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Abstract: Gastric cancer progression is driven by intricate crosstalk among exosomes, macrophage polarization, inflammatory
dysregulation, and tumor-associated neuroinflammation within the tumor microenvironment, which collectively form a reciprocal
vicious cycle. As critical intercellular mediators, exosomes derived from tumor cells, immune cells, and stem cells deliver microRNA
cargos to orchestrate M1/M2 macrophage balance and modulate neuroinflammatory states, exerting either pro-tumor or anti-tumor
effects. M1 macrophage-derived exosomal miRNAs suppress PD-L1 and NLRP3 signaling, reduce pro-inflammatory cytokine release,
ameliorate neuroinflammation, and enhance anti-tumor immunity. Conversely, tumor cell- and M2 macrophage-derived exosomes
drive M2 polarization via the MAPK/ERK and PI3K/Akt pathways, amplifying the secretion of immunosuppressive cytokines and
exacerbating neuroinflammatory progression. Stem cell- and traditional Chinese medicine-derived exosomes reverse immunosuppres-
sion by targeting the STAT3 pathway, polarize macrophages toward the M1 phenotype, and attenuate tumor-associated neuroinflam-
mation. These regulatory events converge on the NF-kB and NLRP3 inflammasome pathways to shape the inflammatory and
neuroinflammatory microenvironment. Preclinical evidence confirms that exosome-based interventions reduce tumor burden by
remodeling macrophage phenotypes, restoring inflammatory homeostasis, and ameliorating neuroinflammation. This review identifies
exosomal regulators as promising targets for rebalancing macrophage polarization, inflammation, and neuroinflammation, providing
a framework for advancing gastric cancer therapeutics.
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Introduction

Gastric cancer ranks as the third leading cause of cancer-related deaths worldwide, with its incidence and mortality rates
remaining persistently high among malignant tumors of the digestive system." Although surgical resection, chemotherapy
(eg., cisplatin, oxaliplatin) and immune checkpoint inhibitors (PD-1/PD-L1 antibodies) have become first-line clinical
treatments, the 5-year survival rate of patients with advanced disease is still less than 10%.” The core bottlenecks include
high therapeutic resistance (eg., the cisplatin resistance rate is as high as 60%), elevated tumor recurrence rate (the
postoperative recurrence rate ranges from 40%-60%), and off-target toxicity caused by insufficient targeting ability.>
Notably, current monotherapies predominantly target tumor cells or single immune checkpoints, failing to disrupt the
complex, multicellular immunosuppressive and inflammatory network within the tumor microenvironment (TME), which
represents a fundamental reason for treatment failure.® Accumulating evidence has indicated that the malignant progres-
sion of gastric cancer is closely associated with the synergistic effects of immune suppression, inflammatory
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dysregulation and nerve infiltration within the TME, and this complex network has become a critical obstacle that cannot
be easily overcome by current therapeutic strategies.” Anatomically, the stomach is densely innervated by both the
intrinsic enteric nervous system (ENS, often called the “second brain” of the gut) and extrinsic vagal and sympathetic
fibers, forming an extensive constitutive neuro-immune interface that renders gastric tissue inherently susceptible to
inflammatory hijacking during malignant transformation.®

In the TME of gastric cancer, neuroinflammation is characterized by three core features: neurofibrosis, nerve
infiltration, and the abnormal release of inflammatory factors (TNF-ao, IL-6, NGF).? Studies have confirmed that gastric
cancer cells can induce the activation of Schwann cells and glial cells, promoting the infiltration of nerve fibers into
tumor tissues. The released neurotransmitters such as norepinephrine can further activate the NF-kB pathway, amplifying
the secretion of pro-inflammatory cytokines.' In contrast, immune dysregulation exacerbates neuroinflammation through
three distinct pathways: M2 macrophage polarization (elevated proportion of CD206" cells), regulatory T cell (Treg)
enrichment, and CD8" T cell exhaustion (high PD-1 expression)."" Collectively, these processes form a vicious cycle
where neuroinflammation, immune suppression, and gastric cancer progression interact reciprocally. For instance, IL-
10 secreted by PD-1 tumor-associated macrophages (TAMs) can directly impair CD8" T cell function while promoting
glial cell activation, thereby accelerating tumor invasion.'?

Exosomes, as the core mediators of intercellular communication in the TME, are widely derived from tumor cells,
immune cells, mesenchymal stem cells, and extracts of traditional Chinese medicine.*'*!'* Their unique lipid bilayer
structure enables them to stably load diverse cargos including nucleic acids (miRNA, circRNA, IncRNA), proteins (PD-
L1, HMGBI), and lipids (ceramide),® and to specifically target tumor tissues and immune cells via surface ligands (eg.,
CD63, integrins).'> Accumulating evidence has indicated that exosomes can transmit signals between immune cells and
nerve-associated cells. For example, after miR-519a-3p derived from gastric cancer cell exosomes is internalized by
intrahepatic macrophages, it induces M2 polarization, promotes angiogenesis, and accelerates liver metastasis.'® In
contrast, miR-16-5p from M1 macrophage-derived exosomes can downregulate PD-L1 expression, activate CD8+
T cells, and simultaneously suppress the release of neuroinflammatory factors.'”

Accumulating evidence has delineated individual roles of exosomes in either gastric cancer immunomodulation or
inflammatory regulation, and prior work has confirmed that exosome-mediated intercellular crosstalk substantially shapes
macrophage polarization states.” However, three critical research gaps remain unaddressed. First, most studies have
focused on isolated exosomal cargos or single macrophage subsets, lacking a systematic, integrated dissection of the full
regulatory network linking exosome-mediated macrophage polarization, NLRP3 inflammasome activation, and tumor-
associated neuroinflammation in gastric cancer.'” Second, the mechanistic crosstalk between exosome—macrophage
interactions and neuroinflammatory progression remains poorly characterized, and the core signaling nodes that connect
immunosuppression, inflammation, and neural invasion have not been systematically identified. Third, although both
engineered and natural-derived exosomes show therapeutic promise, there is a lack of comparative analysis of their
respective advantages, translational potential, and applicable scenarios between international and domestic research
streams.

Targeting exosome—macrophage interactions carries profound clinical significance. Unlike conventional single-target
agents, interventions modulating this axis can simultaneously reverse M2 macrophage-mediated immunosuppression,
inhibit NLRP3-driven inflammatory amplification, and disrupt the neuroinflammation—tumor progression vicious cycle,
thereby exerting multi-level anti-tumor effects.'®!” This regulatory axis also offers novel non-invasive biomarkers for
early diagnosis and prognosis prediction, as well as actionable targets for overcoming chemoresistance and enhancing
immunotherapy efficacy.®'® From a distinctive interdisciplinary vantage point integrating otolaryngology and acupunc-
ture and moxibustion, our team focuses on autonomic neural regulation and neuro-immune crosstalk in digestive
malignancies. The stomach receives dense vagal and sympathetic innervation that is functionally linked to head and
neck autonomic pathways; meanwhile, acupuncture and related neuromodulation approaches can modulate sympathetic
norepinephrine release and restrain inflammatory cascade activation, which provides a unique rationale for focusing on
the neuroinflammation-immune-exosome regulatory network in this review.'® This review systematically collates the
molecular mechanisms underlying exosome-mediated regulation of the immune system and NLRP3 inflammasome
pathway, elucidates the interaction network between neuroinflammation and immune dysregulation, and compares
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research advances achieved domestically and internationally, thereby providing a novel interdisciplinary perspective for
gastric cancer therapy.

Overview of Exosomes and Immune System Regulation in Gastric Cancer
Exosomes are extracellular vesicles (EVs) with a diameter of 30—150 nm, whose biogenesis depends on membrane
budding mediated by the endosomal sorting complex required for transport (ESCRT) and tetraspanins (CD63, CD9)."* In
gastric cancer, exosome secretion is regulated by hypoxia, inflammatory factors, and epigenetic modifications. In
a hypoxic microenvironment, gastric cancer cells upregulate RAB27A expression via hypoxia-inducible factor-la
(HIF-1a) to promote exosome release.”’ Conversely, TNF-a enhances exosome secretion from M2 macrophages through
the NF-kB pathway.?!

Accumulating evidence has demonstrated that serum exosome concentrations in gastric cancer patients are signifi-
cantly higher than those in healthy individuals, and these exosomes are enriched in pro-tumor cargos (eg., miR-21,
MALAT1).>*? In contrast, exosomes derived from normal gastric mucosal epithelial cells are predominantly enriched in
anti-inflammatory cargos (eg., miR-451a).%

The core features of gastric cancer-associated neuroinflammation are characterized by nerve infiltration, dysregulation
of the inflammatory cytokine network, and activation of the NLRP3 inflammasome. Specifically, the nerve fiber density
within tumor tissues increases by 2—3-fold, the levels of pro-inflammatory cytokines including TNF-a, IL-1f, and IL-6
are significantly elevated, and IL-10 and TGF-B are abnormally enriched. Meanwhile, the expression of NLRP3, ASC,
and caspase-1 in macrophages is also upregulated, thus promoting IL-1B secretion.”**** The regulation of neuroin-
flammation by the immune system mainly relies on two pathways: innate immunity and adaptive immunity. Innate
immunity involves macrophage polarization and neutrophil activation, whereas adaptive immunity is manifested as the
imbalance of T cell subsets and dysfunction of B cells. Specifically, IL-10 secreted by M2 macrophages can induce glial
cells to release nerve growth factor (NGF), thereby exacerbating neurofibrosis. In contrast, the exhaustion of CD8"
T cells leads to decreased IFN-y secretion, which impairs the effective inhibition of neuroinflammatory factor release.''*

Exosomes exhibit dual pro-tumor and anti-tumor properties in gastric cancer immunomodulation (Table 1). In the
pro-tumor aspect, miR-552-5p derived from gastric cancer cell exosomes can target the PD-1/PD-L1 axis, inhibiting
natural killer (NK) cell activity and promoting neuroinflammation.”® Conversely, miR-21 from M2 macrophage-derived
exosomes enhances the chemotherapeutic resistance of gastric cancer cells via the PTEN/PI3K/Akt pathway.” In the anti-
tumor aspect, miR-16-5p from M1 macrophage-derived exosomes downregulates PD-L1 expression, thereby activating
CDS" T cells and suppressing neuroinflammation.'” Pentraxin 3 (PTX3) derived from mesenchymal stem cell (MSC)-
derived exosomes can inhibit the NF-kB pathway, reducing the release of inflammatory factors such as TNF-a and
IL-6."

Notably, conflicting findings exist regarding MSC-derived exosomes: while umbilical cord MSC-derived exosomes
carrying PTX3 exert robust anti-inflammatory and anti-tumor effects by inhibiting the NF-kB pathway,'* bone marrow
MSC-derived exosomes overexpressing miR-1228 have been reported to promote gastric cancer cell proliferation via
MMP-14-mediated PI3K/Akt regulation.”® This discrepancy indicates that the functional outcomes of stem cell-derived
exosomes are highly context-dependent, varying with cargo composition, tissue origin, and tumor microenvironmental
status.

The exertion of these dual properties is closely associated with the cellular origin of exosomes, cargo composition,
and tumor stage. Exosomes in advanced gastric cancer are predominantly enriched in pro-tumor cargos, whereas immune

cell-derived exosomes exert more prominent anti-tumor effects in early-stage gastric cancer.”’

Mechanistic Specificity of Exosomes from Different Sources in Regulating
Gastric Cancer Immunity and Anti-Inflammation

Immune Cell-Derived Exosomes
Immune cell-derived exosomes have emerged as a research hotspot in this field, among which macrophage-derived
exosomes have attracted the most intensive research attention. Exosomes derived from M2-type tumor-associated
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Table | Representative Study on the Dual Role of Extracellular Vesicles in Regulating the Immune System of Gastric Cancer

(hsa_circ_0017252-
enriched)

Macrophages; Nude mouse
models

of M2 polarization

miR-17-5p

polarization, thereby suppressing gastric

cancer cell invasion and tumor growth

Effect Extracellular Vesicle Model Core Inflammation Key Molecular Main Mechanism of Action Reference
Source Regulation Direction Targets
Pro-tumor effect M2-polarized tumor- Gastric cancer cells (in vitro); | Pro-inflammation MALATI, 6- MALAT | inhibits 8-catenin ubiquitination [22]
associated macrophages Mouse tumor models (in vivo) | /immunosuppression catenin, miR-217- degradation; adsorbs miR-217-5p to
5p, HIF-1a upregulate HIF-1¢; activates B-catenin and
HIF-la pathways to enhance aerobic
glycolysis
Gastric cancer cells Gastric cancer cells; Immunosuppression (M2 circATP8AI, miR- circATP8A| competitively binds miR-1-3p to | [26]
(circATP8A | -enriched) Macrophages; Nude mouse polarization) I-3p, STAT6 activate STAT6 pathway, inducing M2
models macrophage polarization
Gastric cancer cells (PD- MFC cells; 615 mice; BALB/c | Immunosuppression (T cell PD-LI, LSDI LSDI induces accumulation of PD-LI in [1]
L1-enriched) nude mice dysfunction) exosomes, inhibiting T cell response in gastric
cancer microenvironment
Gastric cancer cells (let-7 | Gastric cancer cells; M2 polarization/ let-7 g-5p, SOCS7, | Downregulates SOCS7, disrupts its [27]
g-5p-enriched) Macrophages; Xenograft immunosuppression STAT3 interaction with STAT3, relieves inhibition of
models STAT3 phosphorylation, driving M2
polarization
Gastric cancer cells Gastric cancer cells; Pro-tumor activation of HMGBI, TLR4, HMGBI interacts with TLR4 to activate NF- | [25]
(HMGBI-enriched) Neutrophils neutrophils NF-xB kB pathway, enhancing autophagic response in
neutrophils and promoting gastric cancer cell
migration
Anti-tumor effect MI macrophages (miR-16- | Gastric cancer cells; BALB/c Anti-inflammation/immune miR-16-5p, PD-LI Downregulates PD-L| expression, promotes | [17]
5p-enriched) mice; NOD/SCID nude mice | activation IL-10 secretion, activates CD8+ T cell-
dependent immune response, reversing
immunosuppressive neuroinflammation
Human umbilical cord Gastric cancer cells; Mouse Anti-inflammation/tumor PTX3, NF-kB Inhibits NF-xB pathway, reduces release of [28]
mesenchymal stem cells models suppression pro-inflammatory factors (IL-1B, TNF-a), and
(PTX3-enriched) reverses M2 macrophage polarization
Fusion of iPSCs and DCs | Gastric cancer MFC cells; Immune activation/anti- PD-1 antibody, Synergizes chemotherapy and [3]
exosomes (DOX-loaded) Mouse models inflammation Tumor antigens immunotherapy; releases suppressed
T lymphocytes; recruits immune cells to clear
tumor microenvironment and expose tumor
antigens
Gastric cancer cells Gastric cancer cells; Anti-inflammation/inhibition hsa_circ_0017252, | Sponges miR-17-5p to inhibit M2 macrophage | [29]

Abbreviations: DCs, dendritic cell; PTX3, protein pentraxin 3; HMGBI, high mobility group box-1; PD-LI, programmed cell death | ligand |; LSDI, lysine-specific demethylase |; MFC, mouse forestomach carcinoma.
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macrophages (TAMs) can enrich MALAT1 to inhibit §-catenin degradation and sequester miR-217-5p, thereby
activating the B-catenin and HIF-1a pathways, enhancing glycolysis in gastric cancer cells, and promoting the release
of pro-inflammatory cytokines (IL-1p, TNF-0).*! Meanwhile, miR-487a carried by these exosomes can target TIAI,
facilitating M2 polarization and exacerbating neuroinflammation.>* Conversely, M1 macrophage-derived exosomes are
abundant in miR-16-5p, which downregulates PD-L1 to promote IL-10 secretion, activate CD8" T cell-dependent
immune responses, and reverse immunosuppressive neuroinflammation.>' Dendritic cell-derived exosomes can induce
IL-4 secretion by delivering tumor antigens, regulate the conversion of macrophages toward an anti-inflammatory
phenotype, and inhibit the malignant progression of the inflammatory microenvironment in gastric cancer.’ Among
neutrophil-derived exosomes, those from the N2 subset target SLIT2 via miR-4745-5p/3911 to enhance IL-8 release
and accelerate angiogenesis, whereas miR-223-3p in exosomes from the N1 subset can serve as a diagnostic biomarker

for gastric cancer.'"”

Tumor Cell-Derived Exosomes

Tumor cell-derived exosomes account for 32% of the total exosomes in the gastric cancer microenvironment, with their
regulatory mechanisms primarily focused on inducing immunosuppression and neuroinflammation. CircATP8AL in
gastric cancer cell-derived exosomes competitively binds to miR-1-3p to activate the STAT6 pathway, thereby inducing
M2 polarization of macrophages, promoting IL-10 secretion, and accelerating neurofibrosis.”® Meanwhile, miR-519a-3p
carried by these exosomes targets DUSP2 to activate the MAPK/ERK pathway, facilitating the formation of pre-
metastatic niches in the liver.'® In addition, gastric cancer cell-derived exosomes can directly interact with PD-1 on
the surface of T cells by delivering PD-L1, or inhibit DUSP3 via miR-541-5p to activate STAT3, thereby maintaining an
immunosuppressive inflammatory microenvironment.''** Notably, exosomes derived from Helicobacter pylori-infected
gastric cancer cells can carry the CagA protein, which promotes endothelial cell inflammation by activating the STAT3
pathway and indirectly exacerbates neuroinflammation.'®

Stem Cell-Derived Exosomes

Stem cell-derived exosomes account for 11% of exosomes in the gastric cancer microenvironment, predominantly
derived from mesenchymal stem cells (MSCs), and exhibit significant anti-inflammatory and anti-tumor properties.
Umbilical cord MSC-derived exosomes enhance targeting ability via engineered modification (neutrophil membrane
fusion), and their carried PTX3 can inhibit the NF-kB pathway, reduce the levels of IL-1B and TNF-a, and reverse M2
macrophage polarization."* Conversely, exosomes from miR-1228-overexpressing bone marrow MSCs have been
reported to promote gastric cancer cell proliferation and invasive capacity via MMP-14-mediated activation of the
PI3K/Akt pathway,’® which further demonstrates the functional heterogeneity of MSC-derived exosomes across different
tissue origins. In contrast, exosomes fused with induced pluripotent stem cells (iPSCs) and dendritic cells (DCs) possess
both tumor-targeting capability and immune factor recruitment ability. Under modification with PD-1 antibodies, these
exosomes release suppressed T lymphocytes, promote the secretion of IL-4 and IL-10, and ameliorate the neuroin-
flammatory microenvironment.’

Exosomes from Other Sources

Traditional Chinese medicine (TCM)-derived exosomes have emerged as a distinctive research orientation in domestic
studies. Exosomes derived from TAMs treated with Jianpi Fuzheng Decoction can inhibit miR-513b-5p, attenuate
AKT/mTOR activation in a PTEN-dependent manner, and alleviate immunosuppression and neuroinflammation.*”
Epigallocatechin gallate (EGCG) in exosomes isolated from the extract of Hedyotis diffusa Willd. Targets STAT3,
suppresses PLXNC 1-mediated release of exosomal miR-92b-5p, and reverses M2 polarization.*® Although research on
nerve cell-derived exosomes in gastric cancer remains scarce, emerging evidence from gastrointestinal neuroimmunol-
ogy suggests that glial cell-derived exosomal regulators can modulate the NF-xB pathway and suppress pro-
inflammatory cytokine release, representing a promising yet underinvestigated axis in gastric tumor-associated

neuroinflammation.>’
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Comparison of Immunoregulatory Characteristics of Exosomes From Different

Sources

The core research on the regulation of gastric cancer immune and anti-inflammatory effects by extracellular vesicles from
different sources is shown in Table 2. Immune cell-derived exosomes excel in directly regulating immune cell
phenotypes but exhibit weak targeting ability. Tumor cell-derived exosomes possess strong targeting capability yet
predominantly exert pro-tumor effects. Stem cell-derived exosomes demonstrate excellent synergy in anti-inflammation
and anti-tumor activities with high biocompatibility. In contrast, TCM-derived exosomes integrate inherent anti-
inflammatory activity with low toxicity.'**® In terms of regulatory pathways, immune cell-derived exosomes mainly
rely on miRNA/IncRNA-mediated regulation of the JAK/STAT and NF-kB pathways. Stem cell-derived exosomes
predominantly mediate signal transduction via proteins (eg., PTX3) and lipids, while TCM-derived exosomes achieve
multitarget regulation of the inflammatory network.>*>> These characteristic differences provide a basis for the clinical
intervention strategy of gastric cancer: stem cell- or immune cell-derived exosomes are preferred for early-stage gastric
cancer, whereas advanced gastric cancer requires combination with engineered TCM-derived exosomes to reverse the
pro-tumor microenvironment.’

Mechanisms of Interaction Between Tumor-Associated
Neuroinflammation and the Immune System in Gastric Cancer

Formation and Characteristics of Gastric Cancer-Associated Neuroinflammation
Given the dense enteric nerve plexuses and vagal innervation distributed throughout the gastric wall, malignant cells are
anatomically positioned to interact with resident glial cells and nerve fibers from the earliest stages of tumorigenesis.
Gastric cancer cells induce the activation of Schwann cells and enteric glial cells by secreting neurotrophic factors such
as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), thereby promoting the infiltration of
sympathetic and sensory nerve fibers into tumor tissues.”'* Accumulating evidence has demonstrated that the incidence
of nerve infiltration reaches 72% in advanced gastric cancer, and nerve fiber density is positively correlated with tumor
invasion depth and lymph node metastasis.””® Mechanistically, circSMARCC] in gastric cancer cell-derived exosomes
upregulates U2AF2 expression to promote M2 polarization of macrophages and subsequent IL-1p secretion. The latter
then activates glial cells to release NGF, accelerating nerve fiber hyperplasia.’®* Meanwhile, norepinephrine released by
nerve fibers can activate the PI3K/Akt pathway in gastric cancer cells via the PB2-adrenergic receptor, facilitating
epithelial-mesenchymal transition (EMT) and tumor metastasis. %

The core of gastric cancer-associated neuroinflammation lies in the synergistic amplification of pro-inflammatory
cytokines and neurotrophic factors. Pro-inflammatory cytokines including TNF-a, IL-6, and IL-1B can activate the
MAPK pathway in glial cells, thereby promoting the secretion of NGF and BDNF.***! Conversely, NGF can enhance the
M2 polarization process of macrophages via the TrkA receptor, further facilitating the release of IL-10 and TGF-f3, which
consequently forms a positive feedback loop among pro-inflammatory cytokines, neurotrophic factors, and
immunosuppression.”®** The NLRP3 inflammasome plays a pivotal role in this regulatory network. HMGBI derived
from gastric cancer cell exosomes binds to TLR4 to activate NLRP3, promoting caspase-1-mediated IL-1f3 maturation.
The mature IL-1B not only exacerbates neuroinflammation but also inhibits the function of CD8" T cells.*>* Clinical
data have shown that serum levels of IL-1p and NGF are significantly elevated in gastric cancer patients and are

positively correlated with each other, jointly predicting poor prognosis.****

Exacerbation of Neuroinflammation by Immune Dysregulation

Aberrations in innate immune cells serve as the core driver of aggravated neuroinflammation. M2-polarized cells
constitute 60%-80% of the total tumor-associated macrophage (TAM) population in the gastric tumor
microenvironment.*® The abundant IL-10 secreted by M2 TAMs not only directly suppresses CD8" T cell effector
function but also promotes the activation of enteric glial cells and the subsequent release of neurotrophic factors, which
in turn fuels neuroinflammatory progression and nerve fiber hyperplasia.*’” Meanwhile, CCLI released during M2
polarization can recruit more immunosuppressive cells to amplify inflammatory signals.***® Exosomes derived from N2-
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Table 2 Core Research on the Regulation of Immune and Anti-Inflammatory Effects in Gastric Cancer by Extracellular Vesicles from Different Sources

(HMGBI -enriched)

Neutrophils

tumor activation

Extracellular Vesicle Model Signaling Key Molecular Targets Result Advantages Reference
Source Pathway
M2-polarized tumor- Gastric cancer cells B-catenin/HIF-1a MALATI, 6-catenin, miR- | Enhances aerobic glycolysis; promotes Clarifies IncRNA- [22]
associated macrophages (in vitro); Mouse tumor 217-5p pro-inflammatory factors (IL- 1B, TNF-o) mediated glycolysis

models (in vivo) release regulation
M| macrophages (miR-16- Gastric cancer cells; BALB/ | PD-LI/IL-10 miR-16-5p, PD-LI Downregulates PD-L; activates CD8" Synergy of immune [17]
5p-enriched) ¢ mice; NOD/SCID nude T cell-dependent immunity; inhibits activation and anti-

mice neuroinflammation inflammation
DCs Gastric cancer MFC cells; | Tumor antigen Tumor antigens, IL-4 Induces macrophage anti-inflammatory Tumor targeting + [3]

Mouse models presentation phenotype; recruits immune cells immune factor

recruitment
N2-polarized tumor- Gastric cancer cells; Nude | NF-«xB/SLIT2 miR-4745-5p/3911, SLIT2 | Promotes gastric cancer metastasis; Identifies neutrophil [33]
associated neutrophils mouse models upregulates IL-8 exosomal miRNA as
diagnostic marker

Gastric cancer cells Gastric cancer cells; STAT6 circATP8AI, miR-1-3p, Induces M2 macrophage polarization; Axis-based regulation by [26]
(circATP8A | -enriched) Macrophages; Nude mouse STATé6 promotes neurofibrosis circRNA

models
Gastric cancer cells (let-7 Gastric cancer cells; JAK2/STAT3 let-7 g-5p, SOCS7, STAT3 | Drives M2 polarization; enhances tumor Identifies dual-function [27]
g-5p-enriched) Macrophages; Xenograft progression and immunosuppression target SERPINEI

models
Human umbilical cord Gastric cancer cells; NF-xB PTX3, IL-1B, TNF-a Inhibits pro-inflammatory factor release; Membrane modification [28]
mesenchymal stem cells Mouse models reverses M2 polarization enhances targeting
(PTX3-enriched)
Bone marrow mesenchymal | SGC-7901/MGC-823 cells; | PI3K/Akt miR-1228, MMP-14 Inhibits inflammatory response; reduces Natural biocompatibility [30]
stem cells (miR-1228- Human serum samples cancer cell invasion of stem cell exosomes
enriched)
TAM-derived exosomes Gastric cancer cells; TAMs; | AKT/mTOR miR-513b-5p, PTX3 Inhibits immunosuppression and Low toxicity of natural [35]
(Jianpi Yangzheng Decoction- | Nude mice neuroinflammation; weakens AKT/mTOR | traditional Chinese
intervened) activation medicine
Hedyotis diffusa Willd- MKNA45 cells; Nude mouse | STAT3/PLXNCI EGCG, STAT3, PLXNCI, | Reverses M2 polarization; inhibits Multi-target regulation of [36]
derived exosomes models miR-92b-5p neuroinflammation inflammatory network
Gastric cancer cells Gastric cancer cells; TLR4/NF-xB HMGBI, TLR4, NF-xB Induces neutrophil autophagy and pro- Clarifies role of damage- [25]

associated molecular

pattern

Abbreviations: DCs, dendritic cell; PTX3, protein pentraxin 3; HMGBI, high mobility group box-1; PD-LI, programmed cell death | ligand I; LSDI, lysine-specific demethylase |; MFC, mouse forestomach carcinoma; EGCG,

epigallocatechin gallate; PLXNCI, plexin CI.

|e 39 uy



An et al

subtype neutrophils carry miR-9-3p, which suppresses ACSL4 expression to block ferroptosis and enhance oxaliplatin
resistance; additionally, the proteases released by these neutrophils disrupt the homeostasis of neural tissues, exacerbating
nerve infiltration.** As for natural killer (NK) cell dysfunction, it leads to reduced IFN-y secretion, which impairs the
inhibition of glial cell activation and further exacerbates neuroinflammation.?®

Adaptive immune abnormalities exacerbate neuroinflammation through indirect regulation. Specifically, the propor-
tion of regulatory T (Treg) cells among CD4" T cells increases to 25% in gastric cancer, and the IL-10 and TGF-B
secreted by these cells can directly inhibit CD8" T cell activity while promoting nerve fiber hyperplasia.'®> Excessive
activation of Th17 cells leads to the release of IL-17, which can activate the NF-kB pathway, stimulate gastric cancer
cells to secrete IL-6, and thereby induce glial cells to release NGF.>°

Exosomes play a crucial mediating role in this process. MiR-135b-5p derived from gastric cancer cell exosomes
targets SP1, impairs the function of Vy9Vé2 T cells, reduces the secretion of anti-inflammatory factors, and exacerbates
neuroinflammation.’’ In contrast, M1 macrophage-derived exosomes can reverse this process: they activate CD8" T cells

via miR-16-5p and inhibit neuroinflammation.'”->?

Oncogenic Effects of the Vicious Cycle of Neuroinflammation and Immune

Dysregulation

The vicious cycle of neuroinflammation and immune dysregulation promotes the progression of gastric cancer through
multiple pathways (As shown in Figure 1). NGF released during neuroinflammation can activate the TrkA receptor on
gastric cancer cells, facilitating EMT and angiogenesis.'®>® The exhaustion of CD8" T cells caused by immunosuppres-
sion impairs the clearance of cancer cells in the inflammatory microenvironment; meanwhile, vascular endothelial growth
factor (VEGF) secreted by M2 macrophages can accelerate nerve fiber hyperplasia.'® In addition, this cycle enhances
oncogenic effects via metabolic reprogramming: the hypoxic microenvironment induced by neuroinflammation can

NEUROINFLAMMATION 0® o IMMUNE DYSREGULATION
® O® =
MICROGLIA TGF-B @ K MYELOID-DERIVED INHIBITING
o® PGE; SUPPRESSOR CELLS .7 et Tl
AN - A
TIROCTIENE TUMOR-DERIVED
/ \ FACTORS CD8* T CELLS
AR ,
IL-1B @@ ‘ ( -7 INHIBITING
e TNF-a THE i PD-L1
IL-6 VICIOUS 2 O!:'@
ROS CYCLE ,\ CTLA4
\ b ) Adenosine
GASTRIC CANCER SOL B INHIBITING
TUMOR MICROENVIRONMENT Adenosine
(TME) o
; M2-LIKE ™. J
\ MACROPHAGES .\, T
IMMUNE EVASION “"\_NK CELLS
NEURONAL DAMAGE TUMOR GROWTH

Figure | Vicious Cycle of Neuroinflammation and Immune Dysregulation in Gastric Cancer. This diagram depicts the reciprocal positive feedback loop linking
neuroinflammation. The left module (light red background) illustrates the neuroinflammatory cascade. Activated glial cells secrete pro-inflammatory mediators including
interleukin (IL)-1B, tumor necrosis factor (TNF)-0, IL-6, and reactive oxygen species (ROS), which induce neuronal injury and further amplify neuroinflammatory signaling.
Black curved arrows indicate glial activation and phenotypic polarization. The light blue panel shows immune dysregulation within the tumor microenvironment, consisting of
myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs) and M2-like macrophages. Inset circles illustrate molecular inhibitory pathways, where blunt-ended
lines represent suppressive interactions targeting CD8" T cells and natural killer (NK) cells via PD-LI/PD-1, CTLA-4 and adenosine signaling. Tumor-derived soluble factors
TGF-B, IL-6 and PGE, mediate crosstalk between the two compartments. The central red circular arrow represents the self-amplifying vicious cycle that drives tumor
immune evasion and progression. Red curved arrows denote the direction of intercellular signal transduction.
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promote the release of gastric cancer cell-derived exosomes, and their carried PKM?2 activates the lipid synthesis pathway
in macrophages, further inducing M2 polarization.'®>* Whereas lactate secreted by immunosuppressive cells can enhance
the release of inflammatory factors from glial cells.*>> Clinical studies have confirmed that the recurrence rate of gastric
cancer patients with concurrent nerve infiltration and high M2 macrophage infiltration is 2.3-fold higher than that of
patients with a single abnormality, and their 5-year survival rate is decreased by 31%.**

Anti-Tumor Mechanisms of Exosomes in Regulating the Immune System
and Ameliorating Neuroinflammation

Immunoregulatory Cargos of Exosomes and Their Functions

MiRNAs represent the most predominant immunoregulatory cargos in exosomes. Anti-inflammatory miRNAs, such as
miR-16-5p derived from M1 macrophage exosomes, exert their effects by downregulating PD-L1, activating CD8"
T cells and inhibiting IL-1pB secretion.'’”” MiR-451a in serum exosomes can distinguish chronic atrophic gastritis from
non-atrophic gastritis, and its low expression correlates with elevated levels of inflammatory factors. MiR-122-5p
suppresses M2 macrophage polarization and neuroinflammation by inhibiting the STAT3 pathway.*>>® In contrast, pro-
inflammatory miRNAs, such as miR-21 from M2 macrophage exosomes, target PTEN to activate the PI3K/Akt pathway,
thereby promoting the secretion of IL-6 and TNF-a.>° MiR-519a-3p in gastric cancer cell-derived exosomes induces
M2 polarization via the DUSP2/MAPK/ERK axis, accelerating neuroinflammation associated with liver metastasis.'®°
MiR-541-5p sustains JAK2/STAT3 activation by inhibiting DUSP3, further exacerbating immunosuppression and nerve
fiber hyperplasia.**

Exosomal proteins exert their functions either by directly binding to receptors or regulating signaling pathways. The
anti-inflammatory protein PTX3, derived from mesenchymal stem cell (MSC)-derived exosomes, can inhibit the NF-xB
pathway, reduce the release of pro-inflammatory cytokines and NGF, and reverse neuroinflammation.'*®' ApoE from
tumor-associated macrophage (TAM)-derived exosomes remodels the cytoskeleton of gastric cancer cells by activating
the PI3K-Akt pathway, while its high expression is positively correlated with nerve infiltration.> The immune check-
point receptor PD-L1, carried by gastric cancer cell-derived exosomes, directly binds to PD-1 on T cells to suppress anti-
tumor immunity, and simultaneously promotes glial cell activation.'' In contrast, CD47 on engineered exosomes
enhances the phagocytic capacity of macrophages and reduces the secretion of inflammatory factors.**®> The enzyme
protein PKM2 from TAM-derived exosomes activates SREBP1-mediated lipid synthesis by inhibiting SCAP ubiquitina-
tion, thereby inducing M2 macrophage polarization; its serum level can serve as a diagnostic biomarker for gastric
cancer.'®

Although research on lipid cargos remains limited, it has been confirmed that ceramide from gastric cancer cell-
derived exosomes can activate the TLR4/NF-kB pathway in macrophages, thereby promoting IL-1p secretion.”” In
contrast, prostaglandin E2 (PGE2) from MSC-derived exosomes alleviates neuroinflammation by inhibiting TNF-a
release.’® Other types of cargos include circRNAs and IncRNAs: circATP8A1 from gastric cancer cell-derived exosomes
induces M2 polarization via the miR-1-3p/STAT6 axis.”?® MALAT1, an IncRNA from M2 macrophage-derived exosomes,
regulates glycolysis and enhances the secretion of pro-inflammatory cytokines.”> Additionally, CagA, a bacterial-derived
cargo from exosomes of Helicobacter pylori-infected gastric cancer cells, promotes endothelial cell inflammation and
nerve infiltration by activating the STAT3 pathway.'®

Core Pathways of Exosomes in Regulating the Immune-Neuroinflammation Network
Exosomes remodel innate immunity and ameliorate neuroinflammation by regulating macrophage polarization, neutro-
phil activation, and natural killer (NK) cell function.®*®® MiR-16-5p derived from M1 macrophage exosomes down-
regulates PD-L1 expression, promotes IL-10 secretion, induces the phenotypic switch of M2 macrophages toward the M1
phenotype, and reduces NGF release.'” PTX3 from mesenchymal stem cell (MSC)-derived exosomes can directly inhibit
the NF-kB pathway in neutrophils, decrease IL-8 secretion, and alleviate nerve fiber damage.'* Engineered exosomes
loaded with NKG2D ligands activate NK cells, enhance their cytotoxicity against inflammatory macrophages, and reduce
the levels of IL-1p and TNF-a.>” In addition, exosomes can ameliorate innate immune dysregulation by inhibiting
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NLRP3 inflammasome activation. For example, miR-16-5p from M1 macrophage exosomes suppresses NLRP3 expres-
sion, which reduces caspase-1 activation and IL-1p maturation.'”

Exosomes break down immunosuppression and indirectly ameliorate neuroinflammation by regulating T cell subset
balance and B cell function. Dendritic cell-derived exosomes deliver tumor antigens to induce the differentiation of CD4"
T cells into Th2 cells, increase the secretion of IL-4 and IL-10, and inhibit Th17 cell-mediated neuroinflammation.>®” In
contrast, M1 macrophage-derived exosomes can activate CD8" T cells, enhance their secretion of IFN-y and perforin, and
eliminate cancer cells and activated glial cells in the inflammatory microenvironment.'”**® Engineered exosomes loaded
with PD-1 antibodies can block the binding of PD-1/PD-L1, reverse CD8" T cell exhaustion, and simultaneously reduce
regulatory T (Treg) cell enrichment.>®° Although research on B cell-derived exosomes remains limited, accumulating
evidence has indicated that the immunoglobulins carried by these exosomes can enhance the phagocytic capacity of
macrophages and reduce the secretion of pro-inflammatory cytokines.”®

Exosomes directly inhibit neuroinflammation by specifically binding to glial cells or Schwann cells via surface
ligands (eg., CD63, integrins). Epigallocatechin gallate (EGCG) in traditional Chinese medicine (TCM)-derived exo-
somes directly binds to STAT3 in glial cells, inhibiting its activation and the secretion of inflammatory factors.*® After
engineering exosomes to modify nerve-specific ligands (eg., NGF receptor antibodies), their targeting efficiency is
enhanced by 4-5-fold, which can significantly suppress nerve fiber hyperplasia and IL-6 release.”’' In addition,
exosomes may exert neuroinflammation-modulating effects by interacting with the autonomic nervous system. As
sympathetic norepinephrine signaling has been confirmed to drive gastric cancer progression and inflammatory cascade
activation,'® MSC-derived exosomes with anti-inflammatory properties are hypothesized to indirectly attenuate norepi-
nephrine-mediated pro-tumor effects by remodeling the immunosuppressive microenvironment, though the direct
neurotransmitter-regulating mechanism remains to be experimentally validated.

Exosomes can target the core nodes of the signaling axis composed of inflammatory factors, NLRP3, immunosup-
pression, and nerve infiltration, thereby breaking this vicious cycle. Their specific effects are manifested in several
aspects: inhibiting the release of pro-inflammatory cytokines (eg., TNF-a, IL-6) to reduce glial cell activation; blocking
the activation of the NLRP3 inflammasome to decrease IL-1p maturation; reversing immunosuppressive states such as
M2 macrophage polarization and CDS" T cell exhaustion to enhance anti-tumor immunity; and suppressing nerve
infiltration and NGF secretion to reduce the recruitment of immunosuppressive cells.'*'7*53% The mechanism of
extracellular vesicles in anti-tumor treatment by regulating the immune system and improving neuroinflammation is
shown in Figure 2.

Animal experiments have confirmed that engineered exosomes loaded with miR-16-5p can reduce the tumor volume
of gastric cancer mice by 58%, decrease nerve fiber density by 42%, and enhance CD8" T cell activity by 3-fold. When
combined with PD-1 inhibitors, the therapeutic efficacy is further improved without significant toxicity observed.*'”

Current Research Status: China-Based Studies and Global Progress

To ensure the academic validity of this geographic comparative analysis, we established a standardized literature retrieval
and classification framework. Literature was retrieved from PubMed, Embase, and CNKI databases, covering studies
published from 2010 to 2025 using the keywords “gastric cancer”, “exosome”, “macrophage polarization”, “neuroin-
flammation”, and “engineered exosome”. Eligible studies were categorized into “domestic research” (first and corre-
sponding authors affiliated with institutions in mainland China) and “international research” (authors affiliated with
institutions outside mainland China). All included studies were further stratified into four research orientations —
engineered exosome modification, natural-derived exosome application, fundamental mechanistic exploration, and
preclinical/translational research — based on full-text content analysis, following established classification criteria
from recent authoritative reviews in the field.”” This framework underpins the subsequent comparative analysis of
research characteristics and developmental trends.

Global Research Progress
International research has focused on the precise regulation and in-depth mechanism elucidation of engineered exosomes.
In terms of targeted design, surface modification of exosomes with gastric cancer-specific ligands (eg., Claudinl8.2
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Figure 2 Anti-Tumor Mechanisms of Exosomes via Inmune and Neuroinflammation Regulation. The top red panel depicts the pathological pro-tumor cascade. Tumor cell-
derived pro-inflammatory exosomes activate microglia and macrophages to promote NLRP3 inflammasome assembly and pro-inflammatory cytokine secretion, which drives
systemic immune dysregulation and tumor progression. The lower section contains three color-coded functional modules. The left green module shows engineered and
mesenchymal stem cell-derived anti-inflammatory exosomes with RNA cargos crossing the blood-brain barrier. The middle green module illustrates intracellular mechanisms
in macrophages. Delivered miR-146a suppresses NF-kB signaling and NLRP3 inflammasome activation, reduces astrocyte reactivity and restores T cell homeostasis. Red
cross symbols indicate inhibitory effects. The right blue panel presents therapeutic outcomes. Ameliorated neuroinflammation and enhanced cytotoxic activity of Tand NK
cells synergistically trigger tumor apoptosis and regression. Arrows indicate the direction of signal transduction and process progression.

antibody, HER2 ligand) can enhance the targeting efficiency to the tumor microenvironment (TME) by 3-5-fold.>"?

Loading combined cargos (eg., miR-16-5p and PD-L1 siRNA) exerts synergistic effects of immune activation, anti-
inflammation and anti-tumor activity, improving chemotherapy sensitivity by 40% in mouse models.?>”* Mechanistically,
a study by Wang et al clarified the molecular details of exosomal cargos regulating the NLRP3 inflammatory pathway:
MALAT]1 from M2 macrophage-derived exosomes upregulates HIF-1a and activates NLRP3 by sequestering miR-217-
5p.>> HMGBI from gastric cancer cell-derived exosomes promotes NLRP3 inflammasome assembly via the TLR4/NF-

kB axis.?>"*

Research Progress in China
Domestic research is characterized by naturally derived exosomes and translational applications, with remarkable
advancements in traditional Chinese medicine (TCM)-derived exosomes. Exosomes from tumor-associated macrophages
(TAMs) treated with Jianpi Fuzheng Decoction alleviate AKT/mTOR activation by inhibiting miR-513b-5p, reducing the
tumor recurrence rate by 35% in mouse models.*>”> Epigallocatechin gallate (EGCG) in exosomes isolated from the
extract of Hedyotis diffusa Willd. targets STAT3 to reverse M2 polarization and neuroinflammation, exhibiting anti-tumor
efficacy comparable to cisplatin but with lower toxicity.*®

Progress has also been made in translational research on stem cell-derived exosomes. After modification with
neutrophil cell membranes, umbilical cord mesenchymal stem cell (MSC)-derived exosomes show significantly enhanced
targeting ability, anti-inflammatory and anti-tumor effects in gastric cancer patient-derived xenograft (PDX) models,
reducing tumor volume by 62%."* In terms of technological innovation, domestic teams have developed a microfluidic
chip-based technology for large-scale exosome production, increasing the yield by 10-fold compared with traditional
ultracentrifugation methods while enhancing cargo stability.” Meanwhile, liquid biopsy kits based on exosomal miR-223-
3p and miR-122-5p have entered small-sample clinical validation, with an area under the curve (AUC) of 0.91 for

.. C . . . . 1.2
distinguishing gastric cancer from benign gastroduodenal diseases.'**’°
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Comeparison and Synergistic Directions Between China-Based and Global Research
Based on the aforementioned standardized classification framework, we conducted a multi-dimensional comparative
analysis across four core aspects: technical route, target precision, mechanistic depth, and translational maturity. The
advantages of international research lie in the development of engineered modification technologies and in-depth
elaboration of mechanisms, while domestic research features unique strengths in the exploration of naturally derived
exosomes and the application of translational technologies, forming a favorable complementary pattern. International
research leans toward the precise regulation of single targets, whereas domestic research focuses more on synergistic
anti-inflammatory pathways with multiple targets; international studies emphasize mechanistic interpretation at the basic
level, while domestic research concentrates on clinical translation and implementation.

Synergistic directions can be advanced from multiple dimensions: combining engineered modification with natural
anti-inflammatory activity (eg., surface modification of traditional Chinese medicine (TCM)-derived exosomes with
Claudin18.2 antibodies) and integrating multi-omics technologies such as transcriptomics and proteomics to screen
subtype-specific exosomal cargos.”” Additionally, conducting international multi-center clinical trials will help verify the
efficacy of exosome-based therapies in gastric cancer patients of different ethnicities.

Challenges and Future Perspectives

Core Challenges in Clinical Translation

The targeting efficiency of current exosomes toward immune cells and nerve-associated cells in the gastric cancer tumor
microenvironment (TME) is only 15%-25%, with these exosomes prone to being taken up by normal tissues such as the
liver and spleen.’® For gastric cancer specifically, this delivery challenge is exacerbated by unique anatomical
constraints: the multilayered gastric wall and its dense intrinsic enteric nervous system (ENS) embedded deep in the
lamina propria create an additional barrier beyond the generic tumor extracellular matrix, requiring exosomes to cross
both the blood-gastric tumor barrier and interstitial stroma to reach glial cells and Schwann cells at the neuro-immune
interface.'®!'? This hurdle is further aggravated by the lack of validated nerve-specific surface ligands and the non-
specificity of conventional exosomal targeting moieties.” In addition, molecular heterogeneity across gastric cancer
subtypes (intestinal-type, diffuse-type) gives rise to divergent neuroinflammatory and immune profiles, meaning a one-
size-fits-all exosome therapy cannot be universally applied.”®

Furthermore, existing preclinical studies exhibit notable result inconsistencies and inherent methodological limita-
tions that constrain reliable translational interpretation. First, divergent functional outcomes have been reported for
exosomes from similar cellular origins, most prominently for mesenchymal stem cell (MSC)-derived exosomes:
umbilical cord MSC-derived exosomes carrying PTX3 exert robust anti-tumor and anti-neuroinflammatory effects via
NF-kB inhibition,'* whereas bone marrow MSC-derived exosomes overexpressing miR-1228 have been shown to
promote gastric cancer cell proliferation through MMP-14-mediated PI3K/Akt activation.’” This discrepancy highlights
that exosome function is highly dependent on tissue source, cargo composition, and tumor microenvironmental context,
and cannot be generalized across all MSC subtypes or disease stages. Second, the vast majority of mechanistic studies
rely on immortalized gastric cancer cell lines and immunodeficient xenograft mouse models, which lack intact enteric
nervous system (ENS) structures and functional neuro-immune crosstalk, and thus cannot fully recapitulate the multi-
cellular complexity of the human gastric tumor microenvironment.” Third, substantial methodological heterogeneity
persists across the field in exosome isolation protocols, dosage regimens, and administration routes, with no universally
accepted standard operating procedure established to date. These constraints mean that many promising preclinical
findings remain difficult to cross-validate and require rigorous confirmation in immunocompetent, ENS-intact animal
models before advancing to clinical testing.

Beyond delivery efficiency and intratumoral heterogeneity, exosome-based therapies face additional safety and
regimen optimization hurdles that limit their clinical translatability. First, exosomes derived from tumor cell sources
may inherently encapsulate pro-tumorigenic cargos such as miR-21 and MALAT1, which carry a theoretical risk of
promoting aberrant cell proliferation if production processes lack rigorous purification and quality control. Second,
overly robust anti-inflammatory modulation driven by therapeutic exosomes carries the potential to dampen systemic
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immune surveillance, thereby increasing the risk of opportunistic infections.'” Finally, when exosome interventions are
combined with conventional chemotherapy or immunomodulatory agents, overlapping off-target effects may lead to
amplified systemic toxicity. Accordingly, the optimal dosage, administration route, and treatment schedule for combina-
tion regimens remain to be systematically characterized and standardized.

Future Research Directions

The strategy combining “gastric cancer-specific ligand modification and multi-target cargo combination” can be achieved
by modifying exosome donor cells via CRISPR-Cas9 technology to express Claudin18.2 antibodies or HER2 ligands on
their surface, while loading miR-16-5p, PD-L1 siRNA, and PTX3, thereby achieving the synergistic effects of “targeted
enrichment, immune activation, anti-inflammation, and anti-tumor activity”.>***#! For different gastric cancer subtypes,
screening of corresponding subtype-specific exosomal cargos is required: for example, miR-122-5p can be targeted for
intestinal-type gastric cancer, while miR-223-3p is suitable for diffuse-type gastric cancer.'**

Exosomes can be combined with chemotherapeutic drugs, immune checkpoint inhibitors, and anti-nerve infiltration
drugs. Among these combinations, exosomes loaded with chemotherapeutic agents such as cisplatin can enhance the
targeting ability of therapy and reduce off-target toxicity.’ The combination of exosomes with PD-1 inhibitors can reverse
the immunosuppressive state, ameliorate neuroinflammation, and thereby improve the objective response rate.''
Moreover, the combination of exosomes with NGF inhibitors is able to block the vicious cycle between nerve infiltration
and immunosuppression.” In terms of interdisciplinary translational exploration, non-pharmacological neuromodulation
strategies represented by acupuncture and vagus nerve stimulation represent promising complementary directions. These
modalities can regulate sympathetic norepinephrine output and restore autonomic homeostasis, which may act synergis-
tically with exosome-based interventions to concurrently remodel the immune microenvironment and attenuate neuroin-
flammatory progression.'® Accumulating preclinical evidence confirms that exosome-based immunotherapy combined
with immune checkpoint inhibitors can significantly suppress gastric tumor growth in mouse models.'” When further
coupled with neuromodulation strategies such as vagus nerve stimulation, this combinatorial regimen is hypothesized to
synergistically remodel both the immune microenvironment and neuroinflammatory state to improve survival
outcomes.'” However, this triple combination strategy remains at the conceptual stage, and its actual efficacy and
survival benefit require dedicated in vivo validation studies.

Conduct Phase I/II clinical trials to evaluate the safety, tolerability and efficacy of exosome-based therapies in patients
with advanced gastric cancer, with a focus on changes in neuroinflammatory biomarkers (IL-1B, NGF) and immune
function indicators (CD8" T cell activity, M2 macrophage proportion).** Develop exosome-based liquid biopsy technol-
ogies for early diagnosis, therapeutic efficacy monitoring and prognostic evaluation of gastric cancer.'**

Further explore the molecular mechanisms by which exosomes regulate the NLRP3 inflammatory pathway, and
clarify the synergistic or antagonistic effects of different cargos (miRNAs, proteins).'? Elucidate the key signaling axis
underlying the interaction between neuroinflammation and immune dysregulation, and identify novel therapeutic
targets.'® Employ single-cell sequencing technology to uncover the regulatory differences of exosomes on distinct cell
subsets within the TME.'®

Conclusion

The core driver of gastric cancer malignant progression is the reciprocal vicious cycle among exosome-mediated
intercellular communication, macrophage polarization dysregulation, NLRP3 inflammasome hyperactivation, and tumor-
associated neuroinflammation and nerve infiltration. Distinct from existing reviews that predominantly focus on immune-
exosome interactions alone, this work centers on the neuro-immune axis in the gastric tumor microenvironment as its
core conceptual novelty. For the first time, it systematically integrates the full regulatory network linking exosomal cargo
delivery, macrophage phenotypic reprogramming, and autonomic/sensory nerve crosstalk, and identifies the NLRP3
inflammasome as a converging node that bridges inflammatory amplification, immunosuppression, and neurogenic
remodeling.'”*” This integrated framework fills critical gaps left by single-mechanism studies that overlook neuro-
immune reciprocal regulation. Translationally, this neuro-immune-centered framework lays out a forward-looking,
gastric-specific roadmap for the field rather than generic exosome development guidance. First, therapeutic exosomes
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can be engineered with ENS-targeting surface ligands to penetrate the blood-gastric tumor barrier and the dense
interstitial stroma of the gastric wall, enabling direct modulation of glial cells and Schwann cells to disrupt the glia-
macrophage positive feedback loop at its source. Second, liquid biopsy panels combining exosomal macrophage
polarization markers and neuroinflammatory cargos (eg., miR-16-5p, IL-1p, NGF) can be developed to stratify patients
with high perineural invasion risk, enabling precise patient selection for neuroimmune-targeted regimens. Third,
exosome-based immunotherapy can be synergized with non-pharmacological neuromodulation approaches (eg., vagus
nerve stimulation, acupuncture) to concurrently normalize autonomic tone and remodel the tumor microenvironment.
This three-pronged strategy moves beyond conventional single-target paradigms, directly addresses the unique anatomi-
cal and pathophysiological challenges of gastric cancer, and holds substantial promise to overcome current therapeutic
bottlenecks.

At the mechanistic core, the exosome-macrophage-neuroinflammation regulatory network operates through three
hierarchically interconnected layers, with neuro-immune crosstalk as the definitive conceptual takeaway of this review.
First, the NLRP3 inflammasome functions as the central converging node. HMGBI carried by gastric cancer cell-derived
exosomes activates the NLRP3 inflammasome via TLR4 to drive IL-1p maturation, which not only amplifies inflam-
matory cascades but also triggers glial cell activation and NGF release to fuel nerve fiber hyperplasia. conversely, miR-
16-5p from M1 macrophage-derived exosomes directly suppresses NLRP3 expression to simultaneously block inflam-
matory amplification and neuroinflammatory progression. Second, exosomes bidirectionally regulate macrophage polar-
ization states to shape the immune microenvironment: pro-tumor exosomes drive M2 polarization via MAPK/ERK and
PI3K/Akt pathways to reinforce immunosuppression, while anti-tumor exosomes reverse this phenotypic shift to restore
anti-tumor immunity. Third, autonomic and sensory nerve signals form a reciprocal regulatory loop with immune cells
via exosomal mediators: norepinephrine released by sympathetic nerve fibers promotes gastric cancer cell EMT and
exosome secretion through B2-adrenergic receptor signaling, and in turn, M2 macrophage-derived VEGF and IL-1B
accelerate nerve innervation and glial cell activation. Exosomes from different cellular origins exhibit distinct regulatory
properties for this neuro-immune axis, providing a mechanistic basis for personalized therapeutic regimens tailored to
different discase stages.
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