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Abstract: Digestive system tumors (including colorectal cancer, hepatocellular carcinoma, and gastric cancer) have become one of
the most serious global cancer burdens, and their pathological evolution and chronic inflammatory microenvironments are closely
related. Chronic inflammation moves into cancer by angling immune cell infiltration, pro-inflammatory stuff, and aberrant signaling
pathways, which advance tumor cell growth factor and burst, hitching a ride. In this context, mesenchymal stem cell-derived
extracellular vesicles (MSC-EVs)—naturally occurring nan vesicles enveloped by a bilipidic layer—are loaded with bioactive
substances like proteins, miRNAs, which present considerable promise in remodeling the chronic inflammatory microenvironments
and arresting tumor development. MSC - EVs have the benefits of low risk of being immunogenic, good biological compatibility, and
targeted homing capabilities; however, the main aspect is that they adjust immune cells and interfere with key signaling systems using
the bioactive materials that they carry. This can be carried out to modulate the chronic inflammatory environment, and it is also carriers
to carry specific loads (miRNAs, chemotherapeutic drugs, etc.) to inhibit the tumor cell biological behavior. However, the potential
pro-tumorigenic effects of MSC-EVs under specific conditions cannot be overlooked, as they may also transport cargos that accelerate
tumor progression. Similarly, EVs derived from non-mesenchymal sources have been shown to drive malignancy through various
signaling mechanisms. Although MSC-EVs have great clinical value, there are still problems such as the standardization of
preparation, the standardization of heterogeneity control, and the standardization of safety evaluation. Current engineering modifica-
tion strategies can enhance the effectiveness of engineering. In the future, innovative combinations of technologies and approaches
may even lead to more rapid progress toward translation from the bench to the bedside. This paper mainly discusses MSC-EVs
regulation mechanism towards chronic inflammation, and the potential for it to inhibit or promote tumor growth, as well as conducting
a systematic review of current research on MSC-EVs as a treatment agent for digestive system tumors. Finally, It outlines challenges in
clinical application and future prospects.

Keywords: chronic inflammation, digestive system tumors, mesenchymal stem cells, extracellular vesicles, immunomodulation,
targeted therapy

Introduction

In recent years, digestive system tumors have become an important part of the world’s cancer burden. From the view of
epidemiology, digestive system cancers are the main sources in terms of incidence and death from these kinds of cancers:
colorectal cancer (CRC), hepatocellular carcinoma (HCC), and gastric cancer (GC).! In spite of the various causes for
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tumorigenesis and development, chronic inflammation plays a bigger part in raising cancer threats. Its role is very
important in the beginning of a tumor. It helps a tumor get started and makes it grow worse. Inflammatory cells exert
their influence on the surrounding tumor cells by continuously emitting chemokines, reactive nitrogen species (RNS), and
reactive oxygen species (ROS).? In a certain pathologic evolution of digestive system tumors, chronic inflammation has
become a major factor in tumor initiation and progression. Inflammatory bowel disease (IBD) is a major player in
initiating and promoting CRC. Persistent chronic inflammation in IBD triggers oxidative stress, which cranks out massive
amounts of ROS and RNS via NADPH oxidase and NOS, directly causing oxidative DNA damage. This inflammatory
microenvironment does more than just interfere with DNA repair and cause mutations in key tumor suppressors like p53;
it also activates oncogenic pathways. By driving abnormal cell growth and clonal expansion, these processes ultimately
fuel the progression toward colorectal cancer.” In HCC, hepatic inflammation causes HCC to start and grow through
various different ways. It promotes the survival and spread of HCC stem cells through pathways such as the IL-6/Signal
Transducer and Activator of Transcription 3(STAT3) pathway, and also causes DNA damage and genetic disorders by
producing ROS and RNS, which leads to the creation of an environment where genetic changes linked with HCC
development are favorable.* It is the same link between chronic gastritis caused by Helicobacter pylori (H. pylori) and
GC. The cause is that H. pylori activates the NOD1/nuclear factor kB (NF-kB) pathway, driving the release of pro-
inflammatory factors such as IL-8 and creating a chronic inflammatory environment. This chronic inflammatory state
leads to severe damage to the gastric mucosa, which in turn induces gastric atrophy and ultimately progresses to gastric
cancer.” Currently, surgical resection remains the primary curative approach for digestive system tumors. However,
clinical practice has evolved toward a multimodal integrated management model, which systematically incorporates
chemotherapy and targeted therapy based on pathological staging alongside early intervention.® In addition to the current
treatment approaches, preventing and treating digestive system cancers by controlling prolonged inflammation has
become a major prevention and cure method.’

Due to the significant effects on the immune system, the therapy using mesenchymal stem cells (MSCs) has received
extensive research. A lot of preclinical research points out that the good effects MSCs bring about are mostly because of
their paracrine mechanisms. As the major paracrine mediators, extracellular vesicles derived from mesenchymal stem cells
(MSC-EVs) function by transporting biomolecules such as nucleic acids and proteins to participate in the regulation of
inflammation.® In terms of existing studies, it’s well established that MSC-EVs inhibit tumor proliferation and metastasis
through immunomodulation and antitumor responses as well as the potential to become a good drug carrier for targeted drug
delivery.” In short, MSC-EVs have excellent clinical application potential to reduce tumor growth and to prevent
tumorigenesis in the chronic inflammatory microenvironment and to prevent and treat the tumor directly. The focus should
be placed on exploring the specific mechanisms by which MSC-EVs regulate chronic inflammation, analyzing their dual
roles in tumor progression, and, based on current research advances, thoroughly examining the challenges and engineering
optimization strategies encountered during their transition from basic research to clinical application.

Molecular Composition and Biological Functions of EVs

Intercellular signaling is crucial for multicellular organisms to maintain order, ensure normal functioning, and respond to
pathological changes. Extracellular vesicles (EVs) are the main carriers of intercellular signaling system. According to
their origin and size, extracellular vesicles can be classified into: exosomes, microvesicles, and apoptotic bodies.'”
However, given that most current isolation techniques struggle to physically distinguish exosomes from other sources of
nanovesicles, the latest guidelines published by the International Society for Extracellular Vesicles (ISEV) recommend
using “extracellular vesicles” as a general umbrella term.'" Therefore, although many original studies cited in this review
employ the term “exosomes,” to ensure terminological rigor, this paper will consistently use “mesenchymal stem cell-
derived extracellular vesicles (MSC-EVs)” hereafter. Extensive research has fairly thoroughly explained the biological
traits and functions of EVs. The secretion of EVs by parental cells is a complex physiological process, intricately
regulated through mechanisms involving endocytosis and intracellular sorting. EVs are formed during biogenesis via the
multivesicular body (MVB) pathway, Early endosomes are created by endocytic invagination or fusion with vesicles
originating from the Golgi apparatus. They then develop into late endosomes, producing intraluminal vesicles (ILVs).
And what’s more, MVB fuse with the plasma membrane to release ILVs as EVs. This process relies on the coordinated
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regulation of the endosomal sorting complex required for transport (ESCRT) machinery and non-ESCRT-dependent
pathways.'? The outer membrane of EVs consists of a lipid bilayer. This membrane is composed of various lipids,
including cholesterol, sphingomyelin, and phosphatidylethanolamine. These lipid components not only maintain mem-
brane rigidity but also actively participate in cargo sorting and intercellular signaling processes.'> Bioactive molecules
are a large part of what can be found inside EVs. Proteins can be classified into many kinds, such as the transmembrane
protein family (eg, CD9, CD63, CD53, CD81), bioactive enzymes, and signaling proteins Nucleic acids are of different
kinds, including mRNA, miRNA, and circular RNA.'* The main biological function of EVs is to serve as a medium of
intercellular communication, carrying bioactive molecules contained within the EVs inside the compartments of the EVs
and targeted towards and recognized by the cell, so as to exert control over the regulation of physiological or pathological
processes in such cells. After EVs recognize receptor cells, there are three ways that the target cells could be activated by
the EVs. The first pathway involves ligands on the surface of EVs binding to receptors on the surface of target cells,
thereby activating downstream signaling pathways within the target cells.'> The second pathway involves EVs directly
releasing their cargo into the cytoplasm of target cells through membrane fusion.'® The third pathway involves target
cells directly engulfing entire EVs through endocytosis, after which the cargo of the EVs is released directly into the
cytoplasm.'” Endocytosis is one of the primary pathways for EVs to enter cells (Figure 1). The pathways by which EVs
enter cells are influenced by surface molecules on EVs, target cell characteristics, and the microenvironment where EVs
are present.'® After entering cells, EVs deliver their bioactive molecules to target cells. These bioactive molecules
influence the physiological activities of target cells by regulating gene expression, altering signaling pathways, and
inducing immune responses. In the field of medical research, based on the core biological functions of MSC-EVs and
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Figure | Biogenesis, molecular composition, and cellular uptake pathways of EVs.The schematic illustrates the release of EVs from donor cells via the multivesicular body
(MVB) pathway, their structure containing bioactive cargo (proteins, nucleic acids) and surface markers (eg, CD9,CD53, CDé63, CD81), and the three primary mechanisms
for interacting with target cells: endocytosis, receptor binding, and membrane fusion.
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their advantages of excellent biocompatibility and low immunogenicity, MSC-EVs are employed as natural carriers for
therapeutic drugs. They achieve specific therapeutic effects by targeting and delivering specific therapeutic drugs or
engineered bioactive molecules into cells.

Inflammatory Diseases of the Digestive System: A Microenvironment
Suitable for Digestive System Tumors

Major Mechanisms of the Chronic Inflammatory Microenvironment

Inflammation is a protective response that occurs when the body encounters various exogenous and endogenous injury
factors that cause damage to cells, tissues, and organs. The inflammatory response is characterised by a series of complex
reactions, including the elimination of injurious factors, the absorption of necrotic tissue and cells, and the repair of
damage.'® Inflammation can be classified into two distinct types: acute inflammation and chronic inflammation. When
the mechanisms responsible for resolving inflammation become imbalanced, the inflammatory response fails to subside,
leading to a persistently activated inflammatory state. This type of inflammatory response is termed chronic
inflammation.”® Chronic inflammation has been found in multiple systems of the human body, and there is strong
evidence indicating that it is a clear risk factor for the development of various tumors of the digestive system. The
inflammatory microenvironment, which is shaped by chronic inflammation, contains a variety of immune cells, including
T cells, B cells, and macrophages. These immune cells activate signaling pathways such as NF-«kB/JAK-STAT by
secreting cytokines, including IL-6 and TNF-a. This process consequently drives the biological behaviors associated with
tumor initiation, proliferation, migration, and invasion.?' The NF-kB and STAT3 signaling pathways play a major role in
the transition from chronic inflammation to tumors. Extracellular inflammatory signals are converted into intracellular
pro-tumor programs through these pathways, specifically by synergistically regulating the expression of tumor-promoting
genes, including angiogenesis-related genes, chemokines, and immunosuppressive cytokines.”> During the process of
tumour development, the NF-kB signaling pathway confers anti-apoptotic properties to tumour cells. This is achieved
through the direct regulation of the expression of anti-apoptotic genes, including c-IAPs, c-FLIP, A1/Bfll, TRAFI, and
TRAF?2. This enables tumour cells to evade programmed cell death, thereby facilitating their massive proliferation.> It
has been shown that the NF-kB signaling pathway can also induce the expression of vascular endothelial growth factor
(VEGF) and matrix metalloproteinases, thereby promoting tumor angiogenesis.>* The STAT3 signaling pathway and the
NF-«B signaling pathway form a synergistic relationship through a positive feedback loop. Specifically, NF-kB activates
STAT3 by inducing IL-6, while STAT3 continuously enhances NF-«kB activity by upregulating the S1PR1 receptor,
thereby establishing a positive feedback cycle.”” In addition, abnormally activated immune cells in the chronic
inflammatory microenvironment can secrete large amounts of ROS and RNS, which can directly damage DNA, leading
to base modifications, DNA single-strand or double-strand breaks, and chromosomal aberrations.?® Chronic inflammation
can also reprogram cellular epigenetics, primarily manifested in two ways: On one hand, pro-inflammatory cytokines
such as IL-1B, TNF-a and ROS induce hypermethylation of CpG islands in tumor suppressor gene promoters by
recruiting DNA methyltransferase and histone methyltransferase complexes, thereby leading to transcriptional silencing.
On the other hand, chronic inflammation also induces genome-wide hypomethylation and abnormal histone modifica-
tions, further promoting the aberrant activation of oncogenes.”’” The inflammatory response is a series of reactions
designed to protect cells, tissues, and organs from exogenous or endogenous damage. However, the inflammatory
microenvironment shaped by prolonged chronic inflammation promotes tumor initiation and progression. Selected
digestive system tumors will be discussed in detail in the following sections.

Chronic Inflammatory Diseases and CRC

IBD is a classic example of chronic inflammation in the pathological evolution of colorectal diseases. This condition
causes recurrent damage to the intestinal mucosa, leading to persistent inflammatory responses. Its progression involves
a complex pathological process encompassing three main factors: dysregulation of immune responses, disruption of the
gut microbiota, and genetic susceptibility.”® Immune dysregulation represents the primary mechanism underlying the
pathological progression of chronic inflammation. This mechanism manifests primarily as dysfunction of immune cells,
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characterized by excessive activation of Thl7 cells and insufficient function of regulatory T cells (Tregs).”’
Dysregulation of immune cells results in ongoing immune attacks on the intestinal mucosa. Factors that promote
inflammation, such as TNF-q, IL-6, and IFN-y, are highly expressed in chronic inflammation. These pro-inflammatory
factors enhance vascular permeability, enabling immune cells to migrate to the site of inflammation and intensify the
inflammatory response.* In addition, increased levels of IL-17 secreted by Th17 cells can induce the production of
proinflammatory cytokines such as IL-6 and TNF-a by activating the mitogen-activated protein kinase (MAPK)
pathway.?'** Long-term exposure to an inflammatory microenvironment significantly increases the risk of carcinogenesis
in colorectal tissues.>® From the perspective of pathological evolution, IBD-associated CRC follows the sequence of
“inflammation—dysplasia—carcinogenesis.” Chronic inflammation drives the accumulation of gene mutations, ulti-
mately leading to cancer development.*® The inflammatory response subjects intestinal mucosal cells to persistent
immune attacks, leading to abnormal proliferation of mucosal cells.*> Mucosal cell dysplasia is classified into low-
grade dysplasia and high-grade dysplasia. Both types represent well-defined precancerous lesions.*® High-grade dysplasia
may progress to invasive adenocarcinoma.’” Furthermore, at the genetic level, the release of large amounts of ROS or
RNS by immune cells can directly damage DNA, thereby affecting the function of key genes.’® ROS directly causes
point mutations or deletions in the tumor suppressor gene p33, causing it to lose its DNA repair and apoptosis regulation
functions.*” In addition, studies have shown that mutations in the Wingless-type MMTV integration site family (Wnt)
pathway negative regulator gene RNF43 lead to sustained activation of Wnt signaling, thereby upregulating the
expression of oncogenes such as c-Myc.*® In an animal model study, mice with mutations in the Wnt pathway regulatory
gene APC accelerated tumor differentiation within an inflammatory microenvironment.*!

Chronic Inflammatory Diseases and HCC

Chronic inflammation manifests as chronic hepatitis in the liver. The aetiology of chronic hepatitis is multifarious and intricate.
Common contributory factors encompass persistent infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), long-term
alcoholic liver disease, and non-alcoholic fatty liver disease.*? The chronic inflammatory microenvironment that is established
due to chronic hepatic inflammation has been shown to increase the risk of HCC occurrence and progression. This chronic
hepatic inflammatory microenvironment is characterized by persistent hepatocyte injury and death alongside compensatory
regeneration, resulting in complex genetic alterations.* From the perspective of pathological progression, hepatocellular
carcinoma associated with chronic hepatitis follows a typical sequence of “inflammation — liver fibrosis — cirrhosis —
carcinogenesis”.** Immune dysregulation has been identified as the primary mechanism underlying the evolutionary sequence of
chronic inflammation that contributes to liver carcinogenesis. Hepatocellular stellate cells, which act as key mediators in chronic
inflammation, have been shown to actively recruit myeloid-derived suppressor cells (MDSCs) via the SDF-1/CXCR4 axis. This
process has been found to result in immune cell functional exhaustion and immune evasion.* In the context of chronic
inflammation, a variety of immunosuppressive cell subsets, such as Tregs and MDSCs, are present. These immunosuppressive
cells secrete cytokines, including IL-10 and TGF-B, which have been shown to suppress antitumor immune responses.*®*” In
addition, TNF-a and IL-6, which are secreted by immune cells or hepatic parenchymal cells, are persistently overexpressed in the
chronic inflammatory microenvironment. This enhances inflammatory responses and activates key signaling pathways, thereby
promoting malignant proliferation of hepatocytes.*® The NF-kB and MAPK signaling pathways are crucial signaling pathways in
the progression of inflammation to hepatocellular carcinoma. Cytokines such as TNF-a and IL-6 suppress the normal apoptotic
program of hepatocytes by activating the NF-«B signaling pathway, thereby upregulating the expression of anti-apoptotic genes
like Bcl-2.*° By activating the MAPK signaling pathway, particularly the c-Jun N-terminal kinase (JNK) signaling pathway.
Research indicates that the JNK1 signaling pathway promotes the development of hepatocellular carcinoma by inducing
malignant proliferation and selective cell death in hepatocytes, thereby facilitating tumor formation. It also enhances cancer
cell growth by upregulating pro-proliferative factors such as cyclin D1.°° In addition, another study indicates that the TOX3
protein promotes the initiation, progression, and metastasis of hepatocellular carcinoma by targeting key molecules in the MAPK
signaling pathway, such as p-ERK1/2.>" In addition, immune cells and damaged liver cells produce large amounts of ROS and
RNS, which can directly damage DNA, leading to DNA strand breaks, base modifications, and other injuries, thereby triggering
gene mutations and genomic instability.>*
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Chronic Inflammatory Diseases and GC

The development of GC is also highly correlated with long-term chronic inflammation. The progression from chronic
inflammation to GC follows a stepwise pathological process: non-atrophic gastritis—atrophic gastritis—intestinal
metaplasia—dysplasia—invasive carcinoma.’ 3> H. pylori infection promotes DNA damage and malignant proliferation
in gastric mucosal epithelial cells through pathways such as upregulating spermidine oxidase and increasing the
production of acrolein, a bacterial metabolite, thereby accelerating the malignant transformation of gastric mucosal
epithelial cells.>* In the progression from gastritis to GC, persistent dysregulation of immune function serves as a key
factor, with the imbalance in immune mechanisms acting as the initiating step in this evolutionary process. In chronic
gastritis induced by factors such as H. pylori infection, the gastric mucosal epithelium recruits and activates a large
number of immune cells (eg, neutrophils, macrophages, T cells). These immune cells release substantial amounts of pro-
inflammatory cytokines (eg, IL-8, IL-1B, TNF-a), chemokines, and growth factors.”> Cytokines such as IL-8, IL-1f, and
TNF-a enhance vascular permeability and also attract more immune cells to migrate to the site of inflammation, creating
a vicious cycle.’® A study found that the IL-1p signaling pathway activates CREB and C/EBPp transcription factors by
regulating ERK1/2-dependent mechanisms. This process consequently induces gastric cancer cell proliferation and
enhances their survival rate.’” In addition, H. pylori infection represents a pivotal external factor. Lipopolysaccharide
(LPS) constitutes a component of the outer membrane of H. pylori. It is recognized by Toll-like receptors (TLRs) situated
on the surface of gastric epithelial cells and immune cells. Following binding, it activates downstream immune signaling
pathways. A study has shown that the binding of LPS to Toll-like receptor 4 (TLR4) on the surface of gastric epithelial
cells and immune cells activates the NF-kB pathway, thereby enhancing the inflammatory response.’® In addition, the
virulence factor Cytotoxin-associated gene A (CagA) carried by H. pylori can exert immunosuppressive effects by
influencing multiple signaling pathways, ultimately leading to malignant proliferation of tumor cells, promoting tumor
angiogenesis, and enhancing cellular invasiveness. CagA promotes P-catenin release and transcriptional activation by
activating the phosphoinositide 3-kinase/protein kinase B pathway (PI3K/AKT) and the Wnt/B-catenin pathway, thereby
driving cell proliferation, morphological changes, and migration.”® Under the combined influence of endogenous and
exogenous factors, the genomes of gastric epithelial cells persistently exposed to an inflammatory microenvironment
sustain damage. Neutrophils and macrophages, among other immune cells, secrete large amounts of ROS and RNS,
which can directly induce DNA damage. This leads to the inactivation or abnormal activation of key genes, thereby
facilitating the accumulation of genetic mutations that contribute to carcinogenesis.’® (Table 1 and Figure 2)

Mechanism of Action of MSC-EVs in Treating Chronic Inflammation
MSC-EVs’ Role in Regulating Immune Cells

MSC-EVs can modulate the inflammatory microenvironment by carrying various bioactive molecules (miRNA, proteins,
lipids, etc), thereby exerting anti-inflammatory, anti-fibrotic, and tissue-repairing effects.’ MSC-EVs can regulate
immune cells (such as T cells, B cells, and macrophages) within the inflammatory microenvironment through multiple

Table | Roles of Key Inflammatory Factors in the Microenvironment of Digestive System Tumors

Tumor Inflammatory Effect References
Type Factors
CRC TGF-B Induces EMT, suppresses antitumor immunity, and exerts synergistic effects with other [33]

inflammatory factors.

TNF-a Damage cells; activate tumorigenic transcription factors, upregulate key gene expression, produce [34,38]
pro-inflammatory mediators, and synergize with other cytokines to collectively drive the tumor

transformation process.

IL-6 Trans-signaling activates the STAT3 pathway, inducing the expression of anti-apoptotic genes, [37]

enhancing T cell survival, and exacerbating chronic inflammation.

(Continued)
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Table | (Continued).

Tumor | Inflammatory Effect References
Type Factors
HCC IL-1B As a pro-inflammatory cytokine, it participates in the inflammatory cascade and promotes tumor [42]

invasion and metastasis in a persistent inflammatory environment.

TNF-a Promote liver fibrosis, activate oxidative bursts, and regulate apoptosis or anti-apoptotic pathways. [43]

IL-6 Promotes the progression of fibrosis. Acting synergistically with other factors, it induces the [44]
differentiation of Th17 cells and Tregs, exacerbating immunosuppression and fibrosis.

IL-10 Directly impairs NK cell and downstream CD8+ T cell function, suppresses the stimulatory [47]
capacity of antigen-presenting cells, and promotes elevated PD-L| expression in monocytes,
thereby facilitating immune escape.

GC IFN-y Promotes Thl-type inflammatory responses and participates in the process of epithelial damage. [53]

IL-1B It synergistically upregulates factors such as IL-17A to recruit and activate gastric mucosal immune [55]
cells, collectively triggering inflammatory responses; it forms a positive feedback loop with IL-8,

inducing IL-8 expression to exacerbate the inflhammatory cascade.

TNF-a Released by macrophages, it can exacerbate DNA damage and promote the progression of gastric [55]

mucosal lesions.

IL-8 Leading to increased proliferation of gastric cancer cells, recruitment and activation of immune cells [58]

such as neutrophils, and activation of transcription factors like NF-kB, thereby maintaining a pro-

inflammatory environment.

mechanisms. Macrophages are one of the primary immune cell types in the inflammatory microenvironment. Based on
their functional properties, they can be classified into pro-inflammatory M1 and anti-inflammatory M2 subtypes. MSC-
EVs improve the chronic inflammatory microenvironment by regulating the polarization of macrophages from the M1 to
the M2 phenotype.® Studies have shown that in a mouse model of colitis, MSC-EVs can alleviate colitis symptoms by
inducing M2b-type polarization in macrophages and enhancing their ability to secrete the anti-inflammatory factor IL-10,
thereby suppressing the production of pro-inflammatory factors (IL-1p, IL-6, TNF-0).”> MSC-EVs also promote
macrophage M2 polarization by delivering miR-182 to target and suppress TLR4 expression.®* In an in vitro experi-
mental study, MSC-EVs carrying miR-148a significantly reduced the expression levels of M1 macrophage markers
(iNOS, TNF-q, IL-6) while simultaneously upregulating the expression levels of M2 markers (IL-10, CD206, Arg-1).%
Tregs are a key T cell subset that maintains immune homeostasis and suppresses autoimmune responses. In inflammatory
microenvironments, Tregs exhibit reduced numbers or functional inactivation. Research indicates that MSC-EVs can
induce Treg generation. MSC-EVs contain TGF-B1, which promotes the expression of the Foxp3 transcription factor,
thereby inducing Treg production.®® Furthermore, in another study, bone marrow-derived MSC-EVs effectively promoted
Treg cell differentiation and functional recovery by delivering JKAP protein through the AKT/Extracellular Signal-
Regulated Kinase (ERK) signaling pathway.®” Dendritic cells initiate immune responses through antigen presentation.
MSC-EVs block dendritic cells maturation and attenuate their ability to activate T cells by upregulating IL-10 and TGF-f
while simultaneously suppressing the expression of co-stimulatory molecules such as CD40, thereby inducing immune
tolerance.®® Overall, MSC-EVs systematically regulate immune cell populations within the inflammatory microenviron-
ment through their bioactive molecules, redirecting the originally imbalanced immune response back to a balanced state.

Effects of MSC-EVs on Inflammation-Related Signaling Pathways

In the chronic inflammatory microenvironment, a complex network of cellular regulation is formed by a series of
intricate signaling pathways. MSC-EVs can regulate inflammatory signaling by intervening in key steps of these
pathways. A Study has shown that MSC-EVs regulate the NF-kB signaling pathway by delivering miR-146a, which
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Figure 2 Schematic representation of the transition from chronic inflammation to tumorigenesis in digestive system tumors.The diagram illustrates the distinct pathological
progressions for CRC, HCC, and GC, highlighting key drivers such as immune dysregulation, activation of oncogenic signaling pathways and genetic instability induced by
oxidative stress and pathogens.Upward and downward arrows indicate as labeled; arrows without text labels represent the direction of signaling transduction/flow.

can target and suppress the expression of TRAF6 and IRAK1. This process results in the inhibition of NF-«kB activation
and the alleviation of inflammatory responses.®” Another study has found that MSC-EVs exert a direct influence on
TLR4 expression by delivering miR-145-5p, thereby inducing inhibition of NF-kB activation.’® In addition, MSC-EVs
have been shown to inhibit the phosphorylation of p38 mitogen-activated protein kinase (p38 MAPK) within the MAPK
family through the delivery of specific miRNAs, thereby slowing the progression of chronic inflammation. For example,
in the chronic inflammatory process associated with intervertebral disc degeneration, there is overexpression of the LRG1
protein, which leads to the activation of the p38 MAPK signaling pathway, as evidenced by elevated levels of
phosphorylated p38 protein, miR-129-5p is a key cargo of MSC-EVs that directly targets and suppresses LRG1 protein
expression, thereby inhibiting phosphorylation within the p38 MAPK signaling pathway.”' MSC-EVs can also affect
signaling pathways related to anti-inflammation and tissue repair. Adipose tissue-derived MSC-EVs promote PI3K/AKT
signaling pathway activation by carrying miR-126, which enhances phosphorylation of the core protein Akt.”? This
mechanism inhibits endothelial cell apoptosis and enhances cellular survival capacity. In another study, adipose tissue-
derived MSC-EVs stimulated osteoblast proliferation and differentiation by carrying miR-136-5p, which suppressed the
expression of LDL receptor-related protein 4 (LRP4)—a downstream target gene of the Wnt/B-catenin pathway—thereby
promoting fracture healing.”> MSC-EVs simultaneously regulate inflammation-related signaling pathways through
a multi-level, multi-target approach, thereby achieving the suppression of pro-inflammatory signals, activation of anti-
inflammatory signals, and restoration of repair and regeneration-related signaling pathways. (Figure 3 and Table 2)

Progress in Research on MSC-EVs for Treating Digestive System Tumors
Advantages of MSC-EVs in Tumor Therapy

MSC-EVs demonstrate tremendous potential as natural nanoscale delivery vehicles. MSC-EVs derived from human
sources exhibit low immunogenicity due to their biomimetic membrane structure and reduced membrane-bound protein
content, significantly reducing the risk of triggering severe immune rejection reactions and thereby substantially
enhancing treatment safety.”* The intrinsic low immunogenicity of MSC-EVs renders it superior to most synthetic
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Figure 3 Molecular mechanisms of MSC-EV-mediated regulation of inflammation-related signaling pathways.The diagram illustrates how specific miRNAs delivered by MSC-
EVs target key molecules (eg, LRGI, TLR4, TRAF6) to modulate downstream signaling cascades, including the inhibition of pro-inflammatory NF-kB and p38 MAPK
pathways, and the activation of cell survival and repair pathways such as PI3K/Akt and Wnt/B-catenin.

carriers in numerous treatment regimens. In addition, the structural integrity of EVs is maintained by the lipid bilayer that
envelops them, thus safeguarding the integrity of their internal cargo during circulation.” It is also noteworthy that MSC-
EVs demonstrate superior inherent capabilities for crossing biological barriers. Given their natural bilayer lipid structure
and abundant surface adhesion proteins, MSC-EVs possess the potential to penetrate the blood-brain barrier.”® Moreover,
MSC-EVs have been shown to be capable of encapsulating a variety of therapeutic molecules. Utilising engineering
approaches allows MSC-EVs to carry specific mRNA or modified siRNA, thus enabling functional delivery within target
cells.”” This phenomenon can be attributed to the homing properties exhibited by MSC-EVs, which facilitate their
migration to tumor sites and areas of inflammation. Consequently, they are well-suited to serve as carriers for the precise

Table 2 Regulatory Effects of MSC-EV Cargo on Signaling Pathways

Cargo Target Signal Pathways | Regulatory Relationship | References
miR-146a TRAF6/IRAKI | NF-«xB Inhibition [69]
miR-145-5p | TLR4 NF-kB Inhibition [70]
miR-129-5p | LRGI p38 MAPK Inhibition [71]
miR-126 Akt PI3K/AKT Promotion [72]
miR-136-5p | LRP4 Wht/B-catenin Inhibition [73]
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delivery of encapsulated, specific miRNAs to tumor tissues.”® In addition to their role as carriers, the bioactive molecules
transported by MSC-EVs have been shown to possess the capacity to directly suppress tumors. These effects are achieved
by the regulation of complex signaling networks, thereby inhibiting tumor biology. Angiogenesis plays a key role in
tumor growth and metastasis. Tumor blood vessels supply oxygen and nutrients to tumor cells while aiding in the
removal of metabolic waste products.”® A study shows that MSC-EVs can downregulate the expression of key pro-
angiogenic factors by targeting VEGF through the miR-16 they carry. This process subsequently inhibits the formation of
new blood vessels in tumor tissues.*® Epithelial-mesenchymal transition (EMT) is a pivotal dynamic process in cell
biology. This process entails the loss of polarity and intercellular junctions by epithelial cells through specific signaling
pathways, resulting in their transformation into migratory mesenchymal cells. EMT is reactivated during tumorigenesis,
thereby conferring metastatic properties to cancer cells. These properties include enhanced motility, invasiveness, and
resistance to apoptotic stimuli.*’ MSC-EVs can suppress tumor cell migration and invasion capabilities by adjusting the
EMT process, thereby effectively curbing distant metastasis of tumors.*” Immunosuppression represents a primary
mechanism through which tumors are able to evade the immune system. MSC-EVs have been shown to regulate immune
cell activation and functional states by delivering specific miRNAs to immune cells, including T cells and natural killer
cells.*> MSC-EVs exhibit significant therapeutic potential across diverse tumor subtypes. Although they excel at
delivering therapeutic payloads, evidence also indicates suggests the potential of MSC-EVs to promote cancer progres-
sion. Within specific tumor microenvironments(TME), MSC-EVs facilitate tumor proliferation, EMT and angiogenesis.
By modulating various signaling pathways, these vesicles significantly accelerate oncogenic progression.®® Particularly
within the digestive system, evidence indicates that MSC-EVs exert dual regulatory effects on tumor progression,
contingent upon specific microenvironmental conditions or their distinct molecular cargo.

Progress in MSC-EVs Treatment Research for CRC

Current research on MSC-EVs for the treatment of CRC reveals a concentration on two distinct aspects: the regulation of
tumor cell behavior and the utilization of EVs as vehicles for drug delivery. On the one hand, the miRNAs carried by MSC-
EVs can directly regulate tumor cell behavior. In a study, human bone marrow-derived MSC-EVs were found to be rich in
miR-22-3p. This microRNA directly targets and suppresses the expression of the RAP2B protein, thereby downregulating the
activation level of the downstream key PI3K/AKT signaling pathway.® Ultimately, this inhibits the proliferation, migration,
and invasive capabilities of CRC cells. In another study, integrin alpha 2 ITGA2), a key molecule mediating cell-extracellular
matrix adhesion, was found to be highly expressed and closely associated with tumor invasion and metastasis. Bone marrow-
derived MSC-EVs overexpressing miR-16-5p restricted CRC progression by downregulating ITGA2.%° In addition, studies
have indicated that MSC-EVs derived from human umbilical cords can directly target and bind to ITGA6 by carrying miR-
3940-5p, thereby inhibiting the TGF-B1 signaling pathway and ultimately suppressing the invasion, metastasis, and EMT of
CRC cells.*” On the other hand, MSC-EVs can serve as natural drug delivery carriers. Through engineered modifications, they
can carry specific miRNAs or chemotherapy drugs and deliver them directly to CRC cells for targeted therapeutic effects.
A study has demonstrated that the fusion of MSC-EVs with folate-modified liposomes to form hybrid extracellular vesicles
and subsequent loading with paclitaxel significantly enhances drug delivery efficiency. The hybrid system under investigation
exhibited folate-enhanced tumor targeting in colorectal cancer models. The system achieved this enhanced targeting by
activating CD4+/CD8+ T cells, promoting M1 macrophage polarization, and suppressing Tregs cells. These mechanisms
acted in a synergistic manner, resulting in the significant enhancement of antitumor efficacy.®® In contrast to the anti-tumor
effects of MSC-EVs, certain studies have highlighted the pro-tumorigenic roles of CRC cell-derived EVs in disease
progression. This dichotomy underscores the inherent potential of EVs to facilitate CRC development, depending significantly
on their parental cell origin. Hypoxia represents a hallmark of the CRC tumor microenvironment. Hypoxia significantly boosts
hypoxia-inducible factor-1o (HIF-1a) expression in CRC cells, leading them to release more EVs packed with miR-210-3p.
These EVs are then taken up by nearby normoxic tumor cells. Once inside, the exosomal miR-210-3p directly targets and shuts
down the tumor suppressor CELF?2. This loss of CELF?2 drives the G1-to-S phase transition and ramps up cell proliferation,
while at the same time blocking apoptosis.*” Beyond localized effects, CRC-derived EVs play a pivotal role in orchestrating
distant metastasis by priming the pre-metastatic niche. Evidence shows that EVs released by CRC cells, packed with miR-221
and miR-222, can home to the liver. Once there, they shut down SPINT1 expression in hepatic stellate cells and trigger
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a massive secretion of hepatocyte growth factor. This remodeling of the hepatic landscape promotes a pro-tumorigenic
microenvironment that helps recruit circulating tumor cells and facilitates the establishment of metastatic lesions.”

Progress in MSC-EVs Treatment Research for HCC

A large body of preclinical research evidence indicates that MSC-EVs possess the ability to suppress HCC through
a variety of mechanisms. For example, bone marrow-derived MSC-EVs significantly inhibit hepatocellular carcinoma
cell proliferation and induce apoptosis by regulating cell cycle-related genes.’' In another study, bone marrow-derived
MSC-EVs carry the IncRNA C5orf66-AS1, competitively bind to miR-127-3p to attenuate its inhibitory effect on
DUSPI, thereby suppressing ERK pathway activation.”® This ultimately inhibits the proliferation, migration, and
invasive capabilities of HCC stem cells. MSC-EVs can regulate the EMT of hepatocellular carcinoma cells by delivering
specific miRNAs. Research has demonstrated that MSC-EVs derived from human umbilical cord inhibit the expression
of ADAMI0 by delivering miR-451a, thereby suppressing the EMT process and ultimately reducing the migration and
invasion capabilities of hepatocellular carcinoma cells.”® Research has also demonstrated that MSC-EVs can exert
therapeutic effects by targeting hepatocellular carcinoma cells through engineered modifications such as targeted peptide
conjugation or miRNA transfection. Adipose tissue-derived MSC-EVs modified with miR-122 induce apoptosis and cell
cycle arrest in hepatocellular carcinoma cells by downregulating the expression of ADAMI10, IGFIR, and CCNGI
genes.” In contrast to the inhibitory effects of MSC-EVs, EVs derived from highly metastatic hepatocellular carcinoma
cells promote tumor progression. These cells exhibit significant oncogenic potential by releasing EVs that transport the
calcium-binding protein S100A4 to low-metastatic recipient cells. SI00A4 within the EVs triggers the phosphorylation
and activation of the STAT3 signaling pathway; activated STAT3 drives the expression of osteopontin and its downstream
stemness-related genes. This signaling axis significantly enhances the invasiveness and metastatic capacity of recipient
cells, thereby promoting an increase in the overall malignancy of the tumor by enhancing their stemness.””

Progress in MSC-EVs Treatment Research for GC

It is noteworthy that research on MSC-EVs has primarily focused on their pro-tumorigenic effects, though some studies also
indicate their potential for anti-cancer activity. MSC-EVs promote tumor progression through multiple oncogenic mechanisms
during the evolution of GC. MSC-EVs activate the AKT signaling axis and initiate EMT, a process that reinforces stem-like
properties while augmenting the proliferative, migratory, and invasive potential of GC cells.”® In another study, human bone
marrow-derived MSC-EVs activated the Hedgehog pathway through upregulation of key molecules (Shh, Glil, Ptchl, Smo),
thereby promoting the proliferation and metastasis of gastric cancer cells.”” Bone marrow-derived MSC-EVs also have been
demonstrated to possess the capacity to modulate the process of angiogenesis in GC. Specifically, these EVs have been found
to activate the ERK1/2 and p38 MAPK pathways, which in turn results in the overexpression of VEGF and chemokine
receptor.”® This series of events has been shown to promote tumor angiogenesis. Notably, regarding their role in drug
resistance, MSC-EVs can activate the CaM-Ks/Raf/MEK/ERK pathway, upregulate multidrug resistance protein expression,
and induce GC cells to develop resistance to 5-fluorouracil (5-FU).*” In addition, MSC-EV's can induce multidrug resistance in
GC cells to cisplatin and vincristine by delivering miR-301b-3p to target and suppress the expression of thioredoxin-
interacting protein (TXNIP)."” Despite these tumorigenic findings, conflicting evidence suggests that MSC-EVs exert an
inhibitory effect in GC. Recent studies have revealed that small extracellular vesicles derived from human umbilical cord-
derived mesenchymal stem cells can significantly suppress GC proliferation and metastasis by delivering miR-13896 to

silence the ATG2A-mediated autophagy pathway, thereby inducing apoptosis.'®!

Challenges, Engineering Strategies, and Combination Therapy for
MSC-EVs
Challenges in Standardization in Clinical Translation and Frameworks for Quality

Control
MSC-EVs have strong capability of controlling the inflammatory microenvironment, and its transpose has great prospect
for application during clinical translation in regard of curing digestive system tumors. A substantial body of research has
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been conducted on MSC-EVs to date, most of it remaining at the preclinical stage is still at the preclinical level.
Although a great deal of progress has been made in the preclinical domain, MSC-EVs in clinical settings still encounter
various challenges. First, the absence of standardized isolation methodologies constitutes a significant hindrance.
Presently, there is an absence of consolidated standards for EVs isolation. There are substantial variations in yield
among the various preparation methods, which complicates the fulfillment of clinical application requirements.'®* The
sources of MSCs used include bone marrow, adipose tissue, and umbilical cord. Given the variety of passages, culture
conditions, and isolation and purification methods—such as ultracentrifugation, exclusion chromatography, and immu-
nocapture—there will be substantial disparities in the final MSC-EV products, including size, amount, and content.'®®
The reproducibility of the research is low, and the clinical efficacy is unstable In addition, the stability of EVs is highly
dependent on the conditions under which they are stored. EVs from different sources may require distinct preservation
conditions, but the optimal conditions for long-term storage remain to be elucidated.'®® During the clinical translation of
MSC-EVs, establishing a rigorous and reproducible quality control (QC) system is a fundamental prerequisite for
ensuring both safety and efficacy. In alignment with the latest MISEV2023 recommendations and the broader consensus
in the field, it is essential that the QC framework covers three core dimensions: physical properties, biochemical
composition, and biological potency.'' The physical characterization of EVs mainly relies on Nanoparticle Tracking
Analysis (NTA) or Dynamic Light Scattering (DLS). NTA provides high-resolution particle size distribution curves and
accurate concentration data, while DLS focuses more on analyzing the overall size distribution of the sample.
Additionally, Transmission Electron Microscopy (TEM) is widely regarded as the gold standard for observing vesicle
morphology and double-checking the accuracy of NTA measurements.'®> Regarding biochemical composition, it is
necessary to simultaneously evaluate multiple categories of markers to verify the presence and integrity of EVs,
including surface proteins, cytosolic proteins, non-EV structures, intracellular organelle markers, and tissue-specific
markers.'® Immunomodulatory activity is a key criterion in the evaluation of biological potency. Recent studies indicate
that the levels of TGF-B1 within MSC-EVs can function as a molecular marker to predict their immunomodulatory
activity.'”” Such marker-based quantitative assays offer superior precision and reproducibility compared to traditional
cell-based co-culture experiments.

Risks of the Double Effect and Engineering Strategies

Although MSC-EVs demonstrate reduced immunogenicity, caution is warranted regarding their dual roles in tumor
therapy. The MSC-EVs exhibit both tumor-suppressing and tumor-promoting activity. To illustrate, under hypoxic
conditions, pretreated MSCs exhibit a significant enrichment of miR-21-5p within their secreted EVs. This specific
miRNA has been shown to facilitate tumor progression by downregulating the expression of PTEN, PDCD4, and RECK,
thereby promoting cancer cell survival, invasion, and EMT.'®® Therefore, In order to use MSC-EVs for the treatment of
inflammation-related digestive system tumors, it is essential to ensure that they do not promote the growth of tumor cells.
Overall, the cargo delivery efficiency of MSC-EVs may remains below the desired threshold. To overcome these
challenges, a series of studies on engineering modification techniques for EVs have been conducted within the research
field. The engineering of EVs involves two main modifications: surface engineering and cargo engineering. In the field of
surface engineering, the predominant strategies for achieving surface modification can be classified into three main
categories: genetic engineering, chemical conjugation, and physical targeting approaches. Prior to EVs secretion, the
expression of fusion proteins capable of targeting specific cell types was induced in MSCs via genetic engineering. These
proteins naturally appear on the membrane surface of EVs secreted by MSCs, enabling specific targeting of designated
cells.'® The genetic engineering modification technology enhances therapeutic specificity and efficiency by enabling
targeted peptides on the surface of EVs to bind specifically to target cells. In the area of chemical coupling strategies,
common approaches involve the utilization of click chemistry, covalent bonding, or electrostatic/hydrophobic interac-
tions for the direct attachment of targeting molecules—such as antibodies or antigens—to the surface of EVs.''® The
advantage is that there is more freedom and it can be adjusted for different diseases. However, it should be acknowledged
that a series of biochemical reactions are necessary, which may potentially compromise the functionality of proteins on
the EVs’ membrane. For the part on physical targeting approaches, One potential strategy entails the co-incubation of
superparamagnetic iron oxide nanoparticles with human mesenchymal stem cells, thereby facilitating the formation of
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nanoparticle-loaded magnetic EVs through the process of endocytosis. The employment of an external magnetic field
serves to guide these particles, thus significantly enhancing their targeted delivery efficiency within a living organism.""!
The engineering of MSC-EV cargo entails the efficient loading of specific therapeutic molecules into MSC-EVs through
methods such as electroporation, ultrasound, incubation, or freeze-thaw cycles. This process encompasses the loading of
small-molecule chemotherapeutic drugs, anti-inflammatory drugs, and nucleic acid molecules that are engineered to
perform specific functions.''> MSC-EVs show significant potential for clinical translation in the treatment of digestive
system tumors; however, achieving this goal requires overcoming several challenges, including standardization, hetero-

geneity, safety, and delivery efficiency.

Combination Therapy with EVs

Although immune checkpoint inhibitors (ICIs) have achieved remarkable progress in cancer therapy, their clinical
response rates are often constrained by the heterogeneity of the TME. Evidence indicates that tumor cells not only
express PD-L1 on their surface but also secrete EVs carrying PD-L1. These PD-L1-carrying EVs can reach distant sites
to bind with PD-1 on CD8+ T cells, inducing CD8+ T cell apoptosis or functional exhaustion.''> However, these same
transport mechanisms can be harnessed for therapeutic gain through bioengineering. In triple-negative breast cancer
(TNBC) models, donor cells such as MDA-MB-231 can be genetically engineered to secrete EVs that highly express
a high-affinity PD-1 variant (havPD-1). These havPD-1-EVs act by competitively binding to membrane-bound PD-L1 on
tumor surfaces and neutralizing tumor-derived circulating PD-L1 EVs, effectively shutting down the PD-1/PD-L1
signaling pathway. This blockade not only restores T-cell activation and cytotoxicity but also directly induces apoptosis
in tumor cells, thereby producing exceptional antitumor activity.''* Ultimately, while the exact mechanisms of MSC-EV-
based combination therapies remain to be fully clarified, their unique transport machinery and immunomodulatory
features are hard to overlook. By leveraging bioengineering techniques, MSC-EVs can be further optimized to act as
a powerful synergistic platform, holding massive potential to boost the efficacy of ICIs in cancer treatment.

Discussion

This review is a large discussion on the basis of systematically discussing the mechanisms and therapeutic effects of
MSC-EVs modulating the digestive system tumors inflammatory microenvironment. The review indicates that MSC-EV's
play an important part in inflammatory regulation in the digestive system tumors. Delivering some miRNAs like miR-
146a, miR-145-5p etc. to stop the major inflammatory signaling pathways such as NF-kB, MAPK. It reshapes the
inflammatory microenvironment by inducing macrophage polarization toward the M2 type and promoting Treg cell
production. This is also a brand new theoretical premise of a comprehensive prevention and treatment strategy, which can
prevent and treat inflammation and cancer from the source, and intervene accurately in the development process of
cancer. More precisely, the potential of MSC-EVs for therapy has a tissue-specific nature for different subtypes of
digestive system tumor. In CRC, MSC-EVs reduce tumor cell malignancy via the PI3K/AKT pathway by delivering
miR-22-3p. In HCC, they have an antitumor effect on it through the ERK pathway and EMT. However, this therapeutic
potential must be carefully weighed against the pro-tumor effects of tumor-derived EVs. As noted, in CRC, hypoxia-
induced tumor-derived EVs boost tumor proliferation by delivering miR-210-3p, or reshape the liver’s pre-metastatic
niche via miR-221/222. Similarly, in HCC, EVs loaded with S100A4 protein from highly metastatic cells can flip the
switch on the STAT3 pathway to enhance invasiveness. These contrasting effects, driven by different parental cells,
further explain why MSC-EVs may carry tissue-specific risks or even act as a double-edged sword across different tumor
subtypes, such as GC. In the specific context of particular tumors, potential risks must be meticulously analyzed, and
targeted optimization of therapeutic outcomes must be actively pursued through engineered modifications. Even though
MSC-EVs exhibit considerable therapeutic potential, there are a number of challenges that must be overcome before their
clinical translation can be realised. The main problem is that MSC-EVs from various tissues and preparation methods.
Heterogeneity comes from greatly different yields, ingredients and biological activities, which seriously reduces the
reproducibility and sturdiness of the results. Therefore, establishing a standardized framework for isolation techniques,
characterization criteria, and quality control is of paramount importance, necessitating strict adherence to the latest
guidelines and field-wide consensus. It is important to note that under certain pathophysiological conditions, MSC-EVs
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may carry pro-cancer molecules. This makes it imperative to conduct comprehensive evaluation and optimization of their
biosafety through rigorous source screening, optimized pretreatment strategies, or cargo editing techniques before clinical
translation. In addition, It is also possible that the expected efficiency of MSC - EVs work as a natural carrier can be
achieved after making engineered modification techniques. We can modify EVs using genetics to express targeting
peptides on the surface of EVs, or modify the surface using click chemistry, so as to improve tumor targeting and therapy.
At the same time, directed loading of therapeutic molecules via physical techniques such as electroporation also serves
this purpose. Looking forward, there is going to be more research work done to make EVs that can accurately identify
tumor tissues and release their curative payload only in specific microenvironments. Meanwhile, Study using MSC-EVs
in combination with current treatment approaches like immune checkpoint inhibitors, chemotherapy, in order to over-
come tumor resistance. By establishing rigorous preclinical evaluation models and validation systems, we are driving
a substantial leap forward in advancing MSC-EVs from preclinical research to clinical application, ultimately providing
safer and more effective innovative treatment options for patients with digestive system tumors.
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