
contribution of these changes remains unresolved 
[155]. This evidence does not establish superiority over 
mammalian EVs. Before a gut-targeted engineering 
strategy is selected, the relevant microbial or host 
target needs to be defined and distinguished from the 
possible systemic effects of the administered 
preparation. In IgA nephropathy mice, orange-
derived EVs carrying dexamethasone phosphate 
targeted intestinal lymphocytes and reduced renal IgA 
deposition [156]. 

3.6.2 Rheumatoid arthritis (RA) 

Rheumatoid arthritis (RA) is increasingly 
recognized as an extraintestinal autoimmune disease 
in which intestinal dysbiosis, barrier dysfunction and 
mucosal immune activation may sustain joint 
inflammation. In RA, gut dysbiosis and impaired 
intestinal barrier function may promote systemic 
autoimmunity by reshaping mucosal antigen 
presentation and T-cell polarization. A recent fate 
mapping study further revealed that gut TH17 cells 
can acquire a TFH-like program in Peyer’s patches and 
migrate to the spleen, thereby promoting germinal 
center B-cell responses and arthritis. A related 
transcriptional signature was detected in patients with 
RA [157]. The enrichment of Prevotella-related taxa is 
associated with increased intestinal permeability, 
mucosal DC activation and Th17-skewed immunity, 
which may contribute to anti-citrullinated protein 
antibody-associated autoimmune responses. Immune 
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cell-derived EVs may restore immune tolerance in 
inflamed states. Treg-derived EVs represent a more 
defined tolerance-restoring strategy. These EVs may 
carry CTLA-4, CD39/CD73, TGF-β, IL-10 and 
regulatory miRNAs, allowing them to suppress 
effector T-cell activation and antigen-presenting-cell 
costimulation without transferring whole cells. In 
collagen-induced arthritis models, Treg-derived EVs 
have been reported to reduce the expression of IL-17A, 
TNF-α and IFN-γ while increasing the expression of 
IL-10, partly through the miRNA-mediated regulation 
of Notch signaling [158]. 

The gut–joint axis can be therapeutically targeted 
at the microbial, microbe-EV and host-EV levels. 
PDNVs derived from Pueraria lobata were 
preferentially taken up by the RA-enriched taxon 
Ruminococcus gnavus and reduced its production of 
phenylethylamine. The intestinal accumulation of 
gma-miR4412 suppressed bacterial phenylalanine 
decarboxylase expression and attenuated the PEA–
BTK–NET axis, thereby limiting the aggravation of 
arthritis [159]. EV-mediated signaling may also be 
modulated indirectly. In mice with collagen-induced 
arthritis (CIA), Guizhi-Shaoyao-Zhimu decoction 
increased the abundance of Parabacteroides goldsteinii, 
whose outer membrane vesicles entered joints and 
reduced NET formation through Cav-1–Nrf2 signaling 
[160]. At the host-EV level, human umbilical cord 
mesenchymal stem cell-derived EVs (hUC-MSC-EVs) 
combined with the ginsenoside Rh2 reduced the 
severity of arthritis in CIA rats and induced changes in 
the gut microbial composition and fecal metabolite 
profiles [161]. Finally, a non-peer-reviewed study 
revealed that EVs from P. goldsteinii ASF519 activated 
IL-10-producing myeloid cells through 
pannexin1/CD39/CD73/A2a signaling and 
attenuated arthritis in a murine model, identifying a 
bacterial EV strategy that requires independent 
validation [162]. Treg-EVs regulate host T-cell 
signaling through miR-449a/Notch1 [158], whereas 
Pueraria-derived particles act on bacterial 
phenylethylamine production [159]. The former 
supports a host immune mechanism but does not 
establish an intestinal site of action; the latter directly 
links a microbial target to arthritis. This distinction is 
important for engineering: joint-directed delivery and 
retention of microbiota-active cargo in the intestine 
involve different therapeutic mechanisms. 

3.6.3 Psoriasis 

In psoriasis, the OMVs of Parabacteroides 
goldsteinii illustrate how the administration route 
affects the use of the same microbial source. Orally 
administered OMVs reach inflamed skin after 
intestinal transit, whereas subcutaneous delivery of 

OMVs in a thermosensitive PF-127 hydrogel results in 
sustained local release; both of these processes reduce 
psoriasis-like inflammation in mice [163]. Thus, this 
study supports both gut–skin delivery and local 
biomaterial-assisted treatment (Section 4.5). It does not 
establish that mammalian EVs reproduce the same 
distribution or that one route is superior. The relative 
contributions of intestinal immune modulation and 
direct skin exposure remain important to distinguish. 

3.7 Infectious diseases and critical illness 
In individuals with sepsis and acute pancreatitis, 

EVs act as mediators of gut barrier failure, 
thromboinflammation and immune paralysis. 
Macrophage-derived EVs enriched in miR-146a can 
inhibit IRAK1/TRAF6-NF-κB signaling and reduce 
excessive cytokine release, but persistent transfer of 
this negative-feedback miRNA may also contribute to 
late immunosuppression by reducing monocyte 
responsiveness. Therefore, therapeutic studies target 
systemic antimicrobial competence, the gut vascular–
epithelial barrier and pathological EV cargo. In rats 
with sepsis induced by cecal ligation and puncture 
(CLP), MSC-EVs transferred Mfn2, PGC-1α and 
functional mitochondria to intestinal epithelial cells. 
These cargos restored mitochondrial fusion and 
biogenesis and attenuated barrier failure [164]. 
Pericyte-derived EVs further protected the gut 
vascular barrier through Angpt1-dependent 
endothelial repair and pericyte recruitment [165]. In 
mice with taurocholate-induced acute pancreatitis, 
hUC-MSC-derived EVs loaded with emodin inhibited 
inflammasome activation, restored occludin and ZO-1 
expression and promoted epithelial regeneration 
[166]. 

Conversely, circulating EVs from rats with severe 
acute pancreatitis transfer miR-155-5p to intestinal 
epithelial cells, suppress expression and promote 
NLRP3 inflammasome-mediated pyroptosis and 
barrier injury [54]. This mechanism explains why the 
nonselective inhibition of EV release can attenuate 
intestinal injury while also underscoring the need to 
preserve protective EV populations. In cell and mouse 
models, small EV-enriched serum preparations from 
healthy donors restored the expression of tight 
junction proteins and reduced pyroptosis through the 
targeting of annexin A3 (ANXA3) by miR-579-3p, 
whereas preparations from patients with acute 
pancreatitis aggravated barrier dysfunction [167]. 
These studies distinguish administered MSC-derived 
products from heterogeneous circulating EV 
populations whose effects depend on donor health 
and cargo. Emodin-loaded MSC-EVs provide a 
defined delivery strategy for suppressing intestinal 
pyroptosis in experimental pancreatitis [166], but 
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serum studies have revealed protective or injurious 
signaling that should not be generalized to all 
circulating EVs [167]. Engineering should be evaluated 
for added benefit over unloaded EVs and free cargo, 
with infection control assessed separately from 
reduced inflammation in sepsis. 

4. Engineering EVs to increase their 
therapeutic capacity 
Although native EVs can transfer bioactive 

cargoes, their therapeutic application is limited by 
manufacturing variability, biological safety concerns 
and delivery barriers. Limited or variable production 
yields, heterogeneous compositions and batch-to-
batch variability complicate reproducible dosing. 
Differences in purification and storage can affect 
product purity, stability and functional potency [66]. 
Route-dependent pharmacokinetics and 
biodistribution may restrict target-tissue exposure, 
while potential immunogenicity requires source- and 
formulation-specific assessment. Together, these 
issues complicate product comparability, safety 
evaluation and regulatory assessment. Orally 
administered EVs must survive gastric acid, bile salts 
and digestive enzymes; penetrate the mucus layer; and 
remain at the inflamed mucosa long enough to be 
taken up by epithelial cells or immune cells [6]. 
Systemically administered EVs are rapidly cleared by 
liver, spleen and lung macrophages, which limits 
intestinal delivery [5]. Even after the target tissue is 
reached, efficacy depends on sufficient therapeutic 
cargo loading, protection and release in the correct 
recipient cells. Therefore, different disease states may 
require engineered EVs with specific properties, such 
as protecting orally delivered immunoregulatory 
cargo in IBD, controlling stimulatory and suppressive 
cargo in CRC, and coupling antigen recognition to 
tolerogenic signals in food allergies. These constraints 
and disease-specific objectives motivate the targeting, 
donor-cell modification, oral protection, biomaterial 
integration and payload‒loading strategies discussed 
below (Figure 4 and Table S5). Moreover, engineered 
EVs must be accompanied by standardized 
manufacturing, validated quality control and source-
specific safety assessment. 

4.1 Target selection for intestinal EV delivery 
The surface engineering of EVs should first be 

guided by disease-enriched receptors and by evidence 
from receptor-blocking or biodistribution studies. In 
intestinal inflammation, α4β7–MAdCAM-1 signaling 
is a clinically established therapeutic target, as α4β7 
blockade with vedolizumab is effective in individuals 
with ulcerative colitis [58]. Anti-MAdCAM-1 
antibody-conjugated milk EVs carrying cyanidin-3-O-

glucoside increased intestinal accumulation and 
therapeutic activity in a murine microplastic-induced 
colitis model [168]. However, MAdCAM-1-oriented 
EV targeting remains at an early preclinical stage, and 
increased tissue accumulation alone does not establish 
receptor-dependent delivery. Similarly, RGD-
containing cyclic peptides such as iRGD can bind 
αvβ3/αvβ5 integrins and support tumor-targeted 
nanoparticle delivery [169]. However, these findings 
cannot be directly extrapolated to EV delivery to 
inflamed intestinal tissue. 

Because several trafficking axes remain 
incompletely validated for intestinal EV delivery, 
near-term targeting should prioritize receptors 
enriched on inflamed mucosal immune cells and the 
injured epithelium. CD44 is upregulated on activated 
immune cells and injured epithelium, providing a 
rationale for the use of hyaluronic acid-functionalized 
EVs or EV-mimetic nanoparticles to improve retention 
in the inflamed colon [170]. Sugar-ligand modification 
offers another approach to immune-cell targeting. For 
example, galactose-modified, IL-10-carrying EVs were 
combined with macrophage-directed delivery and 
hydrogel-mediated oral protection in experimental 
colitis [65]. 

4.2 Surface engineering for active targeting 
and mucosal delivery 

Postisolation surface engineering can introduce 
these targeting functions through covalent 
conjugation or lipid insertion. Click chemistry enables 
covalent surface functionalization of EVs without 
modifying donor cells [171], although the membrane 
integrity and removal of residual reagents require 
verification. Alternatively, ligand-bearing 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine–
polyethylene glycol (DSPE–PEG) can be anchored 
through noncovalent insertion of its lipid tail into the 
vesicle membrane. In a direct intestinal example, 
DSPE–PEG–hyaluronic acid insertion into red 
cabbage-derived EV-like nanoparticles enhanced 
epithelial and macrophage uptake, with CD44-
blocking experiments supporting receptor 
involvement [170]. Unlike covalent surface 
conjugation, lipid insertion does not require direct 
chemical modification of native membrane proteins. 
Nevertheless, both approaches require assessment of 
ligand density, surface retention, accessibility and 
preservation of EV biological activity. 

By fusing targeting molecules (e.g. peptides) to 
EV-associated membrane proteins, such as lysosome-
associated membrane protein 2b (Lamp2b), donor-cell 
engineering provides a complementary strategy. 
Engineered glycosylation of Lamp2b fusion proteins 
protected the displayed peptides from proteolytic 
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degradation and improved functional surface display 
[172]. This differs from the binding of sugar ligands to 
isolated EVs: glycosylation here stabilizes the 
displayed protein rather than simply providing a 
receptor-binding sugar. In contrast to postisolation 
modification, this approach requires genetically 
tractable producer cells and control of fusion protein 
expression and processing. These findings provide a 
technical precedent but do not establish efficacy in 
intestinal disease. 

For oral intestinal delivery, surface engineering 
should also balance mucus transport with receptor 
accessibility. Increased mucosal retention should not 
be equated with enhanced mucus penetration, and 
greater tissue fluorescence alone cannot establish 
active targeting. Evaluation should therefore 
distinguish mucus transport, receptor-dependent 
uptake and functional cargo delivery while accounting 
for ligand stability during gastrointestinal transit. 

 
 

 
Figure 4. EV engineering strategies for advancing gut immune regulation. Multiple EV engineering strategies, such as donor-cell programming, exogenous cargo 
loading, surface modification, and EV–liposome hybridization, have been reported. Platform engineering strategies include layer-by-layer coatings for cargo protection and 
responsive release, EV–nanomaterial composites for enhanced payload loading and stimulus-responsive release, and bioadhesive hydrogels for mucosal retention and sustained 
delivery. In situ approaches seek to modulate the gut microbiota and its production of bioactive EVs to influence intestinal immunity. Abbreviations: EVs, extracellular vesicles; 
GI, gastrointestinal; miRNA, microRNA; mRNA, messenger RNA; siRNA, small interfering RNA. 
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4.3 Preconditioning of donor cells 
By changing the cargo loaded during EV 

biogenesis, donor-cell preconditioning is used to 
improve EV potency. For intestinal immune diseases, 
the key issue is not only whether preconditioning 
increases therapeutic activity but also whether the 
induced changes in the cargo match the intended 
barrier, macrophage or T-cell mechanism. One of the 
major strategies is to use environmental stressors, such 
as hypoxia, to redirect EV cargo toward epithelial 
protection and immune repair [113]. Donor cell 
preconditioning improves EV function by reshaping 
cargo sorting during EV biogenesis, and EV function 
depends on the donor cell source, stimulation dose 
and exposure time [113,173]. In intestinal 
inflammation, the most convincing examples are 
hypoxia and metabolite-licensed MSC-EVs. EVs 
derived from hypoxia-preconditioned BMSCs were 
recently shown to protect against DSS-induced colitis 
through a defined HIF-1α/BNIP3 mitophagy pathway 
[113]. These EVs reduced epithelial ROS accumulation, 
DNA damage and apoptosis; restored barrier 
integrity; decreased the DAI and histological injury; 
and partially restored colon length [113]. HIF-1α 
interference or autophagy blockade with 3-MA 
weakened these effects [113]. Hypoxia enriched 
adipose-derived stem cell-derived EVs (ADSC-EVs) 
with miR-216a-5p, which targeted HMGB1 and 
suppressed the HMGB1/TLR4/NF-κB axis, thereby 
promoting macrophage M2 polarization and 
attenuating experimental colitis [89]. 

In addition to hypoxic stress, metabolic licensing 
directly affects macrophage-mediated immunometa-
bolism, a central driver of intestinal inflammation. EVs 
from Rg1-preconditioned adipose-derived stem cells 
(ADSCs) were reported to suppress glycolysis in 
macrophages in a DSS-induced colitis model, partly 
through the activity of candidate miRNA cargoes such 
as miR-574-3p and the inhibition of RAS/RAF/MEK/ 
ERK-HIF-1α signaling [173]. These factors reduce the 
expression of glycolytic markers, including GLUT1, 
LDHA and PKM2; decrease M1 macrophage 
polarization; promote M2 macrophage-associated 
repair; and restore epithelial ZO-1/occludin 
expression [173]. More intensive licensing or genetic 
modification may further increase EV potency, but it 
also increases the need for cargo level and function 
level safety control. BMI1 overexpression combined 
with hypoxic preconditioning in Wharton’s jelly 
derived MSCs (WJ-MSCs) has been used to increase 
the immunoregulatory potency of EVs and was further 
linked to PD-L1/miR-27a-3p-engineered EVs that 
target PD-1 and PHB1 signaling in pathogenic T cells 
[12]. Physiological hypoxic preconditioning should be 

distinguished from intense cytokine licensing, such as 
IFN-γ/TNF-α priming. IFN-γ or TNF-α stimulation 
can increase the expression of immunoregulatory 
signals such as IDO-related molecules and 
PGE2/TSG-6, TGF-β and miR-146a-like NF-κB 
regulators but may also introduce inflammatory or 
donor cell-specific cargo shifts [174,175]. Therefore, for 
cytokine-licensed EV preparations, cargo profiling 
and functional potency assays should be 
complemented by an assessment of the potential risks 
of transferring trace pro-inflammatory proteins and 
eliciting variable host immune sensitization upon 
repeated dosing. 

4.4 Improving the stability of oral EVs 
Improving oral EV stability should not be 

understood simply as keeping EVs intact after gastric 
and bile exposure. For intestinal therapy, stability is 
useful only when it preserves cargo activity, mucosal 
delivery and pathway-level biological effects [7]. A 
practical starting point is to explore the oral delivery 
potential of food- and plant-derived EV-like 
nanoparticles [7]. PDNVs from edible or medicinal 
plants are being explored for oral delivery, with 
gastrointestinal tolerance and interactions with 
intestinal epithelial cells, macrophages and the gut 
microbiota reported for specific preparations. Garlic-
derived PDNVs, with a mean size of approximately 
79.6 nm, were reported to remain stable in the gut and 
alleviate DSS-induced colitis [176]. Mechanistically, 
their peu-MIR2916-p3 cargo promoted the growth of 
the anticolitic bacterium Bacteroides thetaiotaomicron, 
linking EV stability to microbiota-directed therapy 
[176]. PDNVs derived from Prunus mume selectively 
accumulated in inflamed colon tissue and were taken 
up mainly by macrophages; their RNA cargo, 
especially miR159, disrupted the NEK7–NLRP3 
interaction, thereby blocking NLRP3 inflammasome 
assembly, caspase-1 cleavage and IL-1β secretion 
[126]. 

Biomaterials can also protect EVs from upper 
gastrointestinal degradation and deliver them to the 
colon in an active form [177]. In intestinal therapy, 
biomaterials can help EVs overcome barriers that 
native EVs do not fully withstand, including gastric 
acid, bile salts, digestive enzymes, mucus and rapid 
luminal clearance [177]. This stability is important 
even for plant-derived EVs, which are often assumed 
to be naturally stable after oral administration [178]. In 
a recent cabbage PDNV study, approximately 82% of 
EVs were disrupted under simulated upper 
gastrointestinal conditions [178]. Encapsulating 
lyophilized cabbage PDNVs in Eudragit S100-coated 
capsules improved oral protection, colonic release and 
therapeutic efficacy in a DSS-induced colitis model. 
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Similarly, MSC-EVs encapsulated in sodium alginate 
hydrogel microspheres, which were protected by 
gelatin and coated with Eudragit FS30D, retained 
bioactivity during storage and gastrointestinal transit 
and reduced inflammatory macrophage activation in a 
colitis model [179]. These studies show that enteric 
materials can convert fragile EV preparations into 
colon-deliverable oral formulations. 

4.5 Integrating EVs with functional 
biomaterials 

Integrating EVs with biomaterials aims to 
convert biologically active but formulation-sensitive 
EVs into controllable intestinal therapeutics [180,181]. 
In oral intestinal therapy, the key design logic is to 
protect EV integrity, guide colonic release, improve 
mucosal interactions and preserve pathway-level 
potency [177]. Layer-by-layer (LbL) and ligand 
coatings can add modular targeting and cargo delivery 
functions. MSC-EVs coated with quaternized chitosan 
and oxidized konjac glucomannan retained an EV-like 
morphology, gained gastrointestinal protection and 
achieved efficacy in treating colitis with only half the 
dose of EVs required for intravenous administration 
[182]. Mechanistically, these LbL-EVs were taken up 
by macrophages and intestinal epithelial cells and 
suppressed MAPK/NF-κB signaling [182]. 
Chitosan/alginate hydrogel-coated Gal-IL10-EVs 
integrated hydrogel-mediated gastrointestinal 
protection, galactose-directed uptake by inflammatory 
macrophages and IL-10 delivery [65]. This system 
reduced macrophage ROS production and 
proinflammatory cytokine expression in a colitis 
model [65]. Chitosan/hyaluronic acid-coated milk-
derived EVs extend the same logic to food EVs, 
improving their stability, controlled release and 
mucosal delivery while repairing physical, mucus and 
immune barriers partly through reduced epithelial 
apoptosis and PI3K/AKT inhibition [183]. 

Bioactive biomaterials may function in increasing 
mucus penetration, antioxidant activity or epithelial 
repair [184,185]. Marine- and plant-derived 
polysaccharides can also serve as functional coatings 
rather than passive protection [186]. Fucoidan-coated 
milk EVs carrying anthocyanins formed nanoparticles; 
delayed anthocyanin degradation during processing, 
storage and digestion; improved artificial mucus 
penetration; and reduced inflammatory cytokine 
levels and apoptosis in macrophages [186]. PDNVs 
derived from bananas loaded with curcumin and 
incorporated into sodium alginate/banana pectin 
hydrogel beads showed higher curcumin 
bioaccessibility than free curcumin crystals did, as well 
as neutral pH-responsive swelling and delayed release 
[187]. PDNVs derived from mulberry leaves loaded 

with resveratrol nanocrystals and embedded in 
fluorinated Pluronic F127/chitosan/alginate 
hydrogels improved accumulation in the inflamed 
mucosa, enhanced mucus penetration, promoted 
epithelial barrier reconstruction and shifted 
macrophages toward an M2-like phenotype in UC 
models [188]. 

The role of biomaterials can also extend 
upstream, from protecting the administered EVs to 
regulating EV generation or microbiota-derived EV 
production in situ. A mechanoelectronic hydrogel 
system embedded macrophages and used wireless 
mechanical stimulation to increase therapeutic EV 
biosynthesis by up to 20-fold, thereby modulating the 
gut microbiota and alleviating colitis [189]. 
Nanomedicine-trained microbiota-derived EVs 
represent another conceptual shift [190]. Compared 
with FMT or untrained EVs, tea leaf lipid/Pluronic 
F127-coated curcumin nanocrystals trained the 
intestinal microbiota to produce gut microbiota-
derived EVs with stronger therapeutic activity, 
improving colonic inflammation, mucosal repair, 
microbiota balance and purine metabolism [190]. Oral 
microcapsules containing endometrial regenerative 
cell-derived EVs further suggest that biomaterial 
protection is not limited to MSC-EVs and may be 
extended to other tissue-repair EV sources [191]. 

4.6 Loading EVs with therapeutic payloads 
For gut immunotherapy, effective EV design 

requires matching the EV source, therapeutic cargo 
and release profile to the specific mucosal pathway 
being targeted [192]. Loading therapeutic payloads 
into EVs aims to convert natural EVs into 
programmable delivery systems with defined cargo, 
target cells and pharmacodynamic readouts. 
Endogenous payload loading involves the use of 
producer-cell engineering to package therapeutic 
RNAs or proteins during EV biogenesis. RNA loading 
systems based on RNA-binding proteins, such as MS2 
coat protein fused to EV-associated proteins, can 
enrich engineered RNAs in EVs [193]. In the MS2-
mediated targeted and modular EV loading (TAMEL) 
system, MS2-mediated loading increased cargo RNA 
incorporation by up to 6-fold, and vesicular stomatitis 
virus glycoprotein (VSVG)-containing EVs achieved 
approximately 40-fold RNA enrichment [193]. 
However, much of the cargo RNA is degraded after 
EV uptake by recipient cells, indicating that efficient 
loading does not necessarily ensure functional 
intracellular delivery [193]. More recent platforms use 
CD63 RNA binding domain fusion or scaffold proteins 
such as prostaglandin F2 receptor inhibitor (PTGFRN) 
and brain abundant membrane attached signal protein 
1 (BASP1) to increase mRNA, cytokine, antibody 
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fragment, vaccine antigen or Cas9 loading [194]. 
Modular systems such as safeEXO may serve as 
cleaner EV chassis with a reduced endogenous RNA 
background [195]. These platforms could be adapted 
for IL-10, IL-22, antigenic mRNA or macrophage-
reprogramming proteins, but their intestinal 
validation is still limited. 

Exogenous payload loading is currently the most 
directly supported approach to gut-directed anti-
inflammatory therapy [192,196]. Milk-derived EVs 
loaded with TNF-α siRNA protected the siRNA 
during oral delivery and allowed it to reach the colonic 
tissue and suppress the expression of TNF-α and 
related inflammatory cytokines in a colitis model. 
Ginger EV-coated ZIF-8 nanoparticles carrying TNF-α 
siRNA represent a more engineered design [197]. The 
EV membrane provides gastric protection and affinity 
for colon and inflammatory macrophages, whereas the 
ZIF-8 core increases siRNA loading and enables acid-
responsive endolysosomal release. Galactose-
modified IL-10-loaded EVs protected by a 
chitosan/alginate hydrogel further combined cytokine 
loading, macrophage targeting and oral protection; the 
delivered IL-10 protein reduced ROS production and 
proinflammatory cytokine expression in inflammatory 
macrophages [65]. Similarly, Paeonia lactiflora-derived 
vesicle-like nanoparticles loaded with cyclized 
ppTCPTP reduced inflammation and improved 
intestinal barrier integrity in experimental colitis [198]. 
In addition to RNA and cytokines, milk-derived EVs 
functionalized with anti-TNF-α nanobodies and LL37 
can also orally deliver biologics, combining TNF-α 
neutralization, antimicrobial activity, barrier repair 
and microbiota modulation [199]. 

Oral payload delivery can be further improved 
by the use of food-derived, plant-derived or hybrid EV 
platforms that combine gastrointestinal compatibility 
with engineered loading capacity [197]. Food- and 
plant-derived EVs represent additional oral payload 
platforms. Oral delivery of CX5461 using Sophora 
flavescens-derived vesicle-like nanoparticles 
alleviated DSS-induced colitis in mice [200]. As 
discussed above, food-grade EV biomaterial systems 
can protect dietary payloads [201]. PDNVs derived 
from Coptis chinensis loaded with a CA1 siRNA further 
support the use of PDNVs as stabilizing carriers for 
exogenous RNA delivery [202]. Milk-derived EV–
liposome hybrids are not yet IBD specific, but they 
illustrate how hybrid systems can combine milk-
derived EV-associated oral compatibility with 
increased payload loading, mucus penetration and 
epithelial uptake. Hybrid EV–liposome systems may 
help address loading and release barriers [203]. DNA 
zipper-mediated membrane fusion has been shown to 
generate siRNA-loaded EV–liposome hybrid vesicles 

that combine the liposomal loading capacity with EV 
membrane tropism, supporting the future intestinal 
delivery of siRNAs against TNF-α, NLRP3, RELA, 
STAT3 or chemokine axes [204]. 

In addition to their roles in inflammatory bowel 
disease, EVs containing a payload can also be designed 
to remodel antitumor immunity in CRC. In CRC and 
antitumor immunity, EV payload engineering is 
shifting from cytotoxic drug delivery toward immune 
reprogramming. EVs carrying PD-L1 siRNA and 
CTLA-4 siRNA have been reported to suppress CRC 
progression by reducing checkpoint-mediated 
immune escape [205]. Modified allogeneic tumor-
derived EVs lacking the immunosuppressive cargo 
miR-424 can be taken up by DCs and induce stronger 
CD8+ T-cell responses, suggesting that cargo depletion 
can convert tumor-derived EVs into immunogenic 
vesicular vaccines [206]. STING agonist loading is 
another important strategy. ExoSTING established the 
principle that EV-loaded cyclic dinucleotides can 
activate antigen-presenting cells, enhance Th1 
responses and recruit CD8+ T cells without strong 
systemic cytokine induction [207]. More recently, 
synthetic bacterial vesicles loaded with STING 
agonists have been shown to increase IFN-β 
production in DCs and inhibit colon tumor growth by 
increasing T-cell infiltration, supporting further 
investigations of this approach in CRC [136]. Its 
applicability to MSS CRC requires further validation 
in appropriately characterized models. 

Engineering strategies should be selected 
according to the dominant therapeutic barrier. Donor-
cell programming is useful when coordinated changes 
in endogenous cargo are desired, but unintended 
cargo shifts and culture-dependent variability 
complicate quality control. Cargo loading enables the 
delivery of defined therapeutic effectors, although 
loading efficiency does not guarantee functional 
intracellular delivery. Surface targeting may improve 
uptake by selected recipient cells but requires 
validation of receptor accessibility and ligand-
dependent targeting. For oral EV therapy, layer-by-
layer coatings primarily provide gastrointestinal 
protection, whereas bioadhesive hydrogels favor 
mucosal retention and sustained release; both require 
release profiles compatible with uptake at the 
intended site. EV–liposome hybrids and EV-coated 
nanocores can integrate additional loading capacity or 
material functions but introduce manufacturing 
complexity and require controls that distinguish 
vesicle-mediated effects from material-mediated 
effects. In situ engineering enables local or sustained 
EV production while requiring monitoring of 
producer-cell behavior, EV output and composition. 
These approaches are therefore complementary rather 
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than universally superior to one another. Combining 
modifications is justified when each component 
addresses a demonstrated barrier and provides 
measurable benefit over the simpler formulation. 

5. Clinical studies of EV-based therapies 
The clinical translation of EV-based intestinal 

immunotherapy is still at an early stage, and current 
trials mainly test its feasibility, safety, route of 
administration and preliminary pharmacodynamic 
signals rather than its definitive efficacy. The available 
studies include oral plant/food-derived EVs for 
mucosal protection, systemic MSC-EVs as treatments 
for active ulcerative colitis, and local MSC-EV delivery 
as a treatment for fistulizing Crohn’s disease [208,209]. 
The earliest clinical attempt relevant to mucosal EV 
delivery was NCT01668849, a phase 1 study in which 
grape-derived exosomes were administered in the 
form of a powder to prevent chemoradiotherapy-
induced oral mucositis in patients with head and neck 
cancer [210]. Although this trial was not designed for 
intestinal disease, it is informative for the translation 
of orally delivered EVs because it tested a dietary EV-
based product in a human mucosal injury setting [210]. 
The primary endpoint was mucositis-related pain over 
six months, with a secondary assessment of immune 
biomarkers in blood and mucosal tissue. Its value for 
this review is therefore not direct IBD efficacy but 
proof that edible plant-derived EV preparations can 
enter early clinical testing after administration 
through an oral/mucosal route. 

Beyond NCT01668849, several additional food-
derived vesicle preparations have entered early 
clinical testing, although publicly available outcome 
data remain extremely limited. Preliminary results 
have been reported for NCT04698447, in which 20 
healthy adults received 1,000 mg/day of CitraVes, a 
supplement containing Citrus limon-derived 
nanovesicles, for 12 weeks. Nineteen participants were 
included in the final analysis. Waist circumference 
decreased significantly in women but not in men, 
while LDL cholesterol was lower at week 12 than at 
week 4 [211]. However, this cohort was open-label and 
uncontrolled, and the formulation contained other 
lemon-derived components; therefore, the observed 
effects cannot be attributed specifically to the vesicle 
fraction [211]. Other registered studies have not yet 
yielded publicly available clinical outcomes. 
NCT04879810 evaluated orally administered ginger-
derived nanoparticles, curcumin, or their combination 
in patients with IBD and is listed as completed, but no 
results have been published [208]. NCT01294072 
investigates plant-derived vesicle preparations as 
carriers for curcumin delivery to normal and 
malignant colon tissues, but its current status is 

unknown [212]. A completed study of a whey protein 
milk-derived EV-enriched supplement in 13 healthy 
adults (NCT06742203) has also not reported its 
findings [213], while a subsequent open-label study of 
a related formulation in patients with ulcerative colitis 
(NCT06755021) has not yet begun recruitment [214]. 
These studies therefore indicate growing clinical 
interest and preliminary feasibility rather than 
established therapeutic efficacy. 

Studies of patients with perianal fistulizing 
Crohn’s disease have reported early clinical outcomes 
after local EV therapy. In a phase I study, a local 
injection of umbilical cord MSC-derived EVs in five 
patients with refractory perianal Crohn’s fistulas was 
followed by complete healing in three patients and 
partial clinical improvement in one patient, with no 
treatment-related adverse events reported during 
follow-up [215]. A subsequent single-center, 
nonrandomized phase II study included 23 patients, 
20 of whom completed treatment. Following three 
intratract injections of MSC-EVs, 12 patients achieved 
complete fistula closure, and 30 of 43 treated fistula 
tracts closed at six months after the final injection 
[216]. These findings provide an encouraging proof of 
concept for local EV therapy, but the absence of a 
control group, the small sample size and the limited 
product characterization data preclude conclusions 
regarding clinical efficacy. Ongoing studies, including 
the recruiting phase II trial of DB-3Q (NCT06918808), 
may extend this evidence base [217]. Overall, EV-
based therapy for gut-related immune disease still 
lacks completed, adequately powered and controlled 
trials with standardized EV characterization, dose 
justification, potency assays, biodistribution data and 
mechanism-linked biomarkers. 

6. Conclusions and future perspectives 
Many preclinical studies have shown that MSC-

derived EVs, PDNVs, milk-derived EVs or microbial 
OMVs can beneficially modulate intestinal barrier 
function and immune responses. However, it remains 
unclear which EV cargoes or molecular features 
mediate therapeutic effects, which recipient cells take 
up EVs, and at which disease stages EV-based 
intervention is most effective. Future studies of EV-
based gut immunotherapy should therefore move 
beyond source-based selection and instead choose or 
engineer EVs according to the key pathological circuits 
that drive intestinal immune dysregulation. In UC, the 
relevant circuit may involve epithelial barrier leakage, 
macrophage NF-κB/NLRP3 activation and defective 
IL-22-associated repair [101,117]. In fistulizing Crohn’s 
disease or intestinal GvHD, tissue repair, stromal 
remodeling and local immune tolerance may be more 
decisive. In CRC, EV engineering needs to address 
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antigen presentation, myeloid suppression, STING 
activation and cytotoxic T-cell recruitment rather than 
simply delivering cytotoxic drugs [136]. In diseases 
involving communication between the gut and distant 
organs, therapeutic targets may interrupt barrier 
disruption, microbial vesicle signaling, uremic toxins, 
bile acid imbalance or systemic inflammatory signal 
transmission [145,155]. 

Furthermore, pathological EVs may disrupt 
intestinal homeostasis through specific cargo-
dependent mechanisms. For example, circulating EV-
associated miR-155-5p suppressed SOCS1 expression 
in intestinal epithelial cells and promoted NLRP3 
inflammasome-mediated pyroptosis and barrier 
injury in severe acute pancreatitis. The inhibition of 
miR-155-5p or the restoration of SOCS1 expression 
partially reverses epithelial damage in vitro [54]. In 
CRC, tumor-derived EVs containing miR-424 suppress 
CD28–CD80/CD86 costimulatory signaling in T cells 
and DCs, weakening antitumor immunity and 
contributing to immune checkpoint blockade 
resistance. The knockdown of miR-424 enhances the 
immunotherapeutic activity of these vesicles in CRC 
models [138]. These findings demonstrate the 
pathogenic functions of disease-associated EVs and 
should be distinguished from adverse events 
following therapeutic EV administration. These 
findings support the evaluation of candidate EV 
preparations for epithelial toxicity and unintended 
immune suppression alongside their intended 
therapeutic activity. 

Future studies should prove that EV therapy 
works through defined cargo–cell–pathway 
relationships rather than through nonspecific anti-
inflammatory effects. Improved histology, reduced 
cytokine levels or lower disease scores are not 
sufficient unless they can be linked to EV uptake by 
defined recipient cells, functional cargo delivery and 
the engagement of disease-relevant pathways [123]. In 
the context of immune diseases of the gut, determining 
whether the therapeutic effect is mediated by 
epithelial cells, macrophages, DCs, T cells, the 
microbiota or distant organ targets is important. 
Organoids, microbiota-depleted models, cell-specific 
knockout systems, single-cell and spatial 
transcriptomics, and EV tracing approaches are 
needed to distinguish causal mechanisms from 
secondary phenotypic changes. 

Model rigor is essential for interpreting 
therapeutic evidence. Much of the IBD evidence 
reviewed here comes from acute DSS- or TNBS-
induced colitis. Reduced disease activity and mucosal 
injury in these settings do not establish sustained 
control of relapsing inflammation or the reversal of 
established fibrosis in patients with Crohn’s disease. 

IL-10-deficient mice and CD4⁺CD45RBhigh T-cell 
transfer models provide complementary settings for 
evaluating chronic immune-mediated inflammation 
[218,219]. However, efficacy in chronic inflammatory 
models should also be distinguished from antifibrotic 
activity, which requires direct assessment of collagen 
deposition and bowel wall remodeling. Evidence 
supporting EV therapy for chronic fibrotic intestinal 
disease remains limited. 

With respect to CRC, subcutaneous tumor 
models do not reproduce the intestinal immune 
microenvironment. Direct comparisons have shown 
that tumor location alters immune cell infiltration and 
sensitivity to immune checkpoint blockade [220]. 
Microsatellite instability-high (MSI-H) tumors 
frequently exhibit greater T-cell infiltration, whereas 
many MSS tumors are less inflamed [221]. These 
patterns are heterogeneous, so the microsatellite status 
alone should not define a tumor as immune hot or 
cold. The applicability of OMV-based strategies and 
bacterial vesicle delivery of STING agonists therefore 
requires evaluation in immunocompetent orthotopic 
models with defined microsatellite status and baseline 
immune infiltration. The efficacy of tumor 
suppression in a single transplant model cannot be 
established across these subtypes, limiting predictions 
of clinical benefit. 

These mechanistic requirements also reflect 
several major translational bottlenecks in the EV field. 
First, native EVs remain difficult to manufacture on a 
large scale because of their low yield, variable 
composition and inconsistent potency. Second, EV 
cargos are highly complex, and the effective 
components responsible for therapeutic activity are 
often not clearly distinguished from bystander 
proteins, lipids or RNAs, which limits mechanism-
based optimization and regulatory evaluations [67]. 
Third, efficient delivery remains a major unresolved 
issue. Intravenously administered EVs are frequently 
enriched in the liver, spleen and lung, whereas orally 
administered food- or plant-derived EVs must survive 
gastric acid, bile salts and digestive enzymes before 
being taken up by intestinal epithelial or immune cells 
[5,177]. For oral EV products, determining how much 
functional cargo remains intact after gastrointestinal 
transit, which cells take up the EVs, and whether this 
uptake is sufficient to engage the intended mucosal 
pathway are essential. 

A major engineering direction is therefore to 
replace poorly defined native EV preparations with 
biomimetic and modular EV-inspired nanoplatforms. 
Lipid-reassembled or synthetic PDNV-inspired 
nanoparticles may preserve the oral stability, mucus 
penetration and intestinal tropism of food- or plant-
derived EVs while enabling the controlled loading of 
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defined cargos. Potential payloads include plant 
miRNAs, mammalian miRNA mimics, siRNAs, 
mRNAs and small immunoregulatory molecules 
[197]. In addition to classical EVs, naturally sourced 
biomimetic nanomaterials, including plant- or 
probiotic-derived carbon dots and engineered 
postbiotic nanoparticles, may represent 
complementary strategies for oral gut 
immunotherapy. Although these systems do not retain 
a native vesicular structure, they are designed to solve 
many of the same translational problems, including 
gastrointestinal stability, scalable production, redox 
control, microbiota interaction and batch 
reproducibility. 

For clinical translation, EV preparations need to 
maintain consistent quality and reproducible 
biological activity across batches. During preparation, 
researchers need to control the source materials, 
production conditions and purification methods and 
establish appropriate release criteria on the basis of 
product characteristics. These criteria should cover 
product identity, purity, quantity, microbial safety 
and potency. The particle counts and EV marker 
detection results are insufficient to demonstrate that a 
preparation has the intended biological activity. 
Therefore, researchers also need to assess its effects 
through functional assays, such as testing its ability to 
suppress macrophage inflammatory signaling or 
reduce epithelial permeability. In addition, 
researchers should evaluate the stability of EV 
preparations during storage and compare product 
quality and biological activity before and after changes 
to the manufacturing process. 

The practical difficulties vary with the source. 
MSC-EVs have the potential for immunomodulation 
and tissue repair, but their development requires the 
use of qualified cell banks, controlled donor-cell states 
and the removal of culture-derived contaminants. 
Plant-derived EV-like nanoparticles have potential for 
large-scale production and oral delivery. However, 
differences in plant source materials and extraction 
methods, together with residual nonvesicular 
components in the formulations, complicate product 
standardization. Therefore, researchers need to control 
these source and process variations and verify the 
safety of the formulations for therapeutic use rather 
than relying solely on the edibility of the source 
materials as evidence of safety. With respect to 
bacterial outer membrane vesicles (OMVs), 
researchers need to assess virulence-associated cargo, 
endotoxin activity and the risk of excessive immune 
stimulation according to the source strain, paying 
particular attention to the safety of repeated 
administration for chronic intestinal diseases. 

Several key issues remain to be resolved before 
EV preparations can progress from laboratory 
research to clinical trials, and each stage of 
development requires reliable supporting evidence. 
For a specific indication and route of administration, 
researchers should first establish stable and 
reproducible production methods to ensure that EV 
preparations from different batches meet consistent 
quality and functional standards. After confirming 
batch consistency, researchers should evaluate EV 
efficacy in relevant disease models, organ and tissue 
distribution after administration, and safety following 
repeated dosing. With respect to oral EV products, 
researchers should also confirm whether the intended 
biological activity is retained after exposure to gastric 
acid, bile and digestive enzymes. Once reliable 
manufacturing and preclinical evidence is available, 
the research team can proceed to controlled dose-
ranging clinical trials to assess safety and preliminary 
efficacy at different doses. Throughout development, 
the research team should engage with regulatory 
authorities early to clarify product classification and 
evidence requirements in the intended country or 
region of submission. MISEV2023 provides guidance 
on EV characterization and research reporting but 
does not replace good manufacturing practice (GMP) 
requirements or regulatory review. EVs and their 
engineered platforms may offer new therapeutic 
options for diseases associated with gut immune 
dysregulation, but realizing this potential still depends 
on mechanistic validation, product standardization 
and the accumulation of reliable clinical evidence. 
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