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Background: Ulcerative colitis (UC) is a chronic inflammatory disease characterized by persistent immune activation and gut
microbiota dysbiosis, for which current therapies remain limited by incomplete efficacy and substantial adverse effects. This study
aimed to investigate the protective effects of pneumococcal endopeptidase O (PepO) on UC and its potential mechanisms of action.
Methods: The efficacy of PepO was evaluated in a dextran sulfate sodium (DSS)-induced acute colitis mouse model. Clinical
phenotypes were assessed using the disease activity index (DAI), colon length, histopathological analysis, and inflammatory cytokine
levels. Macrophage infiltration and key inflammatory mediators were analyzed via immunofluorescence, flow cytometry, ELISA, and
gPCR. Mechanisms were further validated by macrophage depletion using clodronate liposomes and recombinant CCL2 supplementa-
tion. In addition, gut microbiota composition was analyzed via 16S rRNA sequencing, and causality was confirmed through antibiotic-
induced microbiota depletion and fecal microbiota transplantation (FMT) experiments.

Results: PepO administration significantly improved disease activity, colon length, and ameliorated histopathological damage in the
mice. Mechanistically, PepO directly inhibited macrophage CCL2 production, reducing macrophage infiltration and the release of pro-
inflammatory cytokines in colitis. Additionally, PepO remodelled the gut microbiota and markedly increased the abundance of
beneficial bacteria, such as Lactobacillus and Akkermansia. Antibiotic-induced microbiota depletion completely abolished PepO’s
protective effect, while FMT successfully replicated its protective actions, including suppression of CCL2 expression and macrophage
infiltration.

Conclusion: This study shows that PepO exerts potent anti-colitic effects through a dual mechanism involving direct inhibition of the
macrophage-CCL2 axis and microbiota-dependent enhancement of gut immune homeostasis.

Keywords: CCL2, gut microbiota, intestinal barrier, macrophages, pneumococcal endopeptidase O (PepO), ulcerative colitis

Introduction

Ulcerative colitis (UC) is an autoimmune disorder primarily marked by chronic inflammation of the bowel and is one of
the most prevalent forms of inflammatory bowel disease (IBD).! UC most commonly affects the sigmoid colon and
rectum, and in severe cases, inflammation may extend throughout the entire colon, significantly impacting patients’
quality of life. While IBD was historically more prevalent in developed countries, the prevalence of UC has been steadily
increasing in some Asian countries, including China, driven by shifts in lifestyle and dietary habits.> As the precise

etiology of UC remains unclear, current treatments focus on symptom management. While existing therapies can control
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intestinal inflammation to some extent, they fail to restore long-term immune homeostasis,” resulting in limited clinical
remission rates (30-60%)*> and a high risk of relapse.® Consequently, there is an immediate need to develop alternative
therapeutic strategies for UC.

The development of UC is multifactorial, involving genetic, environmental, microbial, and immune dysregulation.’
Extensive research indicates that macrophages in UC patients are activated to release multiple inflammatory mediators,
which contribute significantly to disease onset and progression.®’ In the context of chronic inflammation, their persistent
and uncontrolled recruitment further amplifies the immune response, driving the persistence and progression of
inflammation in UC.'®!" Therefore, modulating macrophage recruitment and activity represents a critical therapeutic
target for managing UC and preventing disease progression.

As an integral element of the gastrointestinal tract, the gut microbiota is essential to host physiology, interacting with
the immune system, contributing to immune homeostasis, and participating in various metabolic pathways. Dysbiosis of
the gut microbiota, characterized by changes in microbial composition, reduced diversity, a loss of beneficial bacteria
such as Lactobacillus, Akkermansia, Faecalibacterium, Roseburia, and Bifidobacterium, and an expansion of pathogenic
species such as adherent-invasive Escherichia coli and enterotoxigenic Bacteroides fragilis, has been strongly linked to
colitis.">'* Recent studies provide strong evidence that impaired macrophage activation in response to gut microbiota
may contribute to heightened susceptibility to UC.'” Increasing attention is being focused on approaches to restore gut
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microbiota balance, such as employing probiotics and prebiotics, to influence host health through modulation of
microbial composition.””17 Probiotics, such as Lactobacillus and Akkermansia, have been shown to have a direct link
to the prevention of colitis.'™'® Therefore, addressing dysbiosis in UC patients may offer a promising therapeutic
approach.

Immunomodulatory agents exert therapeutic effects in immune-mediated diseases, including UC, by either enhancing
or suppressing immune responses. However, despite the widespread use of immunomodulatory-based treatment strate-
gies, significant challenges remain, including pronounced side effects, increased risks of infections and malignancies, and
the high costs associated with treatment. These agents are categorized into three types: conventional immunosuppres-
sants, such as glucocorticoids (for acute phases) and 6-mercaptopurine (for maintaining remission);>° biological agents,
chiefly anti-tumour necrosis factor (TNF) drugs, which form the core of UC therapy;>' and small-molecule drugs, such as
JAK inhibitors and SIPR modulators, predominantly used as second-line treatments.”**> However, the immunosuppres-
sive functions of these agents pose significant risks. Anti-TNF drugs may increase the risk of tuberculosis reactivation;**
JAK inhibitors and SIPR modulators are associated with heightened risks of respiratory, urinary tract, and herpesvirus
infections;> traditional immunosuppressants (such as azathioprine) have been associated with a higher risk of certain
tumors. In addition, there is a complex interaction between immunomodulators and the gut microbiota. While some drugs
can alter microbiota composition, the patient’s baseline microbiota also affects drug efficacy.”® Microbiota dysbiosis,
with reduced beneficial bacteria (eg, Bifidobacterium and Blautia) and increased opportunistic pathogens (eg,
Escherichia and Shigella), is linked to treatment non-response.”’ The persistent disruption of the “microbiota-
macrophage axis” plays a crucial role in the chronicity and refractoriness of colitis, yet it is often neglected by current
treatment strategies. Therefore, identifying key factors that can precisely regulate macrophages while restoring microbial
homeostasis offers a novel approach to overcoming current therapeutic limitations.

In our group’s previous protein vaccine research, we identified a TLR2/4 dual-ligand protein: pneumococcal
endopeptidase O (PepO). This protein is recognized by the cell surface pattern recognition receptors TLR2 and TLR4,
inducing innate immune responses and trained immunity to exert broad-spectrum anti-infective effects.’®*° These
findings suggest that PepO functions as an immunomodulatory enhancer targeting macrophages. Beyond its role in
enhancing host defense and trained immunity, our research suggested that PepO elicits a transient inflammatory response
followed by rapid resolution, indicating a potential role in immune recalibration rather than sustained immune
activation.>® Given its unique capacity to directly engage macrophages while originating from a microbial context, we
hypothesized that PepO may function as a molecular integrator linking immune regulation with gut microbiota
remodeling. In the present investigation, we demonstrate that PepO alleviates experimental colitis by suppressing CCL2-
mediated macrophage recruitment and reshaping the gut microbiota, thereby restoring intestinal immune homeostasis.
The study systematically evaluates its potential as a novel protective target that can simultaneously correct immune
imbalance and gut disorder. This work further enhances our understanding of the underlying mechanisms of colitis and
provides a foundation for developing more targeted and lasting treatments beyond traditional immunosuppression.

Materials and Methods

Animals

All experimental mice were supplied by Tengxin Biotechnology Co., Ltd (Chongqing, China). The animals were male
C57BL/6J mice under specific pathogen-free (SPF) conditions, aged 6—8 weeks, with a body weight of 18-20 g. Prior to
the experiment, the animals were acclimated for one week. During the acclimation period, mice from different
experimental groups were randomly co-housed to minimize cage effects and standardize environmental conditions. All
animal experiments were conducted in accordance with the ethical policies and procedures approved by the Animal Care
and Use Committee of Chongqing Medical University (IACUC-CQMU-2024-03125). All animal experiments conducted
in this study were performed in compliance with the ARRIVE guidelines. All animals were housed at the Animal
Experiment Center of Chongqing Medical University under environmental conditions of 24.0 £ 2.0 °C and 55.0 + 5.0%

humidity, with a 12-hour light/dark cycle. Animals had free access to food and water.
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Murine Colitis Models

Following the acclimatization and randomization process, mice were housed in group-specific cages to ensure accurate
drug administration and to prevent potential microbial cross-contamination between different treatment groups. To
establish a mouse colitis model, 3% dextran sulfate sodium (DSS) was dissolved in drinking water and administered
for 6 consecutive days. Based on DSS administration, the PepO administration involved an intraperitoneal injection of
200 pL (10 mg/kg) on the day of the experiment. The DSS-containing water was refreshed every other day (on days 0, 2,
and 4). On day 6, the DSS water was replaced with normal drinking water, and all animals were euthanized on day 7.
Euthanasia was performed as follows: deep anesthesia was first induced by an intraperitoneal injection of pentobarbital at
a dose of 75 mg/kg body weight. Following confirmation of deep anesthesia by the absence of the pedal withdrawal
reflex and lack of spontaneous breathing, mice were subsequently euthanized by cervical dislocation. Daily monitoring of
mouse incidence and body weight recording were performed. Assessment of the clinical disease activity index (DAI) was
performed according to a standard method (Supplementary Table S1), based on scores for stool consistency, weight loss,

and rectal bleeding.

Intestinal macrophages were depleted by intraperitoneal injection of clodronate liposomes (200 pL/animal, 5 mg/mL)
at three time points: 3 days before DSS treatment (day —3), on the day of DSS initiation (day 0), and 3 days after DSS
initiation (day +3). Control animals received the same volume of control liposomes (PBS).

CCL2 recombinant protein was administered via intraperitoneal injection at 200 pl/animal (10 pg/kg) on
modeling day 2 and modeling day 4.

For the antibiotics (ABX) depletion assay, 6—8-week-old C57BL/6J mice received a daily oral gavage of a quadruple
antibiotic cocktail (MCE) for 5 consecutive days at the following doses: ampicillin (200 mg/kg), metronidazole (200 mg/
kg), neomycin sulfate (200 mg/kg), and vancomycin (100 mg/kg).

For the fecal microbiota transplantation (FMT) assay, recipient C57BL/6J mice were first rendered microbiota-de-
pleted using the same antibiotic pretreatment regimen as described above. Donor mice (WT and PepO-treated) were
administered 3% DSS in drinking water for 6 days, followed by one day of regular water. Fecal samples were collected
separately from each group. The fecal material was homogenized in sterile PBS to a final concentration of 100 mg feces/
mL. The homogenized suspension was then centrifuged at 500 g for 2 minutes to obtain bacterial suspensions. The fecal
suspensions were thoroughly mixed and administered at 10 pL/g body weight. Recipient WT mice, pretreated with
antibiotics as described, were randomly separated into two experimental groups: the FMT-DSS group and the FMT-DSS
+PepO group. Each group received a daily gavage of the corresponding fecal suspension (from DSS or DSS+PepO
donors, respectively) for 6 consecutive days. Concurrent with the FMT period, all recipient mice received 3% DSS in
their drinking water for 6 days to induce colitis, followed by one day of recovery with regular water.

Histopathological Analysis and Immunostaining

In the DSS-induced colitis model, 0.5 cm of distal colon tissue was harvested from each mouse for staining, with the
mouse colon being transected transversely. Colon tissue was first fixed for one night using 4% paraformaldehyde.
Following embedding in paraffin, tissues were sectioned at 5 um thickness for subsequent staining with hematoxylin and
eosin (H&E) and periodic acid-Schiff (PAS). Histopathological scores were evaluated based on the extent of crypt injury,
epithelial damage, and inflammatory cell infiltration. For quantitative assessment, image analysis was performed with
ImageJ] (National Institutes of Health, Bethesda, MD, USA).

For immunofluorescence analysis, 4-um colonic sections were subjected to fixation in paraformaldehyde and
subsequent permeabilization with Triton X-100 in phosphate-buffered saline (PBS). They were then incubated with
a blocking buffer prior to antibody staining. For immunofluorescence, the sections were treated at 4°C overnight with the
corresponding antibody. After PBS washing, cell nuclei were stained with DAPI. A fluorescent microscope was used to
examine and take pictures. Quantitative analysis was performed using ImageJ.
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Intestinal Permeability Measurement

To assess intestinal permeability, mice were fasted for 12 hours prior to the experiment, and were administered 50 mg/kg
of fluorescein isothiocyanate-labeled dextran (MW 4000) via gavage. Four hours later, cardiac blood samples were
collected and centrifuged to obtain serum. The supernatant was diluted and subjected to fluorescence detection (excita-
tion at 485 nm/emission at 525 nm). The concentration of FITC-dextran was quantified against a standard curve. The
curve was established using serially diluted FITC-dextran standards.

RNA Extraction and Quantitative qRT-PCR

Total RNA was isolated from both cellular and colonic tissues using TRIzol reagent, following the manufacturer’s
protocol. Subsequently, the extracted RNA served as the template for complementary DNA (cDNA) synthesis, which
was then performed using a PrimeScript RT reagent kit. For gene expression analysis, QRT-PCR was conducted with
SYBR Premix Ex Taq in a SYBR Green-based assay, strictly adhering to the kit’s instructions. The relative mRNA
expressions were determined using the ACt method with housekeeping gene S-actin serving as the endogenous control.
Supplementary Table S5 lists the specific primer sequences used in this study.

Enzyme-Linked Immunosorbent Assay

Total protein was extracted by homogenizing frozen colon samples in RIPA lysis buffer. After homogenization, the
lysates were centrifuged at 12,000 g for 15 min at 4°C, and the supernatant was collected for further analysis. Protein
concentrations were determined using a bicinchoninic acid (BCA) assay kit according to the manufacturer’s instructions.
Subsequently, the concentrations of key pro-inflammatory mediators (IL-6, IL-1B, TNF-0, and CCL2) in colon tissues
were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturers’ recommendations. The
cytokines secreted in the supernatants from the cell cultures and mouse plasma were also measured similarly.

Isolation of Colonic Lamina Propria Cells

After excision, the mouse colon tissues were cut into 1-2 cm segments and immediately placed in ice-cold PBS.
Following this, each segment was longitudinally incised to remove the luminal contents, which were then gently cleared
away with several washes of PBS. To first remove colonic epithelial cells, colon fragments were incubated in Hanks’
balanced salt solution (HBSS) containing 5 mM EDTA, 1 mM DTT, and 2% FBS at 37°C for 40 min with gentle
agitation. Subsequently, the remaining tissue was minced into small pieces and digested in RPMI 1640 medium
supplemented with 2% FBS, 50 pg/mL DNase I, and 1 mg/mL collagenase IV at 37°C for 40 min under gentle shaking.
The mixture was filtered through a 70-pm cell strainer and then centrifuged at 450 g for 10 min. The pellet was washed
twice with PBS and resuspended to obtain a single-cell suspension.

Flow Cytometry

To prevent non-specific binding, cell suspensions were first incubated with an anti-mouse CD16/32 antibody. They were
then stained for surface markers using a panel of specific antibodies. For cell phenotyping and sorting, we utilized BD
FACSCanto Plus and FACSCanto II flow cytometers (BD Biosciences, USA). The acquired data were analyzed with the
accompanying FlowJo software. Detailed information regarding the antibodies used for flow cytometry is listed in
Supplementary Table S2.

Western Blotting

Colonic samples were homogenized in RIPA lysis buffer, followed by measurement of the total protein concentration.
Following separation by SDS-PAGE and electrotransfer onto PVDF membranes, the membranes were blocked with 5%
skim milk powder for 2 hours at room temperature. They were incubated overnight at 4 °C with primary antibodies
against Cleaved caspase-3 and B-actin, followed by incubation with HRP-conjugated secondary antibodies at room
temperature for 1 h. Protein bands were detected using an ECL Western blot reagent; chemiluminescent signals were
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captured with a ChemiDoc XRS+ imaging system (Bio-Rad). Information on the primary and secondary antibodies used
for immunoblotting is provided in Supplementary Table S3.

Bone Marrow-Derived Macrophages (BMDMs) Culture

Bone marrow cells were isolated from the tibiae and femora of C57BL/6J mice. To generate BMDMs, primary cells were
cultured for 7 days in complete DMEM containing 20 ng/mL recombinant macrophage colony-stimulating factor
(M-CSF). On day 7, cells were pre-treated with or without 10 pg/mL PepO for 12 h, followed by stimulation with
100 ng/mL LPS for another 12 h. The supernatants were collected and subsequently assayed by ELISA.

Transwell Assay

To evaluate the effect of PepO on BMDM migration, we performed the following assay. Conditioned medium (CM) was
collected from BMDMs treated with medium only (Control), LPS (100 ng/mL), or PepO pretreatment (10 pg/mL, 12 h)
followed by LPS stimulation (12 h). The CM from the PepO+LPS group was also supplemented with 50 ng/mL rCCL2
to assess the rescue effect. BMDMs were seeded into the upper chamber of Transwell inserts (8§ um pore size), and the
corresponding CM was placed in the lower chamber. After overnight incubation, cells that had migrated to the lower
chamber were fixed, stained with crystal violet, and counted.

Microbiota Analysis

To investigate the impact of PepO on gut microbiota, fecal samples were collected at the end of the experiment (Day 7)
from mice in the Water, DSS, and DSS+PepO groups. Samples were immediately cryopreserved in liquid nitrogen and
subsequently transferred to —80°C for 16S rRNA sequencing. 16S rRNA gene sequencing of the V3—V4 hypervariable
region was performed on the Illumina platform by Shanghai Weihuan Biotechnology Co., Ltd. Alpha diversity indices
(Chaol and Shannon) were calculated and compared among groups using the Kruskal-Wallis test. For beta diversity,
principal coordinate analysis (PCoA) was used to visualize the microbial community structure, and PERMANOVA
(Adonis) was performed to test for significant differences among groups. The Kruskal-Wallis test (for three groups) or
Wilcoxon test (for two groups), along with ALDEx2 and ANCOM, was used for differential abundance analysis. For
ALDEX2, significance was determined by Benjamini-Hochberg adjusted P-values (kw.eBH) < 0.05 for omnibus tests.
Additionally, for pairwise comparisons, we prioritized a biological effect size > 1 to ensure robust interpretation despite
the limited sample size. For ANCOM, a W-threshold > 0.6 was consistently applied as the detection criterion across all
comparisons.

Statistical Analysis
Mice were enrolled in the studies in a blinded fashion and randomly allocated to their respective treatment groups. All
data were analyzed with GraphPad Prism (v9.00, GraphPad Software, USA). Differences between groups were assessed
for statistical significance using either one-way analysis of variance (ANOVA) or a two-tailed Student’s t-test, as
appropriate. Data were shown as means = SD. P < 0.05 was considered significant (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).

All reagents and kits used in this study were commercially available. Detailed information including vendor names
and catalog numbers is provided in Supplementary Table S4.

Results
PepO Ameliorates Symptoms of DSS-Induced Colitis

To assess the impact of PepO on colitis progression in UC mice, colitis was induced by providing 3% DSS in the
drinking water for a duration of 6 days. On the first day, PepO (10 mg/kg) was administered through intraperitoneal
injection (Figure 1A). Mice in the DSS-treated group displayed a range of symptoms associated with colitis, including
significant diarrhea, rectal bleeding, and shortened colon length. PepO notably mitigated DSS-induced colitis, demon-
strated by a significant reduction in DAI scores, which were derived from measurements of body weight reduction, stool
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Abbreviations: i.p., intraperitoneal injection.

consistency, and blood presence in the stool (Figure 1B). Additionally, colonic shortening was alleviated (Figure 1C). To
investigate the impact of PepO on DSS-induced colonic damage, H&E and PAS staining were performed. In comparison
to mice in the DSS group, which showed considerable loss of crypts, increased inflammatory cell infiltration, more severe
damage to goblet cells, and higher histopathological scores, the DSS+PepO group showed relatively preserved colonic
structure, mild mucosal damage, reduced infiltration of inflammatory cells, and lower histopathological scores
(Figure 1D). PAS staining was conducted to evaluate the quantity of goblet cells. The results showed a significant
decrease in the number of goblet cells in the DSS group compared to the water group. Notably, PepO mitigated the DSS-
induced depletion of goblet cells (Figure 1E). Collectively, PepO significantly improves both the clinical symptoms and
histopathological features of DSS-induced acute colitis.

PepO Protects the Intestinal Barrier by Restoring Its Structure and Epithelial

Homeostasis
The integrity of the intestinal barrier is essential for maintaining intestinal homeostasis. We further investigated the
impact of PepO on the intestinal mucosal barrier in colitis. On day 7, intestinal permeability was assessed in the mice
through intragastric administration of FITC-dextran. Compared to the control group, mice treated with DSS exhibited
significantly higher levels of FITC-dextran in the serum, whereas PepO administration notably reduced serum FITC-
dextran levels (Figure 2F). These findings indicate that PepO alleviates the increased intestinal permeability caused by
DSS induction.

The mucus layer that coats the epithelial cells in the colon plays a critical role in gut protection. Mucin2 (MUC?2),
a gel-forming mucin secreted by goblet cells, is the primary constituent of this mucus.®>’ Compared with the DSS group,
PepO administration prevented the loss of MUC2 protein (Figure 2A).
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It has been reported that decreased expression of tight junction (TJ) proteins contributes to intestinal barrier
dysfunction, with ZO-1 and Occludin being the primary components of these tight junctions.**** Immunofluorescence
staining was employed to examine the expression of TJ protein Occludin (Figure 2B) and protein ZO-1 (Figure 2C) in the
colons of mice. ZO-1 expression was significantly reduced in DSS-treated mice, mirroring the decrease in occludin

expression. PepO administration restored the redistribution and levels of these two proteins.
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The imbalance between cell proliferation and apoptosis in the colonic crypts is a critical factor in the pathogenesis of
UC in humans.>**% To investigate this, the proliferation and apoptosis of colonic epithelial cells were evaluated using
immunological techniques. A substantial number of TUNEL-positive cells were observed in the colonic tissue of DSS-
treated mice, whereas the quantity of TUNEL-positive cells was markedly lower in the colon tissue of PepO-treated mice
(Figure 2D). Western blot analysis was used to measure the expression of Cleaved caspase-3. The results showed
a notable increase in the apoptotic protein Cleaved caspase-3 following DSS treatment (Figure 2G), whereas PepO
administration markedly suppressed its expression in colonic tissue. The number of Ki67-positive cells in the colonic
crypt region was significantly lower in DSS-induced mice compared to normal mice. In contrast, PepO administration led
to a substantial increase in Ki67-positive cells (Figure 2E).

PepO Reduces Macrophage Infiltration and Inflammatory Cytokine Production in
DSS-Induced Colitis

The excessive recruitment and subsequent activation of immune cells within intestinal tissue constitute a key character-
istic in the development of ulcerative colitis, as they generate excessive pro-inflammatory cytokines and amplify
inflammatory responses, ultimately leading to colonic damage.'® Immunofluorescence analysis was performed to
evaluate the distribution and proportion of the macrophage surface marker F4/80 in colonic tissue. In DSS-treated
mice, a significant accumulation of infiltrating macrophages was found in the lamina propria. However, PepO admin-
istration led to a significant decrease in macrophage infiltration (Figure 3A). Using the gating strategy outlined in
Supplementary Figure S1A, flow cytometry analysis confirmed that PepO administration significantly decreased the

infiltration of F4/80-positive macrophages within the lamina propria (Figure 3B). Furthermore, the mRNA levels of 7/6,
Tnf, and 111D, as well as the protein levels of IL-6, TNF-a, and IL-1p, were markedly reduced in colonic tissue following
PepO administration (Figure 3C and E). These cytokines, primarily produced by macrophages, were also significantly
lower in the circulation in PepO-treated colitis mice compared to the DSS group (Figure 3D).

Macrophage Clearance Negates the Remission-Inducing Effect of PepO on Colitis

The continuous infiltration of pro-inflammatory macrophages at the injury site disrupts immune homeostasis and sustains
chronic inflammation. To further validate that macrophages are the primary target cells involved in PepO-mediated colitis
remission, mice were pretreated with either control or clodronate liposomes. At the systemic level, clodronate liposomes
significantly induced macrophage depletion, as confirmed by flow cytometric analysis of peritoneal macrophages
(Supplementary Figure S1B). Immunofluorescence analysis revealed a significant reduction in F4/80-positive macro-

phages within the colonic lamina propria following clodronate liposome treatment (Figure 4C). Following macrophage
clearance, PepO administration failed to reduce DAI scores (Figure 4A), colon shortening remained unchanged
(Figure 4B). Histopathological examination showed that clodronate liposome treatment completely abolished the
improvement conferred by PepO: colonic tissues still exhibited obvious inflammatory cell infiltration, disrupted crypt
architecture, and impaired mucosal structure, similar to the DSS group (Figure 4D). Correspondingly, PAS staining
demonstrated that goblet cell density was not restored by PepO after macrophage depletion (Figure 4E). The protective
effect of PepO against DSS-induced colitis was abolished by clodronate liposomes, confirming that PepO exerts its anti-
colitis effects through a macrophage-dependent mechanism.

CCL2 Supplementation Abolishes the Inhibitory Effect of PepO on DSS-Induced
Colitis

C-C motif chemokine ligand 2 (CCL2), also referred to as monocyte chemotactic protein-1 (MCP-1), is a member of the
CC chemokine family. Studies indicate that CCL2 exacerbates colitis progression by recruiting pro-inflammatory
macrophages and serves as a key marker of intestinal inflammation.*®*” Therefore, we assessed its expression. PepO
administration significantly reduced CCL2 levels in both colonic tissue and circulating plasma of mice with colitis
(Figure 5A and B). Culture supernatants from BMDMs pretreated with PepO followed by LPS stimulation exhibited
reduced CCL2 protein levels (Figure 5C). In the Transwell assay, conditioned medium from BMDMs pretreated with
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Figure 3 PepO reduced macrophage infiltration and inflammatory cytokine production in DSS-induced colitis. (A) Immunofluorescence staining of the macrophage marker
F4/80 and quantitation in colon tissues. Scale bar: 50 um. (B) Representative flow cytometry plots (left) and the frequency (right) of CD45"CDI |b*F4/80" macrophages
among CD45" cells in the colonic lamina propria. (C) mRNA expression of ll6, Tnf, and Il b in colon tissues measured by qRT-PCR. (D) Plasma levels of IL-6, TNF-q, and IL-
IB measured by ELISA. (E) Protein levels of IL-6, TNF-a, and IL-If in colon tissue homogenates measured by ELISA. Individual data points for each mouse are represented
by symboils: black circles for the Water group, blue squares for the DSS group, and red triangles for the DSS+PepO group. The data are presented as mean * SD, n = 3-6.
*P < 0.05; P < 0.01; ¥*P < 0.001; *¥**P < 0.0001.

Abbreviation: SSC-A, side scatter-area.

PepO and then stimulated with LPS recruited fewer BMDMs than conditioned medium from BMDMs treated with LPS
alone. The addition of recombinant CCL2 (rCCL2) reversed this effect (Figure 5D).

To further validate that the reduction in CCL2 played a role in PepO-mediated colitis suppression, we administered
rCCL2 protein to DSS-induced colitis mice along with PepO (Figure 5E). The addition of rCCL2 negated the suppressive
effect of PepO on the colitis phenotype, with no significant differences in DAI scores or colon shortening (Figure SF and
G). Histopathological analysis further confirmed this reversal effect. In H&E staining, both the DSS+rCCL2 and DSS
+PepO+rCCL2 groups displayed extensive histological damage, including widespread loss of the mucosal epithelium,
collapse of crypts, and dense inflammatory cell infiltration extending into the submucosal layer (Figure SH and K). PAS
staining revealed that rCCL2 supplementation completely abrogated the mucus barrier-preserving effect of PepO, with
both treatment groups showing severe depletion of PAS-positive goblet cells (Figure 51 and L). Moreover, compared to
mice without rCCL2 supplementation, supplementation with rCCL2 increased the number of F4/80-positive macro-
phages in the lamina propria of PepO-intervened colitis mice (Figure 5J and M). These findings indicate that PepO halts
the progression of ulcerative colitis by reducing CCL2-mediated macrophage migration.

The Ameliorative Effect of PepO on Colitis is Dependent on the Gut Microbiota
Gut microbiota is essential for digestion, inflammation, immune regulation, and therapeutic responses. To explore
whether PepO influences the gut microbiota, 16S rRNA sequencing was conducted on fecal samples from each group
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Figure 4 Macrophage clearance negated the remission-inducing effect of PepO on colitis. (A) DAI on day 7 post DSS drinking. (B) Representative images of colon tissues
and colon length. (C) Immunofluorescence staining of the macrophage marker F4/80 and quantitation in colon tissues. Scale bar: 50 pm. (D) H&E staining of distal colon
tissues and histopathological scores. Scale bar: 50 um. (E) PAS staining of distal colon tissues and number of goblet cells. Scale bar: 50 pm. Individual data points for each
mouse are represented by symbols: black circles for the Water group, blue squares for the DSS group, and red triangles for the DSS+PepO group. The data represent the
mean = SD, n = 5. ¥P < 0.01; **P < 0.001; ****P < 0.0001.

Abbreviation: ns, not significant.

of mice. Alpha diversity analysis showed no significant differences in Chaol index across groups. However, the Shannon
index revealed a significant difference between the DSS and DSS+PepO groups, with the DSS+PepO group showing
lower diversity (Figure 6A). Regarding beta diversity, PERMANOVA (Adonis) confirmed significant differences in
microbial community structure among the three groups (all adjusted P < 0.01; Supplementary Table S6). Consistent with

this, principal coordinate analysis (PCoA) plots indicated that PepO administration attenuated disease-induced gut
microbiota dysbiosis. The DSS group was distinctly separated from the control group, while PepO administration re-
established a healthier microbial composition (Figure 6B).
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Figure 5 CCL2 supplementation abolished the inhibitory effect of PepO on DSS-induced colitis. (A) Protein levels of CCL2 in colon tissue measured by ELISA. (B) Plasma
levels of CCL2 measured by ELISA. (C) Protein levels of CCL2 in the BMDMs supernatant measured by ELISA. (D) Representative images and counts of BMDMs in the
transwell migration assay. (E) Schematic of the acute DSS-induced colitis mouse model with or without recombinant CCL2 supplementation. (F) DAl on day 7 post DSS
drinking. (G) Representative images of colon tissues and colon length. (H) H&E staining of the distal colon tissues. Scale bar: 50 um. (I) PAS staining of the distal colon
tissues. Scale bar: 50 um. (J) Immunofluorescence staining of the macrophage marker F4/80 in colon tissues. Scale bar: 50 um. (K) Histopathological scores based on H&E
staining. (L) Number of goblet cells based on PAS staining. (M) Quantitation of F4/80 in colon tissues. For animal experiments: In (A, B, F, G, K, L, M), individual mice are
represented by black circles (Water), blue squares (DSS), and red triangles (DSS+PepQ); additionally, in (F G, K, L, M), green triangles (DSS+rCCL2) and yellow diamonds
(DSS+PepO+rCCL2) are included. For cell-based assays: In (C), symbols represent Control (black circles), LPS (blue squares), and PepO+LPS (red triangles). In (D), symbols
represent Control CM (black circles), LPS CM (blue squares), PepO+LPS CM (red triangles), and PepO+LPS CM+rCCL2 (green triangles). Data are presented as mean * SD,
n=3-7. *P < 0.05; *P < 0.01; ***P < 0.001; ****P < 0.0001.

Abbreviations: i.p., intraperitoneal injection; CM, conditioned medium; BMDM, bone marrow-derived macrophage; rCCL2, recombinant CCL2; ns, not significant.
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Figure 6 The ameliorative effect of PepO on colitis is dependent on the gut microbiota. (A) Community alpha diversity was evaluated using the richness (Chao) and
diversity (Shannon) indices. (B) Principal coordinate analysis plot based on Bray-Curtis distance for beta diversity. (C) Relative abundance bar chart of the top 20 genera. (D)
Key genera with significant intergroup differences in relative abundance. (E) Schematic of the antibiotic treatment experiment. (F) DAI scores. (G) Representative images of
colon tissues and colon length. (H) H&E staining of the distal colon tissues and histopathological scores. Scale bar: 50 pum. (I) Immunofluorescence staining of the
macrophage marker F4/80 and quantitation in colon tissues. Scale bar: 50 pm. (J) mRNA expression of Ccl2, l16, Tnf, and ll/b in colon tissues measured by qRT-PCR. (K)
Schematic diagram of FMT experimental treatments. (L) DAI scores. (M) Representative images of colon tissues and colon length. (N) H&E staining of the distal colon tissues
and histopathological scores. Scale bar: 50 pm. (O) Immunofluorescence staining of the macrophage marker F4/80 and quantitation in colon tissues. Scale bar: 50 um. (P)
mRNA expression of Ccl2, Il6, Tnf, and Il1b in colon tissues measured by qRT-PCR. In (E-J), individual data points for each mouse are represented by symbols: black circles for
the ABX+Water group, blue squares for the ABX+DSS group, and red triangles for the ABX+DSS+PepO group. In (K-P), individual data points for each mouse are
represented by symbols: blue squares for the FMT(DSS) group and red triangles for the FMT (DSS+PepO) group. Data are presented as mean * SD, n = 3—6. *P < 0.05; **P <
0.01; *P < 0.001; *P < 0.0001.

Abbreviations: i.p., intraperitoneal injection; ABX, antibiotics; FMT, fecal microbiota transplantation; ns, not significant.
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Figure 6 continued.

Differential abundance analysis using ALDEx2 and ANCOM revealed that PepO treatment significantly enriched
a cluster of beneficial microbes. Notably, Akkermansia emerged as a key biomarker highly responsive to PepO
administration, demonstrating a markedly higher biological effect compared to the DSS group (ALDEx2 effect size =
5.72; ANCOM W > 0.6; Supplementary Tables S7 and S8). Regarding Lactobacillus, PepO administration exerted
a significant biological effect compared to the DSS group, with an effect size greater than 1 in the ALDEX2 analysis

(Supplementary Table S7). Moreover, Lactobacillus was identified as a significantly altered feature in the omnibus test
(three-group comparison) by both ALDEx2 (kw.eBH = 0.0397) and ANCOM (W > 0.6) (Supplementary Tables S9 and
S10). Consistently, the relative abundance barplots confirmed that PepO administration markedly altered the gut

microbiota of DSS-treated mice, and significantly increased the relative abundance of probiotics including
Lactobacillus and Akkermansia (Figure 6C and D).

To assess whether the gut microbiota contributes to the protective effect of PepO against colon inflammation, mice
were pretreated with broad-spectrum antibiotics (ABX) to deplete the microbiota prior to DSS administration
(Figure 6E). This ABX regimen abolished the protective effect of PepO in DSS-induced ulcerative colitis. PepO
administration failed to reduce DAI scores (Figure 6F), and colon shortening remained unchanged (Figure 6G).
Histopathological observation showed no obvious differences in mucosal structure or inflammatory cell infiltration
between the ABX+DSS and ABX+DSS+PepO groups, with no noticeable improvement conferred by PepO treatment
(Figure 6H). Furthermore, no difference in infiltrating macrophages was observed between the ABX+DSS+PepO and
ABX+DSS groups (Figure 6I), nor were there differences in the transcriptional levels of Ccl2, 1l1b, Tnf, and Il6 in
colonic tissue (Figure 6J).

To further examine whether the gut microbiota remodeled by PepO provides protective effects against colitis, mice
were pretreated with ABX, followed by oral gavage of intestinal microbiota collected from DSS-induced colitis or PepO-
treated mice with DSS-induced colitis. At the same time, acute colitis was induced in the recipient mice through DSS
treatment (Figure 6K). The FMT (DSS+PepO) group, which received microbiota from the PepO-treated DSS group,
showed significant improvements in colitis, as indicated by longer colon lengths and lower DAI scores (Figure 6L and
M), compared to the FMT (DSS) group, which received microbiota from the DSS group. Histopathological analysis
showed that the FMT (DSS+PepO) group exhibited a more organized colonic architecture compared to the FMT (DSS)
group, with better-preserved crypt structures, a more continuous epithelial lining, and reduced inflammatory cell density
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in the colonic mucosa (Figure 6N). The FMT (DSS+PepO) group reduced Ccl2 expression, decreased F4/80-positive
macrophage infiltration in the lamina propria, and significantly alleviated tissue inflammation (Figure 60 and P). These
findings indicate that PepO confers protective effects against DSS-induced colitis by remodeling the composition of the
gut microbiota.

Discussion

Ulcerative colitis is a multifactorial disease influenced by host, microbial, and environmental factors. We found that
PepO directly inhibited macrophage production of the chemokine CCL2, thereby reducing their pathological infiltration
into the colon. Crucially, we demonstrated that this protective effect was dependent on the ability of PepO to remodel the
gut microbiota. Collectively, this study demonstrates that PepO mediates its protective effects in colitis through dual
mechanisms: direct immune regulation and microbiota remodeling. These findings offer new insights for developing
therapies targeting the microbiota-immune axis.

The DSS-induced ulcerative colitis model is widely used for studying UC.*® In this model, PepO administration
significantly alleviated clinical manifestations in colitis-affected mice. This protective effect was evidenced by attenuated
colon shortening, reduced disease activity scores, diminished inflammatory infiltration, and restored goblet cell numbers.

The intestinal barrier is crucial for preventing the invasion of bacterial pathogens into intestinal tissues.”® Research
has confirmed that enhanced intestinal barrier permeability is a key pathogenic mechanism in colitis, closely linked to the
presence of mucins and the integrity of tight junction proteins.*® MUC2 is a critical protein that constitutes and protects
the intestinal mucus layer, playing a crucial role in preserving the integrity of the intestinal barrier.*' ZO-1 and occludin
are key barrier proteins, and alterations in their expression and distribution directly compromise the mechanical barrier
function of the intestinal epithelium.** Following PepO administration, the expression of MUC2 and TJ proteins ZO-1
and occludin was significantly upregulated. These findings suggest that PepO protects intestinal barrier integrity by
increasing mucin expression and enhancing tight junction protein levels, thereby mitigating pathological damage to
colonic tissue. Previous studies have shown markedly elevated intestinal epithelial cell apoptosis in patients with
ulcerative colitis.** Inhibiting intestinal epithelial cell apoptosis is essential for enhancing compromised intestinal barrier
function in patients with ulcerative colitis.** Following DSS treatment, we observed increased expression of cleaved
caspase-3, an apoptotic effector enzyme, along with multiple clinical and histological characteristics resembling human
UC. Moreover, Ki67 expression was significantly lower in the colonic crypts of the DSS-treated group. However, PepO
effectively alleviated these pathological changes, suggesting its potential as a protective agent for ulcerative colitis.

The gut is one of the body’s largest immune organs, with macrophages representing the predominant population of
immune cells.*> Macrophage infiltration has been demonstrated to play a vital role in the progression of ulcerative
colitis.*® In comparison to the DSS model group, PepO administration notably decreased the infiltration of F4/80"
macrophages in the colonic lamina propria, concurrently downregulating levels of key pro-inflammatory factors—TNF-
o, IL-6, and IL-1p—primarily produced by activated macrophages. These findings unequivocally indicate that PepO
effectively suppresses macrophage-driven inflammation during colitis. Building upon this observation and our group’s

28,294 .
8.2947 we assessed the necessity of macrophages

prior discovery of PepO’s significant regulatory effects on macrophages,
in PepO-mediated colitis remission via macrophage depletion experiments. Results demonstrated that following macro-
phage depletion using clodronate liposomes, the protective effect of PepO against DSS-induced colitis was completely
abolished, indicating that macrophages are an indispensable cellular target for PepO’s protective efficacy.

To further investigate the molecular mechanism by which PepO regulates macrophages, we focused on the key
chemokine CCL2. CCL2 plays a central role in recruiting monocytes/macrophages to the inflamed intestine, thereby
driving and amplifying the inflammatory cascade.’®>” Consistent with our hypothesis, we found that PepO administration
significantly reduced CCL2 levels in both colonic tissue and the circulation of DSS-induced colitis mice in vivo. In vitro
studies revealed that PepO directly inhibits CCL2 production in BMDMSs and attenuates its chemotactic effect on
macrophages, an effect reversible by exogenous CCL2. Crucial in vivo experiments confirmed that CCL2 supplementa-
tion completely abolished PepO’s protective effect against colitis. Collectively, these results demonstrate that PepO
attenuates colitis by inhibiting CCL2-mediated macrophage recruitment, in line with previous studies showing that
targeting CCL2 reduces pro-inflammatory macrophage infiltration and alleviates colitis.**>° This conclusion appears to
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contradict a report by Maharshak et al, which suggested that exogenous CCL2 at extremely low concentrations (pM
levels) can improve colitis by inhibiting T-cell migration.”’ However, the two studies are not completely contradictory, as
the function of CCL2 is highly dependent on the environment, cell type, and concentration, with effects that may be
opposite in direction.’® Therefore, reducing excessively elevated endogenous CCL2 in pathological conditions and
supplementing with extremely low doses of exogenous CCL2 represent two entirely different intervention strategies,
together confirming the dual role of CCL2 in intestinal inflammation.

Increasing evidence suggests that gut microbiota dysbiosis plays a key role in the pathogenesis of ulcerative colitis.
DSS-treated mice also display dysbiosis, characterized by reduced microbial diversity, a decline in probiotic species, and
increased levels of pathogenic bacteria.”*>* This study further investigates the essential role of the gut microbiota in
mediating the protective effects of PepO. 16S rRNA sequencing analysis revealed that PepO intervention significantly
induced structural remodeling of the gut microbiota. The analysis of gut microbiota diversity revealed that the Shannon
index was significantly lower in the DSS+PepO group compared to the DSS group. Although it is generally accepted that
the resolution of colitis is associated with an increase in microbiota diversity, the Shannon index reflects both species
richness and evenness. In this study, the decrease in the Shannon index may not indicate a worsening of dysbiosis but
rather reflect the targeted expansion of specific beneficial microbial groups in the gut following PepO administration,
resulting in a change in community evenness. At the genus level, the PepO-treated group showed significant enrichment
of beneficial bacteria, particularly with substantial increases in the relative abundance of Lactobacillus and Akkermansia.
Akkermansia has been extensively recognized as an essential commensal bacterium that enhances intestinal mucosal
barrier integrity and promotes mucus secretion,”> while also being involved in immune regulation.’®>’ Meanwhile,
Lactobacillus produces metabolites such as short-chain fatty acids®® and antimicrobial peptides,” regulates immune cell
populations,®® modulates macrophage phenotypes,®' and is vital for maintaining epithelial homeostasis.®>

To validate the causal relationship between microbiota alterations and protective effects, we conducted gut microbiota
depletion experiments. Results showed that following broad-spectrum antibiotic-induced gut microbiota depletion,
PepO’s protective effect against colitis was completely abolished, and its benefits in ameliorating clinical symptoms
and histopathological damage were lost. This crucial evidence suggests that an intact gut microbial ecosystem is
a prerequisite for PepO to exert its biological effects in vivo. Further fecal transplantation experiments confirmed that
transferring microbiota from PepO-treated donor mice to DSS-induced colitis recipient mice successfully reproduced
a phenotype similar to that observed with direct PepO administration. This included significant improvement in clinical
symptoms and histopathology. In summary, these findings imply that the protective effect of PepO on experimental colitis
is closely associated with its remodeling of the gut microbiota.

Notably, a direct link between gut microbiota remodeling and the downregulation of the key chemokine CCL2 was
identified: reduced Ccl2 expression was observed in recipient mice transplanted with microbiota from the PepO-treated
DSS group. These beneficial bacteria may exert their effects through two main pathways: first, by producing immuno-
modulatory metabolites such as short-chain fatty acids (eg, butyrate);*® second, by fortifying the intestinal barrier
function to reduce the translocation of pathogen-associated molecular patterns (eg, LPS)®** After improving the micro-
biota, PepO creates an anti-inflammatory environment that further suppresses CCL2 expression, thereby reducing
macrophage recruitment This process may create a positive feedback loop with changes in the microbiota, enhancing
protective efficacy. This positive feedback loop amplifies PepO’s protective effect, leading to more sustained remission.
Further investigation is needed to determine whether PepO regulates the microbiota directly through its enzymatic or
antimicrobial activity, or indirectly via immune modulation (eg, macrophage function), or a combination of both
Although research suggests that macrophages influence the microbiota by secreting cytokines and antimicrobial
peptides,®>°® further studies are needed to clarify how PepO reduces macrophage recruitment and alters their phenotype,
subsequently affecting the microbiota and promoting a beneficial microbial composition. Understanding this bidirectional
mechanism will improve our knowledge of PepO’s synergistic effects and open new directions for future research.

Of note, helminths and their derivatives also exert protective effects against colitis. Helminths and their derivatives
have been shown to induce a Th2-type immune response, promote M2 macrophage polarization, restore gut microbiota
diversity, and reduce colonic pro-inflammatory chemokines, thereby alleviating colitis.®” "' These effects are similar to
those of PepO, which also involves immune regulation and gut microbiota modulation. However, helminths and their
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derivatives pose risks such as pathogenicity, ethical concerns, treatment dependency, and nonspecific
immunosuppression.”>’* In contrast, PepO targets CCL2 and macrophages, offering protective efficacy with
a reduced risk of immunosuppression. Additionally, PepO’s ability to reshape the gut microbiota provides broad potential
for supporting gut health, with better safety and clinical controllability since it does not rely on live microorganisms.

Nevertheless, several limitations of the present study should be acknowledged. First, as PepO was administered on the
same day as colitis induction, our data primarily support a protective role rather than a therapeutic effect for established
disease. Future studies involving delayed PepO administration are needed to further explore its potential in managing
established colitis. In addition, although the fecal inocula were standardized by weight and volume to ensure consistency,
the lack of specific CFU quantification remains a technical limitation of this assay. Addressing these limitations in future
research will provide a more comprehensive understanding of the clinical potential of PepO.

In summary, this study demonstrates that PepO offers protective effects in colitis. We reveal a dual protective
pathway: first, it directly acts on macrophages to inhibit CCL2 production, thereby blocking macrophage recruitment to
the gut and the inflammatory cascade; second, its overall efficacy depends on reshaping and regulating the gut
microbiota. Notably, PepO offers potential benefits in alleviating ulcerative colitis. Although current therapies control
inflammation, they increase the risk of infection and colitis-associated cancer.”>7® In contrast, its antimicrobial and anti-
tumor properties may reduce inflammation and mitigate these risks.”**°*" The dual effects of PepO open new
possibilities for immunomodulatory treatments and provide fresh targets for using microbial proteins in inflammatory
bowel disease.

Conclusion

This study demonstrates that PepO alleviates DSS-induced colitis by inhibiting CCL2 production and macrophage
infiltration. We have established that this protective effect is dependent on the remodeling of the gut microbiota. Our
findings reveal a dual-pathway mechanism: PepO directly suppresses macrophage CCL2 expression while simulta-
neously modulating the gut microbiota to foster a favorable immune environment. These results highlight PepO as
a promising protective agent and support its dual-pathway mechanism for the alleviation of IBD.
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