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Background: Endometrial regenerative cell-derived exosomes (ERC-Exos) exhibit tissue repair and anti-inflammatory properties for
ulcerative colitis (UC) treatment, but oral administration is limited by gastrointestinal degradation. This study first developed chitosan-
sodium alginate microcapsules (CSE) for ERC-Exos delivery and explored the role of milk fat globule-EGF factor 8 (MFGES).
Methods: MFGE8-knockdown ERC-Exos (MFGES8™ “-ERC-Exos) were constructed via lentiviral transfection. Colitis-targeted
exosomes (CSE) were prepared, and their in vivo stability and targeting ability were verified. A dextran sulfate sodium (DSS)-
induced murine colitis model was used to evaluate the effects of CSE. Immunofluorescence staining was utilized to assess colon DC
infiltration; Flow cytometry was employed to detect CD4" T cell proliferation and dendritic cell (DC) maturation. EdU/TUNEL
staining and Western blotting were performed to determine intestinal epithelial cell proliferation and apoptosis, as well as the
activation level of the PI3K/AKT/mTOR pathway.

Results: CSE achieved 89.2%+1.5% encapsulation efficiency and 78% colon-targeted release, resisting gastric degradation. Oral CSE
significantly alleviated DSS-induced weight loss (P<0.001), colon shortening (P<0.0001), and histopathological damage, while
restoring intestinal barrier function (reduced permeability, P<0.0001; upregulated tight junction proteins ZO-1/Occludin/Claudin-1).
It also inhibited DC maturation (MLN: P<0.0001; LP: P<0.0001) and CD4'T cell proliferation (MLN: P<0.001; LP: P<0.01), and
normalized cytokine profiles (reduced IL-6/IL-1B/TNF-a, P<0.001; increased IL-10, P<0.0001). MFGES knockdown significantly
attenuated these effects. Mechanistically, MFGE8 mediated ERC-Exos uptake by intestinal epithelial cells via avp5 integrin, activating
PI3K/AKT/mTOR to inhibit apoptosis (P<0.0001) and promote proliferation (P<0.0001).

Conclusion: This study is the first to confirm that the CSE carrier achieves colonic targeted release, overcoming the limitations of oral
exosome delivery. MFGES8 mediates the intestinal epithelial repair effect of ERC-Exos via the PI3K/AKT/mTOR pathway.
Keywords: oral administration, ulcerative colitis, endometrial regenerative cells, exosomes, milk fat globule-EGF factor 8, intestinal barrier

Introduction

Ulcerative colitis (UC) is a chronic intestinal inflammatory disorder." Its global incidence is increasing, especially in
developing nations.” Pathogenesis of UC involves genetic susceptibility, environmental factors, immune dysregulation,
and intestinal barrier damage, leading to barrier dysfunction and clinical symptoms including hemorrhagic diarrhea,
fever, and abdominal pain.3 Currently, the main treatments for UC include antibiotics, aminosalicylates, corticosteroids,
and anti-tumor necrosis factor (TNF) inhibitors. However, these treatments are often associated with significant adverse
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effects, such as immune system dysfunction, gastrointestinal disorders, avascular necrosis, and hepatic dysfunction,
which remain major challenges in clinical management.* Therefore, the identification of safer and more effective
therapeutic strategies for UC remains of utmost importance.

Recent investigations have increasingly focused on the therapeutic potential of mesenchymal stem cells (MSCs) in tissue
regeneration and mitigation.” Endometrial regenerative cells (ERCs) isolated from menstrual blood represent a novel type of
MSCs that retains the fundamental properties of immunomodulation and tissue repair while exhibiting superior proliferative
capacity compared to conventional MSCs.® Furthermore, the collection of ERCs is safer, simpler, non-invasive, and more
cost-effective than traditional MSCs sources such as adipose-derived or bone marrow-derived stem cells, with no significant
ethical concerns.” These attributes collectively enhance their value for clinical applications. A growing body of evidence
suggests that the immunomodulatory effects of MSCs are largely attributable to their secretory exosomes.® Exosomes are
nanoscale extracellular vesicles ranging from 30 to 150 nm in size that are released by virtually all eukaryotic cells. They
contain unique cargoes of nucleic acids, proteins, and lipids, which collectively modulate immune cell phenotype, function,
and homing.” Notably, exosomes derived from endometrial regenerative cells (ERC-Exos) demonstrate superior therapeutic
efficacy and safety profiles,'® highlighting their significant potential for UC treatment.

Owing to degradation by gastrointestinal digestive fluids, exosomes are typically administered intravenously, resulting in
significantly lower targeting efficiency and drug bioavailability compared to oral administration.'' Nevertheless, existing oral
exosome delivery systems typically suffer from low colonic release efficiency and suboptimal encapsulation performance.'?
Specifically, the severe gastrointestinal microenvironment frequently compromises the structural integrity of delivery carriers.
This results in exosomes being prematurely released in the upper gastrointestinal tract.'> Simultaneously, the deficient
encapsulation performance of existing systems is predominantly demonstrated by a low loading capacity and poor compat-
ibility between exosomes and carrier materials. These limitations result in significant, premature exosome leakage during
preparation, storage, and gastrointestinal transit.'* Studies have demonstrated that chitosan (CS) and sodium alginate (SA)
biopolymers can effectively encapsulate diverse therapeutic agents, including small-molecule drugs and bioactive
compounds.'> CS have a protective effect on exosomes and facilitate their sustained release from SA hydrogels.'®
Compared with existing liposomes'” and single sodium alginate carriers,'® the CSE carrier developed in this study demon-
strates enhanced stability and colon - targeting ability in simulated gastrointestinal fluids. These hydrogels enables the
encapsulation of biologics, making oral delivery of ERC-Exos feasible. Although oral ERC-Exos demonstrate promising
therapeutic potential in alleviating UC, their oral delivery strategies and precise mechanisms of action remain unclear.

Milk fat globule-EGF factor 8 (MFGES), a glycoprotein originally identified in breast and mammary epithelial cells is
expressed in nearly all sources of MSCs.'? Structurally, MFGES contains two EGF-like domains, a proline/threonine-rich
domain, and two factor VIII-homologous domains that enable interactions with various cell surface molecules including
phosphatidylserine.”* Moreover, MFGES8 serves as a critical bridging molecule between avp3 and avB5 integrin
receptors, thereby preventing the release of pro-inflammatory mediators from dying cells and contributing to the
maintenance of immunological homeostasis.?' Critically, MFGES plays an indispensable role in maintaining intestinal
barrier homeostasis and accelerating mucosal repair.** Interestingly, during the initial exploratory phase of this study, we
confirmed that MFGES is expressed in ERCs and ERC-Exos. We hypothesized that the anti-inflammatory and tissue
repair potential of ERC-Exos may be attributed to the expression of MFGES. Notably, the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway has been well-documented as a pivotal pathway regulating the survival
of epithelial cells and tissue regeneration.”> Previous studies have demonstrated that the dysregulation of the PI3K/AKT
pathway is closely associated with exacerbated intestinal barrier disruption and delayed mucosal healing in both dextran
sulfate sodium (DSS)-induced murine colitis models and clinical patients with UC.>* Against this backdrop, the well-
established role of the PI3K/AKT pathway in the maintenance of intestinal epithelial homeostasis and tissue repair lays
a solid theoretical foundation for the mechanistic investigations conducted in the present study.

In this study, we engineered a CS-SA-encapsulated ERC-Exos nanocarrier (CSE) to effectively administer ERC-Exos
and sought to further investigate the role of MFGES in the ERC-Exos-mediated amelioration of UC.
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Materials and Methods
Preparations of ERCs and ERC-Exos

Human menstrual blood samples were collected from 20-to 30-year-old healthy female volunteers after obtaining
informed consent. The study was approved by the Medical Ethics Committee of Tianjin Medical University General
Hospital (IRB2024-YX-013-01) and conducted in compliance with the Declaration of Helsinki. ERCs were isolated via
Ficoll density gradient centrifugation, cultured in DMEM/F12 with 10% FBS and 1% penicillin/streptomycin, and
characterized at passage 3 for morphology and surface markers (CD44, CD73, CD79a, and HLA-DR) using microscopy
and flow cytometry. For exosome collection, 60—70% confluent ERCs were washed with phosphate-buffered saline (PBS)
and cultured in serum-free medium for 48 h, and the conditioned medium was sequentially centrifuged (300xg/10 min, -
2000xg/20 min, 10,000xg/30 min) to remove debris, followed by ultracentrifugation (110,000xg/70 min) to isolate
purified ERC-Exos. ERC-Exos were characterized by Western blotting, Coomassie brilliant blue staining.

Preparation of MFGE8 Knockdown ERCs (MFGE8 " -ERCs) and MFGE8 Knockdown

ERCs-Exos (MFG E8_/_-ERC-Exos)

To obtain MFGES_F-ERC-EXOS, MFGES was knocked down in ERCs via lentiviral transfection (GeneChem, Shanghai,
China) at an MOI of 25 in a biosafety cabinet. The target sequence for MFGES was 5'-GGGTACCATGTGGCCACAACT
-3'. Subsequently, transduced ERCs were selected using 2 mg/mL puromycin (Solarbio, China). MFGE8 ' -ERCs were
confirmed using fluorescence microscopy and Western blotting. MFGES8 ™ -ERC-Exos were isolated using the aforemen-
tioned method and were characterized by Western blotting and ELISA. The exosome size distribution and morphology were
assessed using nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM), respectively.

Preparation and Observation on the Intestinal Distribution of Oral Chitosan

(CS)-Sodium Alginate (SA) Exosome Microcapsules (CSE)

For the preparation of CSE, 0.6 wt% CS and 2% w/v CaCl, were dissolved in 1% acetic acid (pH 5 adjusted by NaOH),
mixed with 1.4% w/w SA at 1:1 volume ratio, and incorporated with 0.1 mg/mL ERC-Exos to form exosome-loaded
hydrogel.'? For the characterization of CSE, TEM was used to observe its morphology. CSE were labeled with
fluorescein isothiocyanate (FITC) to mark the chitosan-alginate gel matrix, while exosomes derived from ERCs were
labeled with PKH26. The results were observed using a fluorescence microscope. NTA was employed to determine the
particle size of CSE, and the particle size changes were continuously monitored in PBS for 15 days to evaluate its
stability. Zeta potential measurement was performed to assess the surface charge differences between CSE and ERC-
Exos, and Western blotting was used to detect the protein markers of CSE. To visually observe gastrointestinal stability,
capsules were prepared using CaCOj3 particles instead of exosomes and exposed to simulated gastric fluid (SGF) and
simulated colonic fluid (SCF). The bicinchoninic acid (BCA) protein assay was utilized to determine the encapsulation
efficiency of CSE and its release efficiency in SGF and SCF. For gastrointestinal tract distribution evaluation, DIR-
labeled ERC-Exos (0.6 mg protein/kg body weight) were embedded in chitosan-alginate hydrogel and orally gavaged to
UC model mice.”> Mice were sacrificed at 2, 8, and 12 h post-administration to collect gastrointestinal tracts,”® which
were imaged using an IVIS spectral imaging system to track the CSE distribution.

Animals and Experimental Groups

The experimental animals used in this study were male BALB/c mice aged 6—8 weeks and weighing 22-25 g, purchased
from an experimental animal center accredited by the China Food and Drug Administration (Beijing, China). All the
animals were housed in a standard laboratory environment with adequate light, food, and water. The experimental
protocol was approved by the Animal Ethics and Welfare Committee of Tianjin Medical University General Hospital
(Approval No. IRB2024-DW-07, Tianjin, China). All procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals: Eighth Edition and the Basel Declaration. Mice were randomly divided into four
groups (n = 5 per group): control, untreated, CSE gavage, and MFGE8 ™' -CSE gavage. Control mice received regular
drinking water for 10 days, whereas Untreated, CSE, and MFGE8™"-CSE groups were administered 3% DSS in water
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for 7 days. Additionally, CSE and MFGE8 ' -CSE groups received CSE orally (20 mg/kg body weight) or MFGE8 -
CSE on days 2, 5, and 8, respectively.?” Sample size was calculated using G*Power 3.1 software (power = 0.8, o= 0.05),
with 5 mice per group to ensure statistical reliability. Histological scoring was performed using a double-blind method,

where scorers were unaware of sample grouping.

Assessment of Disease Activity and Colon Collection

The experimental mice were divided into groups as previously described and monitored daily for changes in body weight
and the presence of mucopurulent bloody stools until day 10. On the terminal day, the excised colons were immediately
measured for length documentation before collecting two 0.5 cm segments from the distal colon for subsequent
histological examination. The cecum and entire colon were photographed under standardized conditions, followed by
repeat length measurements to ensure data accuracy. All procedures were performed by investigators using calibrated

instruments to maintain experimental consistency across samples.

Histopathological Analysis

Two distal colon segments (~0.5 cm) per mouse were fixed in 10% neutral buffered formalin for 48 h, dehydrated,
paraffin-embedded, and sectioned into 3-um slices. The sections were stained with hematoxylin and eosin (H&E). The
severity of colonic epithelial damage and inflammatory cell infiltration were scored in a blinded manner. The scoring
criteria for colonic epithelial injury were as follows: 0, nNormal; 1: Hyperplasia, loss of goblet cells, and irregular crypt
foci; 2: Mild to moderate loss of crypt foci (10-50%); 3: Severe loss of crypt foci (50-90%); 4: Complete loss of crypt
foci with intact epithelium; 5: Small to medium-sized ulcers (crypt width <10); 6: Large ulcers (crypt width >10). In
addition, the mucosa, submucosa, and muscularis/serosa layers were scored separately as follows: 0: Normal; 1: Mild; 2:
Moderate; 3: Severe. The total score ranged from 0 to 12, based on the combined assessment of epithelial damage and

inflammatory infiltration.

Colonic Mucosal Ultrastructure and Intestinal Permeability Assessment
Transmission electron microscopy (TEM, Hitachi H-600, Japan) was employed to examine 70-nm ultrathin colon
sections, with a particular focus on epithelial tight junctions and villous architecture. To evaluate intestinal permeability,
mice were fasted for 6 hours and orally administered FITC-dextran (4 kDa; 0.6 mg/g body weight in 100 uL. PBS) prior
to sacrifice. Serum was collected from orbital blood and analyzed for fluorescein isothiocyanate (FITC)-dextran
fluorescence (ex/em 488/520 nm) using an F-4500 spectrophotometer (Hitachi).

Alcian Blue Staining

To detect goblet cells and intestinal mucus in mouse colon tissues under different treatments, colon tissue sections were
stained using an Alcian Blue Stain Kit (Solarbio, Beijing, China) according to the manufacturer’s protocol. Briefly,
deparaffinized mouse colon tissues were treated with Alcian Blue acidification solution for 3 min, followed by staining
with 1% Alcian Blue for 30 min. Sections were washed with water, counterstained with nuclear fast red for 5-10 min,
dehydrated with ethanol, cleared with xylene, and mounted with neutral gum. Stained sections were examined under an
optical microscope. For statistical analysis, the number of goblet cells was counted in 20 randomly selected, well-defined
crypts from the colonic glands of each mice.

MUC2 Immunofluorescence Staining

Mice colon tissues were harvested, sectioned, and fixed in methanol as previously described. Immunostaining was
performed using a rabbit anti-MUC2 antibody (Affinity Biosciences). The sections were then counterstained with DAPI
(Sigma-Aldrich) at room temperature. Immunopositive signals were quantitatively assessed using fluorescence micro-
scopy at 20x magnification. Images were analyzed using the ImageJ software.
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Immunofluorescence Staining of Tunel and CD1 Ic in vivo

Apoptotic cells in colon tissues were detected using the terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay according to the manufacturer’s protocol (Solarbio, Beijing). Additionally, immunofluorescence staining
was performed to observe the infiltration of DCs in the colon. Paraffin-embedded colon sections were fixed with 4%
paraformaldehyde for optimal preservation of tissue morphology. Following fixation, the sections were thoroughly
washed with PBS. To facilitate reagent penetration, tissue permeabilization was performed using 0.2% Triton X-100
in PBS. The sections were then incubated with the TUNEL and CD11c reaction mixture in a humidified chamber for
1 h in the dark. The nuclei were stained with DAPI. Finally, sections were examined and photographed.

Flow Cytometry Analysis

Flow cytometry was used to characterize ERCs surface markers and evaluate dendritic cell (DCs) maturation and CD4"
T cell proliferation in the Mesenteric Lymph Nodes (MLNs) and intestinal Lamina Propria (LP). Single-cell suspensions
were pre-treated with Fc Blocking Buffer (eBioscience) for 10 min, followed by viability staining using Zombie NIR™
(BioLegend). Cells were then immunostained with a pre-optimized antibody panel, including anti-human markers (HLA-
DR-PE, CD73-FITC, CD44-APC, and CD79a-PE) and anti-mouse antibodies (CD11c-PerCP-Cy5.5, CD80-PE, MHCII-
FITC, CD3-FITC, CD4-PE, and KI67-APC) under light-protected conditions (4°C, 30 min). After thorough washing, the
samples were analyzed for specific fluorescence signals.

Enzyme-Linked Immunosorbent Assay (ELISA)

To qualitatively and quantitatively assess inflammation and tissue damage in the colon, proinflammatory (TNF-a, IL-1p,
and IL-6) and anti-inflammatory (IL-10) cytokines were measured in colon tissue homogenates using ELISA kits. All
procedures were performed in strict accordance with the manufacturer’s instructions. Absorbance was measured at 450
nm and cytokine concentrations were determined based on standard curves generated for each assay.

CCK-8 Cell Viability Assay

To explore the therapeutic mechanism of ERC-Exos in UC, NCM460 human colonic epithelial cells were cultured in
RPMI-1640/10% FBS with DSS (60 mg/L, 6 h),”® followed by 24-hour treatment with ERC-Exos (20 pg/mL),*
MFGES8 ' -ERC-Exos (equivalent dose), ERC-Exos, and cilengitide (1 mg/mL, avB5 integrin antagonist). Cell viability
was assessed using the Cell Counting Kit-8 (CCK-8) reagent (Solarbio, Beijing, China) according to the manufacturer’s
instructions. Briefly, NCM460 cells were seeded in 96-well plates at a density of 5 x 10°cells per well. Subsequently,
10 pL of the CCK-8 reagent was added to each well and incubated for 1 h. The absorbance was measured at 450 nm
using a multimode microplate reader to assess cell viability.

Uptake of Exosomes by NCM460

ERC-Exos from each experimental group were labeled with the red fluorescent dye PKH26 (Solarbio) following the
manufacturer’s protocol. Labeled exosomes were co-incubated with NCM460 cells for 6 h. Next, the cells were fixed
with 4% paraformaldehyde, and the cytoskeleton of NCM460 cells was stained with phalloidin (Sigma). Nuclei were
counterstained with DAPI and the samples were imaged using fluorescence microscopy.

Immunofluorescence Staining of Tunel and EdU in vitro

To observe the proliferation and apoptosis of NCM460 cells in different experimental groups, fluorescence-based staining assays
for 5-ethynyl-2'-deoxyuridine (EdU) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) were
performed according to previously described methods. The results were observed and recorded using a fluorescence microscope.

Western Blotting
Protein lysates were extracted using RIPA buffer (Solarbio R0010) containing protease/phosphatase inhibitors (Solarbio
P1261), separated by SDS-PAGE, and transferred to PVDF membranes (Millipore). After blocking with 5% BSA/TBST
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for 2 h, the membranes were probed with primary antibodies against CD9, CD63, CD81, Calnexin, MFGES, ZO-1,
Occludin, Claudin-1, p-PI3K, PI3K, p-AKT, AKT (Abcam), B-actin, p-MTOR, MTOR, BCL-2, BAX, Caspase-3 and
GAPDH (ABclonal) followed by horseradish peroxidase (HRP)-conjugated secondary antibodies. Protein bands were
detected by enhanced chemiluminescence (Thermo Fisher) and quantified using ImagelJ software.

Statistical Analysis

All statistical analyses in this study were performed using GraphPad Prism version 8.0 (GraphPad Software). Results are
presented as mean + standard error of the mean (SEM). Differences between two groups were assessed using an unpaired
two-tailed Student’s z-test, whereas differences among multiple groups were evaluated using a one-way ANOVA.
Statistical significance is defined as *P < 0.05, **P < 0.01, ***P < (0.001, and ****P < 0.0001.

Results

Characterization of ERCs and ERC-Exos

ERCs were extracted from menstrual blood and were highly positive for CD44 (99.9%) and CD73 (100%) but negative
for CD79a (0.65%) and HLA-DR (0.62%) by flow cytometry analysis (Figure 1A). Light microscopy revealed that ERCs
exhibited spindle-like morphology, forming tightly packed swirls, and Green fluorescent protein (GFP) serves as the
endogenous reporter gene of the lentiviral vector for MFGES8 knockdown and was clearly visible under a fluorescence
microscope. This GFP signal confirmed successful lentiviral transduction of ERCs, indirectly verifying effective MFGES8
knockdown. (Figure 1B). TEM imaging clearly showed that both groups of exosomes contained spherical vesicles with
clear membrane structures (Figure 1C). Western blot (Figure 1D) confirmed that MFGES expression was significantly
downregulated in both ERCs (P <0.05; Figure Sla) and ERC-Exos (P <0.01; Figure S1b). ELISA demonstrated MFGES
concentration was 7.0+0.5 pg/mL in ERC-Exos but significantly reduced to 1.240.3 pg/mL in MFGES™ -ERC-Exos,
with a 92.3%=+2.1% knockdown efficiency (P < 0.0001; Figure 1E). To characterize the protein composition of ERC-
Exos, Coomassie Brilliant Blue staining was performed (Figure 1F). ERC-Exos displayed a characteristic protein
banding pattern, with bands spanning a molecular weight range of 25-140 kDa, indicative of the complex and intact
protein cargo within the exosomes. NTA results showed that the diameter of the exosomes in both groups ranged from 30
to 150 nm (Figure 1G). ERC-Exos and MFGES8~-ERC-Exos were further characterized using Western blotting. The
results of the two groups of exosomes confirmed the presence of exosomal markers CD9, CD63, and CD81, whereas
Calnexin was undetectable in the isolated particles compared to the ERCs (Figure 1G).

Preparation and Characterization of CSE

To prevent gastric degradation of ERC-Exos, CS and sodium SA self-assembled into CSE nanomembranes (Figure 2A).
Transmission electron microscopy (TEM) showed CSE as spherical microcapsules, with encapsulated ERC-Exos (30—
150 nm) clearly visible in the matrix, confirming successful encapsulation (Figure 2B). Fluorescence staining verified
complete ERC-Exos (red) encapsulation in the biodegradable CS (green) membrane (Figure 2C). Western blotting
detected exosomal markers CD63 and CD9 in CSE (Figure 2D). NTA characterized CSE as monodisperse with
a mean diameter of 169 nm (Figure 2E). Zeta potential analysis revealed ERC-Exos had a negative zeta potential,
while CSE was positive (Figure 2F). NTA assessed CSE stability in PBS over 15 days, showing particle size stably
maintained at ~166—-169.8 nm (Figure 2G).

Encapsulation Efficiency and Gastrointestinal Stability of CSE

To assess the encapsulation efficiency of ERC-Exos in SA and SA+CS carriers, the BCA quantification assay was
employed. As presented in Figure 2H, the encapsulation efficiency of SA-ERC-Exos was approximately 55%, whereas
that of SA+CS-ERC-Exos was significantly elevated to around 85%, with a statistically significant difference noted (P <
0.01). These findings indicate that the integration of chitosan into the SA-based carrier substantially enhances the
encapsulation capacity for ERC-Exos. CSE morphology was observed after incubation in SGF (2 h) and SCF (4 h, 8 h,
Figure 21).° CSE remained intact in SGF but gradually degraded in SCF (more obvious at 2 h), indicating gastric
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sCF within 12 h. (K) In vivo tracking of ERC-Exos at 2 h, 8 h, and 12 h after oral administration of CSE in mice. (L) Quantification of average fluorescence intensity in the
colon at different time points. (**P < 0.01, ***P< 0.001, ***P < 0.0001).
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stability and colonic-responsive degradation for site-specific targeting. Release profile showed negligible ERC-Exos
release in SGF (2 h), while SCF triggered rapid, sustained release (>80% within 12 h, Figure 2J), confirming pH-
responsive protection in the stomach and controlled release in the colon. In vivo fluorescence imaging at 2 h, 8 h, and
12 h (Figure 2K) showed CSE had more prominent intestinal retention than ERC-Exos at 2 h, stronger and wider colonic
fluorescence at 8 h, and sustained detectability at 12 h. Quantitative colonic fluorescence intensity (Figure 2L) showed
CSE significantly outperformed ERC-Exos at all time points (2 h: P <0.01, 8 h: P <0.001, 12 h: P <0.0001), indicating
CSE reduced ERC-Exos degradation and enhanced colonic absorption.

Oral Administration of MFGE8-Expressing CSE Alleviates Colitis

To evaluate the therapeutic potential of orally administered CSE, a DSS-induced colitis model was established using
BALB/c mice that were gavaged with CSE or MFGE8-CSE. Compared to the untreated group, CSE treatment
significantly reduced bloody stools (Figure 3A), attenuated colon shortening (P <0.0001, Figure 3B and C), improved
weight maintenance (P <0.001, Figure 3D), and lowered disease activity index scores (Figure 3E). Histological analysis
indicated that CSE protected against DSS-induced damage by preserving the goblet cells and reducing crypt loss,
ulceration, and inflammation (Figure 3F). Notably, these therapeutic effects were largely abolished in the MFGE8™-CSE
group, highlighting the critical role of MFGES in CSE-mediated protection against colitis.

MFGES8 Is a Key Factor Involved in Orally Administered CSE That Repairs the

Intestinal Barrier

Destruction of the intestinal barrier is critical for colitis pathogenesis. To investigate whether CSE and MFGES expressed in
CSE reversed the intestinal barrier injury, we assessed the integrity and function of the intestinal barrier in each group. TEM
(Figure 4A) showed DSS-induced damage to microvilli and tight junctions (TJs) were repaired by CSE, with less improve-
ment in the MFGE8 ™ -CSE group. TUNEL staining (Figure 4B and C) demonstrated that the apoptosis of intestinal epithelial
cells in the untreated group was higher than that in the control group (P < 0.0001), and this increase was reduced in the CSE
group (P < 0.0001). However, the therapeutic effect of CSE was partially reversed (P < 0.01) by MFGES knockdown.
Intestinal permeability assays (Figure 4D) confirmed that CSE reduced DSS-induced leakage (P < 0.0001), with diminished
repair in the MFGE8™ -CSE groups (P < 0.05). Western blotting revealed that DSS significantly downregulated the
expression of the tight junction proteins ZO-1, occludin, and Claudin-1; Figure 4E-H). This effect was reversed by CSE
treatment but attenuated in the MFGE8™ - CSE group.

MFGES8 Knockdown Attenuates CSE-Mediated Restoration of the Intestinal Mucus

Barrier

To evaluate intestinal mucus barrier damage, we performed Alcian Blue staining (Figure 5A). The results indicated that
the untreated group had severely depleted goblet cells (blue) compared with the control group (P < 0.0001, Figure 5B).
Conversely, the therapeutic effects of CSE were significantly reversed in the MFGE8 ™ -CSE group. The number of
goblet cells in the CSE group was 7-fold higher than that in the untreated (P < 0.001), and 5-fold higher than that in the
MFGE8™"-CSE (P < 0.001). Immunofluorescence for MUC2 (red) (Figure 5C) revealed that the significant reduction in
fluorescence in the untreated group (P < 0.001, Figure 5D) was rescued by CSE (P < 0.01), but the rescue effect was
blunted by MFGES8 knockdown (P < 0.05). Collectively, oral CSE repairs colitis-damaged intestinal barriers and MFGES8
is indispensable for this protective effect.

MFGE8 Deficiency Compromises the Ability of CSE to Inhibit DC Maturation in vivo
To investigate the infiltration of DCs in intestinal tissues, immunofluorescence staining and quantitative analysis were
performed (Figure S5E). CD11c (green) was detected to identify DCs, and DAPI (blue) was used for nuclear staining. In the
Control group, CD1l1c fluorescence was barely detectable The Untreated group showed prominent green fluorescence of
CDl1c. The CSE group exhibited a significant reduction in CD11¢ fluorescence intensity, while the MFGES8 ™ -CSE group
displayed a rebound in CD11c¢ fluorescence. For quantitative analysis (Figure 5F), the integral optical density of CD11c was
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A

Figure 3 Oral administration of MFGE8-expressing CSE alleviates ulcerative colitis. (A) Representative photographs of BALB/c mice from each experimental group on day
10 after DSS induction. (B and C) Macroscopic images of colons from each group and quantitative analysis of colon length on day 10. (D) Body weight changes of mice in
each group over a 10-day period. (E) Quantitative assessment of colonic tissue damage using histopathology scores (n = 5). (F) Representative hematoxylin and eosin (H&E)-
stained sections of colonic tissues from each group. Red arrows indicate epithelial detachment, blue arrows denote inflammatory cell infiltration, and black boxes highlight
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Figure 4 Oral administration of CSE repairs the intestinal barrier: MFGEB8 as a key factor. (A) TEM images showing the ultrastructure of colonic epithelial cells. Scale bar =
10 um. Red arrows indicate microvilli, and blue arrows denote tight junctions between adjacent epithelial cells. (B) Tunel staining for assessing apoptosis of intestinal
epithelial cells in each group. (green, Tunel marker) and DAPI (blue, nuclear staining) Scale bar = 10 pm. (C) Quantitative analysis of apoptotic cells in colon tissues. (D)
Intestinal permeability was evaluated by measuring serum FITC-dextran levels (n = 5). (E) Western blotting analysis of ZO-1, Occludin, and Claudin-| expression in colon
tissues, normalized to GAPDH. (F-H) Quantitative analysis of ZO-I, Occludin, Claudin-1 expression in intestinal epithelial cells normalized to GAPDH (n = 3). Data were
analyzed using an unpaired two-tailed Student’s t-test; *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0000].
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Figure 5 MFGE8 knockdown attenuates CSE-mediated restoration of the intestinal mucus barrier. (A) Representative Alcian blue-stained micrographs showing goblet cells
(blue). Scale bar = 100 pm (B) Quantitative analysis of goblet cells in colon tissues. (C) MUC2 immunofluorescence staining (red, muc2 marker) and DAPI (blue, nuclear
staining) in colonic tissues. Scale bar = 100 pum. (D) Statistical analysis of the mean fluorescence intensity of MUC2. (E) Immunofluorescence staining of CDI Ic (green,
dendritic cell marker) and DAPI (blue, nuclear staining) in colonic tissues. Scale bar = 100 pm. (F) Integral optical density quantification of CDI Ic staining. Data were
analyzed using one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.
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measured. Compared with the Control group, the Untreated group showed a significantly increased CD11c expression (P <
0.0001). The CDll1c expression in the CSE group was significantly lower than that in the Untreated group (P < 0.001),
whereas the MFGE8 ™ "-CSE group exhibited a significantly higher CD11c expression compared to the CSE group (P <
0.001). To elucidate the roles of CSE and MFGES in modulating maturation of DCs in vivo. We analyzed the proportions of
MHC II'" and CD80" DCs in the MLN and intestinal LP using flow cytometry (Figure 6A and B). Flow cytometric analysis
revealed that the maturation of DCs in the MLN (Figure 6C and D) and LP (Figure 6E and F) of colitis mice was significantly
inhibited by CSE treatment compared with that in the untreated group (MLN-MHCII: P < 0.0001, LP-MHCII: P < 0.0001)
(MLN-CD80: P < 0.05, LP-CD80: P < 0.05). However, this effect was significantly attenuated in the MFGE8 ™ "-CSE-treated
group (MLN-MHCII: P < 0.0001, LP-MHCII: P < 0.001) (MLN-CD80: P < 0.05, LP-CD80: P < 0.05). Collectively, these
results indicated that MFGES is essential for CSE to inhibit DCs maturation and infiltration in vivo.

MFGE8 Knockdown Reverses the Impact of CSE on CD4" T Cell Activation in vivo
We assessed the proliferation of CD4" T cells in the MLN (Figure 6G and H) and LP (Figure 61 and J) of each
experimental group. The results indicated that CSE treatment significantly suppressed the activation of CD4" T cells
compared with that in the untreated group. This was evidenced by a notable decrease in the mean fluorescence intensity
(MFI) of Ki67 (MLN, P < 0.001; LP, P < 0.01). However, in the MFGE8 ' -CSE group, this suppressive effect was
attenuated compared with that in the CSE group (MLN: P < 0.01; LP: P < 0.05). These findings suggest that MFGES-
expressing CSE effectively curtails the overactivation of CD4" T cells within the inflamed intestinal microenvironment,
thereby facilitating colitis repair.

MFGES8 Mediates the Therapeutic Effect of CSE in Modulating Pro-Inflammatory and

Anti-Inflammatory Cytokine Profiles in the Colitis Model

Cytokine profiles were analyzed by ELISA to evaluate the intestinal inflammation levels in each group (Figure 6K—N). These
profiles include those of pro-inflammatory cytokines (IL-6, IL-1B, and TNF-a) and anti-inflammatory cytokines (IL-10).
ELISA analysis of the intestinal cytokine profiles revealed significantly elevated pro-inflammatory cytokines (IL-6, P <
0.0001; IL-1B, P < 0.0001; TNF-a, P < 0.0001) and reduced anti-inflammatory IL-10 (P < 0.0001) in the untreated group
compared to the controls. However, CSE treatment effectively normalized these changes (IL-6: P < 0.001; IL-1B: P < 0.001;
TNF-a: P <0.0001; and IL-10: P < 0.0001). MFGES knockdown substantially attenuated these therapeutic effects (IL-6: P <
0.05; IL-1B: P < 0.05; TNF-a: P < 0.05; IL-10: P < 0.001). These results demonstrate that CSE microcapsules exert potent
anti-inflammatory effects, and that MFGES expressed in ERC-Exos plays a critical role in this process.

MFGE8 Enhances the Uptake of ERC-Exos by Intestinal Epithelial Cells in vitro

To further elucidate the reparative mechanisms of MFGES expression in ERC-Exos, we investigated intestinal epithelial
cell phagocytosis by ERC-Exos (Figure 7A). Fluorescence microscopy analysis of PKH26-labeled ERC-Exos (red) and
phalloidin-stained DSS-pretreated NCM460 cells (green) demonstrated that MFGES knockdown significantly attenuated
the phagocytosis of ERC-Exos by intestinal epithelial cells. (P < 0.0001, Figure 7B). Furthermore, pharmacological
inhibition of the avP5 integrin receptor impaired the phagocytosis of ERC-Exos by DSS-pretreated intestinal epithelial
cells, paralleling the effects observed with MFGES8 knockdown (P < 0.0001). In conclusion, MFGE8 mediates ERC-Exos
phagocytosis by intestinal epithelial cells under inflammatory conditions and this process is dependent on the avf5
integrin receptor.

MFGES Is Essential for ERC-Exos to Inhibit Apoptosis and Enhance Proliferation of

Injured Intestinal Epithelial Cells

The reparative effects of MFGES8-expressing ERC-Exos on intestinal epithelial cells were further verified by in vitro
proliferation and apoptosis assays. TUNEL (green) assays revealed that ERC-Exos reduced DSS-induced apoptosis by
4.5-fold (P < 0.0001, Figure 7C and D), but this reparative effect was reversed by knockdown of MFGES (P < 0.0001) or
inhibition of avB5 (P < 0.0001). EdU (green) proliferation assays demonstrated that MFGES expressed in ERC-Exos
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Figure 6 Effects of CSE on immune cell modulation and inflammatory cytokine levels in mice with colitis. (A) Flow cytometry plots of mature dendritic cells (DCs) in the
mesenteric lymph nodes (MLN). (B) Flow cytometry plots of mature DCs in the lamina propria (LP). (C and D) Quantitative analysis of dendritic cells (DCs) in the
mesenteric lymph nodes (MLN). (E and F) Quantitative analysis of dendritic cells (DCs) in the lamina propria (LP). (G and H) Flow cytometry plots and quantitative analysis
of CD4" T cells proliferation (Ki6é7") in the MLN. (I and J) Flow cytometry plots and quantitative analysis of CD4" T cells proliferation (Ki67") in the LP. (K-N)
Concentrations of pro-inflammatory cytokines (IL-6, IL-1f, and TNF-a) and anti-inflammatory cytokine (IL-10) in colonic tissues were measured by ELISA (n = 5). Data were
analyzed using one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.

14 https: International Journal of Nanomedicine 2026:21



Yang et al

>

Phalloidin PKH26

» Hdkokk

o

X KKKk

w 100 -

%) <

& % 80 f

7

_ £ 60+
% 8 Q
w x O 404
ouw = N .
Ly s ,I
= o 20- s L

w

o—TT T

g 6‘_c’ \(‘\é 6‘_o

s & & &

g ¢ & &
>

= &

%) A\

(@

Tunel DAPI _ Dwo A —

Control
» (-] ©
o o o

Integral Optical Density
of Tunel
N
o

ERC-Exos Untreated

MFGES8™"

-ERC-Exos
Integral Optical Density

@) Cilengitide

f pmToR [F === =
priokEm B ]
PI3K [eeee wee oo s == |
o TR
AKT |— —— — -|
GAPDH’— —— — ...l
N > ? P . > O &£ g

100

50

Cell Viability(%)

R A R PP PP S
o o & NSy
& ¢ ¢S ¢S
2
& &
N ~

Figure 7 MFGE8 suppresses apoptosis and promotes proliferation in damaged intestinal epithelial cells. (A) Immunofluorescence staining of intestinal epithelial cells with
Phalloidin (green, actin), PKH26 (red, ERC-Exos labeling), and DAPI (blue, nuclei) in ERC-Exos, MFGE8 ™" -ERC-Exos, and Cilengitide groups. Merged (Merge) images
illustrate the cellular uptake of exosomes. Scale bar = 100 um. (B) Quantification of phagocytosis rate, in ERC-Exos, MFGE8'"-ERC-Exos, and Cilengitide groups. (C)
TUNEL staining (green, apoptotic cells) and DAPI (blue, nuclei) in colonic tissues from Control, Untreated, ERC-Exos, MFGE8™ -ERC-Exos, and Cilengitide groups. Merged
(Merge) images depict apoptotic cell distribution. Scale bar = 100 um. (D) Quantitative of Tunel analysis shown in the statistical graphs. (E) EdU staining (green, proliferating
cells) and DAPI (blue, nuclei) in colonic tissues from Control, Untreated, ERC-Exos, MFGE8™ -ERC-Exos, and Cilengitide groups. Merged (Merge) images show cell
proliferation. Scale bar = 100 pm. (F) Quantitative analysis of EJU shown in the statistical graphs. (G) Cell viability of NCM460 cells in each group was determined using the
CCK-8 assay. (H) Western blotting analysis of PI3K/AKT/mTOR pathway proteins (p-PI3K, PI3K, p-AKT, AKT, p-MTOR, MTOR) and apoptosis-related proteins (BCL-2,
BAX, Caspase-3), with GAPDH as a loading control. Data were analyzed using one-way ANOVA; *P < 0.01; ***P < 0.001; ***P < 0.0001.
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significantly enhanced the regeneration of DSS-injured intestinal epithelial cells (P < 0.0001; Figure 7E and F). This
restorative effect was markedly attenuated following MFGES knockdown (P < 0.0001) and avf5 integrin inhibition (P <
0.0001). CCK-8 assays demonstrated that ERC-Exos significantly enhanced the viability of DSS-induced NCM460 cells (P <
0.0001; Figure 7G), whereas this effect was attenuated by MFGES8 knockdown (P < 0.01) and avf5 inhibition (P < 0.01).
These results demonstrate that MFGES expressed in ERC-Exos coordinately suppresses apoptosis and promotes proliferation
of intestinal epithelial cells through avB5 integrin.

MFGES8-Expressing ERC-Exos Modulates PI3K/AKT Signaling Pathway in Intestinal

Epithelial Cells

The PI3K/AKT/mTOR pathway regulates apoptosis inhibition, cell proliferation, and tissue repair.>' To clarify the
molecular mechanisms, Western blotting analyzed the PI3K/AKT/mTOR axis and key apoptotic regulators (anti-
apoptotic BCL-2, pro-apoptotic BAX; Figure 7H), with GAPDH as a loading control. ERC-Exos significantly increased
PI3K and AKT phosphorylation compared to the Untreated group (total PI3K/AKT unchanged across groups), while
MFGES~~-ERC-Exos or Cilengitide reduced this phosphorylation. mTOR phosphorylation and BCL-2/BAX expression
was assessed. ERC-Exos elevated mTOR phosphorylation, upregulated BCL-2, and downregulated BAX—shifting the
BCL-2/BAX ratio toward anti-apoptosis. In contrast, MEGE8 ' -ERC-Exos or Cilengitide reversed these effects: reduced
p-mTOR, BCL-2 and increased BAX (total mTOR unchanged). To quantify the changes in signaling and apoptotic
proteins, statistical analysis of Western blotting results was performed (Figure S2a—e). Among the PI3K/AKT/mTOR
pathway-related indicators, p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR exhibited high phosphorylation levels in
the Control group compared to the Untreated group; ERC-Exos treatment significantly elevated their phosphorylation,
while MFGE8-ERC-Exos and Cilengitide attenuated this effect (p-PI3K/PI3K: P< 0.05, P< 0.01; p-AKT/AKT and
p-mTOR/mTOR: P< 0.0001). For apoptotic regulators, the Control group had a high anti-apoptotic/pro-apoptotic BCL-2/
BAX ratio and low Caspase-3/GAPDH expression, whereas the Untreated group showed a decreased BCL-2/BAX ratio
and drastically increased Caspase-3/GAPDH levels; ERC-Exos significantly increased the BCL-2/BAX ratio and reduced
Caspase-3 expression, while MFGE8 ™ -ERC-Exos and Cilengitide reversed these effects (BCL-2/BAX ratio: P< 0.05,
P<0.01, P< 0.0001; Caspase-3/GAPDH: P< 0.001, P< 0.0001). These results indicate that MFGES expressed in ERC-
Exos activates PI3K/AKT/mTOR signaling through avp5 integrin engagement, thereby inhibiting apoptosis and enhan-
cing the proliferation of intestinal epithelial cells, ultimately ameliorating colitis.

Discussion

UC is a refractory inflammatory bowel disease characterized by chronic relapse and unmet therapeutic needs.** Stem
cell-derived exosomes have emerged as a promising therapeutic strategy, functioning as natural nanoscale carriers of
bioactive molecules with tissue regenerative and immunomodulatory capabilities.”> ERCs derived non-invasively from
menstrual blood have been identified as a novel class of MSCs with distinct advantages and superior accessibility
compared to traditional MSCs. (eg, adipose/bone marrow-derived).”* Furthermore, ERC-Exos preserve the anti-
inflammatory effects from parental cell as well as possessing benefits of low immunogenicity and logistical
feasibility.>> Previous work by Zhu et al established that ERC-Exos ameliorate experimental colitis through down-
regulation of intestinal ferritin deposition.*® This unique combination of biological properties and positions ERC-Exos as
particularly promising candidates for UC therapy.’’

Conventional delivery of ERC-Exos has been limited to intravenous administration due to their susceptibility to
degradation by gastric acid and digestive enzymes, precluding their use via the more physiologically oral route.*®
However, numerous existing oral exosome delivery strategies are beleaguered by inherent limitations that impede their
translational potential,’® including inadequate colonic targeting specificity, which results in inefficient accumulation of
bioactive exosomes at the pathological foci and futile dissemination to non-targeted tissues; and subpar encapsulation
efficacy, a flaw that not only curtails the loading capacity of exosomes but also compromises their in vivo bioavailability
and ultimately undermines the therapeutic efficacy of the delivered exosomes.*® To address this critical limitation, we
developed an oral capsule formulation of ERC-Exos encapsulated in a chitosan-sodium alginate composite in this study
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(Figure 8). Natural polysaccharides, including sodium alginate, pectin, and chitosan, are extensively employed in
hydrogel fabrication because of their favorable properties, such as mild gelation conditions, excellent biocompatibility,
and resistance to acidic and enzymatic degradation.*' These characteristics make them particularly suitable for oral drug
delivery applications in the gastrointestinal tract. For instance, Mohammadbaghban et al demonstrated that orally
administered chitosan-alginate-catechin nanocarriers, synthesized via ionic gelation, effectively ameliorated
Alzheimer’s disease models.*> Mohd H. M. Jaafar et al demonstrated that an oral insulin delivery system utilizing
alginate-chitosan composite coatings effectively shields insulin from enzymatic degradation while enhancing intestinal
absorption.*> The protective efficacy of the sodium alginate-chitosan polysaccharide platform for safeguarding protein
therapeutics in the gastrointestinal environment demonstrates its versatility as a drug delivery system. The sodium
alginate-chitosan polysaccharide platform has been regarded as a promising strategy based on its protective efficacy for
safeguarding protein therapeutics in the gastrointestinal environment.

Notably, our study represents the first successful application of this alginate-chitosan system for encapsulating ERC-
Exos in UC treatment. We developed stable CSE nanocomposites by encapsulating ERC-Exos via the ionic crosslinking
of SA and CS. CSEs presented as spherical microcapsules with smooth surfaces, demonstrating efficient encapsulation of
ERC-Exos. The preservation of exosomal marker proteins post-encapsulation confirmed the maintenance of their
structural and functional integrity. Critically, CSE exhibited an encapsulation efficiency of 89.2%=+1.5%, which
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Figure 8 Schematic representation of ERC-Exos isolation, CSE preparation, and the protective mechanism of MFGE8-expressing CSE in colitis. Orally administered CSE
resists harsh gastric degradation (protected by the CS and SA matrix) while undergoing pH-responsive degradation in the colon for targeted ERC-Exos release.
Mechanistically, MFGE8 on ERC-Exos binds to avf5 integrins on damaged intestinal epithelial cells, activating the PI3K/AKT/mTOR pathway. This upregulates anti-
apoptotic BCL-2, reduces pro-apoptotic BAX/cleaved Caspase-3, and functionally promotes epithelial proliferation (blue 1), inhibits apoptosis (red |), and restores mucosal
barrier integrity.In parallel, MFGES inhibits colon dendritic cell (DC) maturation (red |) and CD4" T cell proliferation (red |), which reduces pro-inflammatory cytokines (IL-
6, IL-1B, TNF-0; red |) and increases anti-inflammatory IL-10 (blue 1). Collectively, these dual effects (epithelial repair + immune homeostasis) synergistically alleviate
intestinal inflammation and UC.
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outperforms most reported chitosan-alginate-based exosome delivery systems (typically 70%-85%).** This key mod-
ification enhances the carrier’s adhesion to the negatively charged colonic mucosa and facilitates drug retention at the
target site.*> For oral delivery systems, stability represents a critical prerequisite for successful clinical translation. When
incubated in phosphate-buffered saline (PBS) for 15 consecutive days, CSE maintained a consistent particle size
distribution. The pH-dependent properties of CSE, which aligns with the need for targeted delivery in ulcerative colitis,
enables the site-specific release of therapeutics and paves the way for clinical translation. These results indicated that the
CSE encapsulation system effectively preserved ERC-Exos bioactivity, enabling them to exert a therapeutic effect in the
colon and significantly ameliorate colitis symptoms. Notably, MFGE8 knockdown markedly attenuated the therapeutic
efficacy of ERC-Exos in colitis treatment, indicating an irreplaceable role of MFGES in colitis treatment.

MFGES, a ubiquitously expressed ubiquitously in stem cells, serves as a critical mediator of intercellular commu-
nication and participates in diverse physiological and pathological processes.*® Growing evidence supports the ther-
apeutic potential of MFGES in tissue repair and regeneration.*’ Studies by Ashish Chogle et al have demonstrated that
MFGES deficiency leads to increased susceptibility to colitis and delays mucosal healing, while exogenous administra-
tion of MFGES alleviates UC.*® Similarly, our results indicate that MFGES is the key factor for the therapeutic effect of
ERC-Exos on colitis. Specifically, MFGES helped ERC-Exos repair DSS-induced damage to the intestinal epithelium.
Intestinal epithelial cells constitute a selective dynamic barrier that efficiently defends the intestinal lumen against
harmful substances. This intricate defense system is predominantly composed of two interdependent components, the
mucus layer and epithelial TJs.*” These elements establish a cohesive mucosal barrier that strictly limits the penetration
of harmful luminal contents, while maintaining essential absorptive and immune surveillance functions. Disruption of
either component of the intestinal barrier compromises the barrier integrity, leading to pathological antigen translocation
and sustained inflammation. The TJs are principally composed of ZO-1, Occludin, and Claudins, as well as junctional
adhesion molecules (JAMs).”® The dysfunction of TJs increases intestinal permeability, permitting paracellular translo-
cation of immunogenic luminal components that drive pathogenic immune responses in gastrointestinal disorders.*’ Our
detailed investigations demonstrated that oral CSE administration significantly reversed DSS-induced augment intestinal
permeability. Mechanistically, MFGES8-expressing ERC-Exos upregulated the expression of key tight junction proteins
(ZO-1, occludin, and claudin-1) impaired by DSS, indicating an essential role of MFGES in both the maintenance and
repair of epithelial barrier integrity during colitis. The intestinal mucus barrier is primarily composed of MUC2, which is
secreted by the goblet cells. This gel-forming mucin plays a pivotal role in microbial symbiosis and containment.”' The
disruption of the balanced crosstalk between microbial symbiosis and microbial containment can lead to intestinal
diseases. Notably, our study revealed that MFGES8-expressing ERC-Exos prevented DSS-induced goblet cell depletion,
and maintained mucin secretion during inflammation. Moreover, MFGES exerted dual cytoprotective effects across
colonic tissues, simultaneously inhibiting apoptosis and promoting cellular regeneration, as demonstrated by comple-
mentary TUNEL and EdU assays.

Homeostasis of the intestinal mucosal immune system promotes the maintenance of intestinal epithelial integrity, and
its imbalance induces and exacerbates colitis.”* Pailin Chiaranunt’s research demonstrates that the activation of CD4"
T cell clones is critical in controlling intestinal inflammation and inhibiting the proliferation and differentiation of CD4"
T cells alleviated UC.>* Additionally, Song et al revealed that inhibiting the maturation of DCs relieves DSS-induced
inflammatory colitis.”* Interestingly, our results revealed that ERC-Exo treatment effectively ameliorated the DSS-
induced dysregulation of intestinal CD4" T cells and DCs in the colon. In particular, we found that ERC-Exo treatment
significantly regulated the cytokine profile in colitis mice by suppressing the expression of pro-inflammatory mediators
(IL-6, TNF-a, and IL-1p) and enhancing the production of the anti-inflammatory mediator IL-10. Indeed, MFGES exerts
immunomodulatory effects on multiple types of immune cells and ameliorate multiple immune-mediated diseases.>
Specifically, Praveen Vasudevan et al demonstrated that the immunomodulation of MFGES8 improves functional out-
comes after cardiomyocyte transplantation.”® Crucially, our results revealed that the recovery of intestinal immune
homeostasis in colitis mice was largely attributed to the expression of MFGES in ERC-Exos. However, given the cellular
heterogeneity of the intestinal lamina propria and the complexity of immunoregulatory networks, the exact mechanisms

underlying the immunomodulatory functions of MFGES require further investigation.
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Collectively, our findings indicate that oral administration of CSE effectively delivered MFGES8-exopessing ERC-
Exos to the inflamed sites of DSS-induced colitis, where they were internalized to exert multifunctional therapeutic
effects. The encapsulated MFGES8 mediates comprehensive mucosal repair by strengthening tight junctions to coordinate
restoration of intestinal epithelial barrier integrity, enhancing intestinal barrier function by regulating goblet cells while
promoting intestinal cell proliferation and inhibiting apoptosis. MFGES alleviates UC inflammation primarily by
attenuating the intestinal infiltration and maturation of DCs, suppressing the proliferation of CD4" T cells, thereby
reducing the release of pro-inflammatory cytokines. This comprehensive therapy simultaneously targets structural barrier
defects and inflammatory dysregulation, thereby improving the pathological progression of UC.

Mechanistically, MFGES is a structurally and functionally unique secretory protein that orchestrates critical biological
processes through its modular domains. Its NH,-terminal EGF-like domain harbors an evolutionarily conserved RGD motif
for specific avp3/avB5 integrin binding, while COOH-terminal C1/C2 domains mediate phosphatidylserine-dependent
membrane binding with nanomolar affinity.® Remarkably, H. Kemperman et al identified that both aVB5 and aVB6 integrins
are co-expressed in colonic epithelial cells, with aVP5 demonstrating significantly higher expression levels than aVB6.>” Our
supplementary mechanistic studies demonstrate that MFGES8 expressed in ERC-Exos mediates the phagocytosis of ERC-Exos
by colonic cells via the avB5 integrin and facilitates the protective effects of MFGES on intestinal epithelial cells. Moreover,
the avPB5 integrin receptor mediates complex intracellular signaling pathways to regulate cellular metabolism and
proliferation.”® Céline Defilles et al demonstrated that the avp5 integrin receptor activates the PI3K/AKT signaling pathway,
thereby promoting cellular proliferation, metabolic activity, and cell migration. Substantial evidence has demonstrated that
PI3K/AKT signaling significantly enhances cellular proliferative capacity and metabolic activity, which are critical for
maintaining intestinal epithelial homeostasis.””* For instance, Zhou et al demonstrated that the activation of the PI3K/
AKT pathway can promote wound re-epithelialization by inducing keratinocyte migration and epithelial mesenchymal
transition.’ Extending this mechanistic framework to our study, we observed that ERC-Exos expressing MFGES serves to
abrogate the impaired phosphorylation of PI3K and AKT in damaged intestinal epithelial cells, while concurrently orches-
trating the activation of mammalian target of rapamycin (mTOR) — a key effector of the PI3K/AKT pathway that regulates
cell proliferation, metabolic homeostasis, and protein synthesis critical for intestinal mucosal repair.®* The regulation of
cellular apoptosis relies on the coordinated action of key molecules: B-cell lymphoma 2 (BCL2) is a classic anti-apoptotic
protein that maintains cell survival by inhibiting mitochondrial membrane permeability; BCL2-associated X protein (BAX) is
a pro-apoptotic protein that promotes the release of apoptosis-related factors from mitochondria; and Caspase-3 serves as the
central executor of the apoptotic cascade, whose activation directly initiates and executes the apoptotic program.®® Together,
these three molecules form the core molecular axis governing cellular apoptosis regulation. Consistent with the activation of
the PI3K/AKT/mTOR pathway, our results further revealed tha MFGES-expressing ERC-Exos modulate the balance of
apoptotic regulators: they upregulate the expression of the anti-apoptotic protein BCL2 and downregulate the pro-apoptotic
protein BAX, shifting the BCL2/BAX ratio toward an anti-apoptotic phenotype. Concomitantly, this pathway activation
suppresses the cleavage and activation of Caspase-3—a central executor of the apoptotic cascade—thereby reducing intestinal
epithelial cell apoptosis induced by inflammatory stress. Notably, inhibition of avp5 integrin via cilengitide not only
suppresses the phosphorylation levels of PI3K and AKT but also abrogates the downstream activation of mTOR. This
integrin-dependent pathway disruption further reverses the regulatory effects on the apoptotic molecular axis: It decreases
BCL2 expression, increases BAX levels, and promotes Caspase-3 activation—ultimately disrupting the balance of cellular
apoptosis and impairing the repair capacity of intestinal epithelial cells. Mechanistically, MFGE8-mediated activation of the
PI3K/AKT/mTOR pathway, coupled with the modulation of BCL2/BAX balance and Caspase-3 activity, constitutes the core
mechanism underlying the therapeutic effects of ERC-Exos in intestinal barrier repair. However, given the structural
complexity of MFGES and its multiple receptor interactions, avB5 may represent one of several molecular pathways
responsible for its pleiotropic actions. The spectrum of receptors and downstream signaling networks in the biological
activities of MFGES requires systematic exploration in future research.

This study elucidated the remarkable bioprotective efficacy of our sodium alginate-chitosan oral delivery platform and
demonstrated the therapeutic potential of orally administered ERC-Exos as a clinically viable nanobiologic for inflammatory
bowel disease treatment. However, we must objectively recognize the key challenges in the translation of CSE from basic
research to clinic. Although the current ionic crosslinking-based CSE preparation enables stable lab-scale production, scaling
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to GMP-compliant industrial production needs further research. Additionally, while CSE (formulated with ERC-Exos) shows
relative stability in experiments, subtle batch-to-batch variations in ERC-Exos remain, requiring stricter batch quality

control.**

Moreover, the residual MFGES following knockdown might lead to an underestimation of its function. In future
research, a complete knockout model will be adopted for verification. For human safety, this study used mice rather than non-
human primates; further validation with human intestinal organoids is needed. Moreover, individual differences in exosome
uptake and unresolved questions about intestinal microbiota interactions also demand additional research. However, the
regulatory effect of CSE on the intestine is consistent with the research results of Huang et al, who reported that “‘the exosome-
microbiota interaction can promote intestinal barrier repair.®> Song et al confirmed the safety of exosome-based nanomedi-
cines in gastrointestinal diseases,’® which further supports the translational potential of our research. Importantly, our findings
highlight the pivotal contribution of MFGES in mediating both the tissue-reparative and anti-inflammatory functions of ERC-
Exos. The identification of the aforementioned translational challenges and the preliminary exploration of corresponding
strategies collectively lay a solid mechanistic and applied foundation for their future pharmaceutical development and clinical

translation in mucosal repair therapies.

Conclusion

In conclusion, this study demonstrated that the oral administration of CSE represents a novel and effective therapeutic
strategy for UC. The development of an oral delivery system for exosomes addresses the limitations of traditional
intravenous administration by protecting exosomes from degradation in the gastrointestinal tract and enabling their
targeted release into the colon. Our findings revealed that CSE significantly alleviated experimental colitis in mice. The
therapeutic efficacy of CSE is largely mediated by MFGES, a key protein expressed in ERC-exosomes, which enhances
exosome uptake by intestinal epithelial cells through the avp5 integrin receptor and activates the PI3K/AKT/mTOR
signaling pathway. This activation leads to suppression of apoptosis, promotion of epithelial cell proliferation, and
restoration of tight junction integrity, thereby repairing the damaged intestinal barrier. The critical role of MFGES in
mediating the therapeutic effects of CSE underscores its potential as a therapeutic target for UC and other inflammatory
conditions. However, as previously stated, this research is subject to certain limitations. These include the standardization
of CSE industrial production, the batch - to - batch quality control of ERC -Exos, and the necessity to validate the safety
and efficacy of CSE in human intestinal organoids. All of these aspects necessitate further investigation. Collectively,
these findings pave the way for the development of exosome-based therapies as promising alternatives to conventional
treatments for inflammatory bowel disease.
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