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Objective: Mucosa-associated invariant T (MAIT) cells are a unique subset of innate-like lymphocytes abundant in the gastro-
intestinal tract, yet their role in maintaining intestinal homeostasis remains incompletely understood. We investigated how MAIT cells
contribute to epithelial barrier integrity and the molecular mechanisms underlying this process during experimental colitis.
Methods: Acute colitis was induced by dextran sulfate sodium (DSS) in wild-type (WT) and MR1-deficient (MR1 ") mice. Disease
severity was quantified via weight loss, colon length, and histopathology. Barrier function was assessed by FITC-dextran permeability
and expression of tight junction proteins (ZO-1 and Claudin-1). Single-cell RNA sequencing (scRNA-seq) was employed to identify
MAIT-cell- associated mediators, followed by rescue experiments with recombinant IL-22 or CCL2.

Results: MAIT cells accumulated in the inflamed colon and displayed a tissue-specific activated phenotype during DSS-induced
colitis. MR1™"~ mice developed more severe colitis than WT mice, with aggravated mucosal injury, increased inflammatory cytokine
production, disrupted tight junction expression, enhanced intestinal permeability, and increased bacterial translocation. MAIT cell
deficiency was associated with markedly reduced colonic IL-22 expression and impaired IL-22 production across multiple immune
populations, including Th22 cells, Th17 cells, ILC3s, and CD4" T cells. Recombinant IL-22 partially alleviated colitis and improved
barrier-associated protein expression, indicating that IL-22 is an important downstream mediator of MAIT cell-dependent protection.
Mechanistically, single-cell RNA sequencing identified CCL2 as a MAIT-associated soluble factor induced during colitis. In vivo
CCL2 supplementation restored AHR/CYP1A1 expression, enhanced IL-22 production in Th22 and other lymphocyte subsets, and
ameliorated epithelial barrier damage and disease severity in MR1~~ mice.

Conclusion: Our study identifies a novel MAIT-CCL2-AHR-IL-22 regulatory axis that that contributes to epithelial barrier
protection during acute experimental colitis. MAIT cells appear to act not only as effector cells but also as upstream coordinators
of IL-22-dependent mucosal repair, providing a mechanistic basis for targeting this pathway in intestinal inflammatory disease.
Keywords: inflammatory bowel disease, acute experimental colitis, MAIT cell, IL-22, CCL2, intestinal barrier

Introduction

Inflammatory bowel diseases (IBDs), encompassing ulcerative colitis (UC) and Crohn’s disease (CD), are chronic
relapsing inflammatory disorders of the gastrointestinal tract with increasing global incidence.' Although their etiology
is multifactorial, IBD is widely considered to arise from dysregulated immune responses to the intestinal microbiota in
genetically susceptible individuals, leading to persistent inflammation and epithelial barrier dysfunction.>* Achieving
a delicate balance between innate and adaptive immune responses in the gut is a key factor in treating mucosal
inflammation and tissue damage in IBDs. Increasing evidence indicates that, beyond conventional adaptive immunity,
unconventional T cell populations positioned at mucosal interfaces are critical regulators of tissue homeostasis and

barrier repair.’
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Mucosa-associated invariant T (MAIT) cells are a subset of innate-like lymphocytes that recognize riboflavin-derived
metabolites presented by the major histocompatibility complex class I-related molecule (MR1).°® MAIT cells are highly
enriched in mucosal tissues and are developmentally shaped by early-life microbial exposure,” as demonstrated by the
marked reduction of MAIT cells in germ-free mice.'®!" The use of MR1 tetramers loaded with riboflavin metabolites
enables reliable identification of MAIT cells across tissues.!? In addition to their antimicrobial functions, MAIT cells
exhibit considerable functional plasticity and can adopt distinct effector programs depending on the inflammatory
context. These include pro-inflammatory responses characterized by IFN-y and IL-17A production, as well as tissue-
protective programs associated with barrier repair.'*'¢

Recent studies have further highlighted the importance of MAIT cell-microbiome interactions in human IBD.
Circulating MAIT cells are often reduced in patients, whereas they accumulate and become activated in inflamed
intestinal tissues, consistent with recruitment to sites of barrier disruption and microbial translocation.'”° In parallel,
alterations in microbial composition and metabolic activity during intestinal inflammation can influence the availability
of MR1 ligands and shape MAIT cell responses. Beyond antigen recognition, emerging evidence suggests that microbial
metabolic cues contribute to the regulation of MAIT cell function and downstream cytokine programs, providing an
additional layer of control over mucosal immunity.'®!”?! Notably, DSS-induced colitis, although primarily driven by
epithelial injury, recapitulates key features of microbiota-associated inflammation observed in human IBD, thereby
offering a relevant model to investigate microbiome-dependent MAIT cell responses.

IL-22 is a member of the IL-10 cytokine family and plays a central role in maintaining epithelial barrier integrity.?*
Unlike many immune mediators, IL-22 primarily acts on non-hematopoietic cells, including intestinal epithelial cells,
where it promotes proliferation, enhances tight junction formation, and induces antimicrobial peptide production.??**
Multiple immune cell populations, such as Th22 cells, Th17 cells, innate lymphoid cells, and y3 T cells, can produce IL-
22 in a context-dependent manner.”> 2’ While IL-22 is generally considered protective in acute mucosal injury, its
function is tightly regulated, and dysbalanced IL-22 responses have also been implicated in chronic inflammation.**-**

Given the close association of MAIT cells with microbial sensing and mucosal immunity, and the key role of IL-22 in
epithelial repair, a potential functional link between these two components is biologically plausible but remains
insufficiently defined. In particular, it is unclear whether MAIT cells regulate IL-22 responses indirectly through
interactions with other immune cell populations during intestinal inflammation. In this study, we used DSS-induced
colitis in WT and MR1™~ mice to investigate the role of MAIT cells in intestinal homeostasis. By combining
transcriptomic analysis and in vivo functional experiments, we explored the mechanisms by which MAIT cells influence

IL-22 production and epithelial barrier integrity during acute colitis.

Materials and Methods

Animal and DSS-Induced Acute Colitis Model

Specific pathogen-free (SPF) male C57BL/6J mice (6—8 weeks old, 15-20g) were purchased from Beijing Weitonglihua
Animal Experimental Technology Co, LTD. MR1™~ mice on a C57BL/6 background were provided by Prof. Xiong Ma
(Renji Hospital, Shanghai Jiao Tong University). Animals were housed in the SPF Animal Laboratory under the standard
12h light/dark cycle at 22°C and had free access to food and water. All procedures were approved by the Ethics
Committee of Zhongnan Hospital of Wuhan University and followed ARRIVE 2.0 guidelines.

After 1 week of acclimatization, acute colitis was induced by administration of 2% DSS (36-50 kDa) in drinking
water for 7 consecutive days. Mice were randomly assigned into four groups (n = 57 per group): WT control, WT+DSS,
MR17" control, and MR17"+DSS. Randomization was performed using a computer-generated random number table
Body weight, stool consistency, and rectal bleeding were monitored daily to calculate the disease activity index (DAI).
Investigators responsible for scoring and histological evaluation were blinded to group allocation. On day 7, mice were
euthanized with sodium pentobarbital (150 mg/kg, i.p), and serum and colon tissues were collected.

To minimize experimental bias, investigators responsible for animal handling and outcome assessment were blinded
to group allocation during disease activity scoring, histopathological evaluation, and biochemical analyses. Group
identities were revealed only after completion of data analysis.
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In vivo Recombinant Protein Administration
For rescue experiments, MR1~~ mice were randomly assigned to receive intraperitoneal injections of either sterile
phosphate-buffered saline (PBS) or recombinant murine IL-22 (GenScript, USA) at a dose of 30 ug per mouse diluted in
100 pL PBS. The IL-22 dose and administration schedule were selected based on previously published studies
demonstrating effective epithelial protection and barrier restoration in DSS-induced colitis models.?*~® Injections were
administered once daily starting on day 1 of DSS exposure and continued throughout the 7-day DSS treatment period.
To investigate the role of the MAIT-CCL2 axis, a separate cohort of MR1~~ DSS-treated mice received recombinant
murine CCL2 (Novoprotein,China) at a dose of 100ng per mouse diluted in 100 uL PBS via intraperitoneal injection.’’
CCL2 administration was initiated on day 1 of DSS exposure and continued once daily for seven consecutive days.
Control mice received an equal volume of PBS following the same schedule. At the experimental endpoint (day 7),
colonic tissues and lamina propria mononuclear cells (LPMCs) were harvested for subsequent analysis.

Inclusion and Exclusion Criteria for Mice in DSS-Induced Acute Colitis Models

For mice in DSS-induced acute colitis models, inclusion criteria include specific pathogen-free (SPF) inbred strains
(preferably C57BL/6), 68 weeks of age, 15-20 g body weight (with less than 10% weight difference among group
members), no pre-existing diseases/enteric pathogens/prior interventions (eg., antibiotics), and gender matching or
stratification; exclusion criteria cover baseline abnormalities (out-of-range weight/temperature, microbiota dysbiosis,
genetic mutations) and post-DSS issues (>20% weight loss in 72 h/severe symptoms like persistent diarrhea, <70% DSS
water intake, accidental death, extra-intestinal pathology, and protocol non-compliance).

Colon Histopathological Score
After direct colonic resection from mice, specimens were fixed overnight in 4% formaldehyde at room temperature.
Paraffin-embedded tissues were sectioned for hematoxylin and eosin (HE) staining. Histopathological grading was

independently assessed by three pathologists using blinded scoring based on the Neurath criteria.*

Liver CFU Measurement
Fresh livers were weighted and homogenized with 3mL sterile PBS to prepare a tissue homogenate, which were plated on
Blood Agar Base (Huankai microbial, China). Eighteen hours after incubation, the CFUs were counted and calculated as
count per gram weight of the liver.

Intestinal Permeability Assay

Mice were fasted overnight before intragastric administration of FITC-dextran (Sigma, USA). 3 hours later, the blood
was collected and centrifuged at 12000g at 4°C, and the supernatant fluorescence intensity was detected by a multi-
function enzyme labeling instrument (BIORAD, USA).

Immunofluorescence Staining

The colonic samples were fixed in formaldehyde for 2-3 days and embedded in paraffin. The sectioned tissue was
blocked BSA solution at room temperature for 30 minutes and incubated overnight with the primary antibody ZO-1
(Absin, China), the secondary antibody FITC-labeled goat anti-rabbit (CST, USA) was bound. Then the nucleus was
stained with a DAPI staining solution. Finally, the sections were sealed and detected under fluorescence microscope.

Western Blotting

Mice colon was milled with the radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China), phenylmethylsulfo-
nylfluoride (Thermo, USA), and protease inhibitor ((Beyotime, China). The extracted protein was denaturation with
loading buffer and separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), then transferred to a PVDF
membrane (Beyotime, China). Blocked with 5% skim milk for 2 hours. The primary antibody Zo-1 (Absin, China;
1:1000), Claudinl (Absin, China; 1:1000), IL-22 (Affinity, China; 1:1000), AHR (ABclonal, UK; 1:1000), CYP1A1
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(ABclonal, UK; 1:1000) and GAPDH (CST, USA; 1:1000) incubated overnight, and appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (CST, USA, 1:2000) incubated for 2 hours at room temperature.

Quantitative Real-Time PCR

Total RNA was extracted from colon with TRIzol reagent according to the manufacturer’s instructions. Then, the RNA
samples were reverse transcribed into cDNA using a reverse transcription kit (Roche, USA). The target gene was
amplified and detected by quantitative fluorescence PCR (ABI, USA).

Lamina Propria Mononuclear Cells Isolation

The colon was shredded (0.5mm). The tissues were treated with RPMI 1640 containing 0.5mmol/L EDTA (Biosharp,
China) 30 minutes. Then digested with RPMI 1640 containing 0.5mg/mL collagenase VIII (Sigma, USA), 100 pg/mL
DNase I (Sigma, USA), and 10% fetal bovine serum (Gibco, USA) 20 minutes at 37 °C. The supernatant was centrifuged
at 500g for 10 minutes at 4 °C. The precipitates were stratified by 80% and 40% Percoll (GE life, USA) with no brake
centrifugation, and the cells between the boundary of two Percoll gradients were the lamina propria mononuclear cells.

Flow Cytometry and Gating Strategy

The collected lamina propria mononuclear cells were centrifuged at 500g for 10 minutes at 4 °C. The precipitates were
re-suspended with 100uL staining buffer (BD Biosciences, USA). For MAIT cell identification, cells were stained with
flow antibody APC-Cy7-conjugated CD3 (BD Pharmingen, USA), FITC-conjugated TCR B (BD Pharmingen, USA), PE-
conjugated MR1-tetramer (NIH Tetramer Core Facility, USA) for 30 min at 4 °C. Th17 cells were defined as viable
CD45°CD3'CD4" lymphocytes expressing IL-17A.Th22 cells were defined as viable CD45'CD3"CD4" lymphocytes
expressing IL-22 but not IL-17A, thereby distinguishing them from Th17 cells capable of co-producing IL-22. ILC3 were
defined as viable CD45" lymphocytes lacking CD3 and CD4 expression while co-expressing CD127 and the transcription
factor RORyt.

For intracellular cytokine/chemokine detection, cells were stimulated with PMA (50 ng/mL) and ionomycin (500 ng/
mL) in the presence of a protein transport inhibitor (brefeldin A or monensin) for 4 h at 37 °C. Cells were then fixed and
permeabilized using Cytofix/Cytoperm buffer (BD Biosciences) and stained with PerCP-Cy5.5—conjugated anti-IL-22,
PE-Cy7-conjugated anti-IL-17A, and APC-conjugated anti-CCL2 antibodies for 30 min at 4 °C. The cells were analyzed
by flow cytometry.

Magnetic Enrichment of MAIT Cells Using MR1 Tetramer

The collected mononuclear cells in lamina propria were centrifuged for 10 minutes at 4 °C, re-suspended with 100 p
| running buffer (MiltenyiBiotec, Germany), added with PE-conjugated MR1-tetramer antibody (NIH Tetramer Core
Facility, USA), incubated at 4 °C for 30 minutes, Anti-PE beads (MiltenyiBiotec, Germany) were added, incubated for
15 minutes. 500g centrifuge for 10 minutes at 4 °C, cell suspension was added to the separation column fixed on the
magnetic frame, and the adsorbed cells in the separation column are called MAIT cells.

Enzyme-Linked Immunosorbent Assay (ELISA)

The serum, tissue-milled supernatant, and cell culture supernatant were collected, SOuL supernatant was added to the
enzyme plate, incubated at 37 °C for 30 minutes, the chromogenic agent was added and incubated at 37 °C for
15 minutes. After adding the terminating solution, the absorbance of each hole was detected by an enzyme labeling
instrument, and the concentration of each group was calculated according to the standard curve.

Single-Cell RNA Sequencing (scRNA-Seq) Analysis
Publicly available scRNA-seq datasets of colonic immune cells (GSE264408) were analyzed to identify differentially

expressed genes (DEGs) in MAIT cells during colitis. Data integration, scaling, and clustering were performed using the
Seurat R package (v4.0). MAIT cells were identified based on the expression of canonical markers (Zbth16, 1118r1, and
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Rora). Candidate soluble mediators were screened based on fold-change and secretome database filtering, identifying
Ccl2 as a top candidate significantly downregulated in MR1~"DSS colonic tissues.

Statistical Analysis

All data are presented as mean + standard deviation (SD). All experiments were repeated independently at least three
times unless otherwise specified. Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software,
USA). Normality was assessed using the Shapiro—Wilk test. For comparisons between two groups, an unpaired two-tailed
Student’s #-test was used for normally distributed data, whereas the Mann—Whitney U-test was applied for non-normal
data. For multiple group comparisons, one-way ANOVA with Tukey’s post hoc test or the Kruskal-Wallis test with
Dunn’s correction was used as appropriate. A P value < 0.05 was considered statistically significant.

Results
MAIT Cells Redistribute to the Inflamed Colon and Exhibit a Tissue-Specific Activated
Phenotype

WT mice were fed with 2.0% dextran sodium sulfate (DSS) in drinking water for 7 consecutive days to induce acute
colitis. After sacrifice, mononuclear cells were isolated from colonic lamina propria, spleen, and peripheral blood. MAIT
cells were identified by flow cytometry as CD3 " TCRB "MRI1 tetramer’ and CD3 TCRB6-FP~ (Figure 1A). In DSS-
treated mice, the proportion of MAIT cells were significantly increased in the colon, while significantly decreased in the
spleen and peripheral blood compared to WT controls (Figure 1B and C). This reciprocal change suggests a redistribution
of MAIT cells from systemic compartments to the inflamed intestine during acute colitis. Moreover, the proportion of
colonic CD4" and CD8 "MAIT cells in mice from the DSS treatment group was significantly elevated, while that of DN
MAIT cells decreased significantly, suggesting a potential functional shift in the colonic MAIT cell pool under
inflammatory conditions induced by DSS (Figure 1B and D). However, neither splenic nor circulating MAIT cells
showed similar changes in the constituent ratio.

We further assessed the activation status of MAIT cells across tissues. Colonic MAIT cells from DSS-treated mice
showed markedly increased expression of CD25, indicating an activated phenotype (Figure 1E and F). In contrast,
splenic MAIT cells exhibited reduced CD25 expression, and peripheral blood MAIT cells showed a similar—though
statistically insignificant—trend (Figure 1F). These findings imply compartment-specific activation during colitis.

To explore mechanisms underlying the accumulation of MAIT cells in the colon, we assessed apoptosis and prolifera-
tion. Colonic MAIT cells from DSS mice showed increased apoptosis and reduced proliferation (Figure 1G-J). In the
spleen, both apoptosis and proliferation were decreased, while peripheral blood MAIT cells showed reduced apoptosis
without significance (Figure 1H and J). These results suggest that colonic MAIT cells in WT DSS mice exhibit high
apoptosis and low proliferation. The observed increase in colonic MAIT cells despite heightened apoptosis and reduced
local proliferation suggests that their accumulation is likely driven by migration from systemic pools rather than in situ
expansion. This redistribution highlights the role of tissue-specific homing in maintaining intestinal homeostasis during
inflammation.*

MAIT Cells Exhibit Compartment-Specific Activation and Effector Profiles in Colitis
To further characterize the functional state of MAIT cells during colitis, we assessed their cytokine and effector molecule
profiles by flow cytometry. We observed a striking tissue-compartmentalized functional divergence between colon and
spleen. Compared to WT controls, MAIT cells isolated from the colon of DSS-treated mice exhibited a pro-inflammatory
effector profile, characterized by significantly enhanced secretion of IL-17a and IFNy, alongside elevated expression of
the degranulation marker CD107A and cytolytic molecule Granzyme B (GraB). Notably, this was accompanied by
a significant reduction in Perforin expression (Figure 2A and B). In contrast, splenic MAIT cells from the same DSS-
treated mice displayed distinct and somewhat suppressed phenotype: production of IL-17a, IFNy, and GraB was
significantly decreased, while Perforin and CD107A were increased (Figure 2C).
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Abbreviation: ns, not significant.
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This functional dichotomy suggests that the systemic immune response in the spleen may be actively regulated to
prevent excessive inflammation, whereas colonic MAIT cells are fully engaged in the local inflammatory battle. The co-
expression of IL-17a/I[FNy and GraB/CD107A in the colon indicates that MAIT cells are capable of mounting
a multifaceted attack, potentially against invading microbes or damaged epithelium. The concurrent downregulation of
Perforin, a pore-forming protein that can cause significant tissue damage, may represent a critical self-regulatory
mechanism to limit collateral damage to the already compromised intestinal barrier—a state often associated with
activation-induced cell exhaustion.

MAIT Cell Deficiency Aggravates Acute Colitis

To definitively validate the role of MAIT cells in acute colitis, we compared the severity of DSS-induced colitis between
WT and MR1™" mice, which lack MAIT cells. As the colitis is progressing, mice in the DSS group exhibited weight loss,
reduced appetite, lethargy, decreased activity, and bloody stools. Strikingly, MR1~~ mice developed significantly more
severe disease than their WT counterparts, as evidenced by exacerbated weight loss and higher clinical disease activity
scores (Figure 3A and B). This heightened severity was further confirmed by a greater reduction in colon length and
(Figure 3C and D), and and histopathological analysis revealed near-total loss of crypt architecture, extensive inflam-
matory infiltration, and severe edema in MR1" DSS mice (Figure 3E).

To explore the potential immune mechanisms underlying this exacerbated phenotype, we profiled the colonic immune
landscape. Flow cytometric analysis revealed a significant expansion of intestinal CD8+ T cells in MR1™~ DSS mice
compared to WT DSS mice (Figure 3F and G). Concomitantly, ELISA assays confirmed that the absence of MAIT cells
led to a markedly enhanced inflammatory response, with significantly higher levels of the pro-inflammatory cytokines IL-
1B and IL-6 in colonic tissues (Figure 3H and I). These results demonstrate that MAIT cell deficiency not only
exacerbates intestinal inflammation but also is associated with a dysregulated adaptive immune response, characterized
by the expansion of CD8+ T cells. This suggests that MAIT cells may play a crucial immunomodulatory role in
restraining overt CD8+ T cell activation and limiting the production of damaging inflammatory cytokines during colitis.
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Figure 3 MAIT cell deficiency aggravates colonic inflammatory response in acute colitis. (A) Changes in mouse body weight; (B) Performance of mouse disease activity
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¥ <0.001, *p<0.01, * p<0.05.

MAIT Cell Deficiency Worsens Intestinal Barrier Damage

To investigate the potential protective role of MAIT cells in preserving the intestinal barrier, we assessed multiple
parameters of barrier integrity in WT and MR1~"~ mice with DSS-induced colitis. Immunofluorescence analysis revealed
a marked reduction in the expression of the tight junction protein ZO-1 in the colon of MR1~~ DSS mice compared to
WT DSS controls (Figure 4A). This observation was confirmed by Western blot, which demonstrated significantly lower
protein levels of both ZO-1 and Claudin-1 in MR1™~ DSS mice (Figure 4B and C), indicating compromised tight
junction integrity.
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Figure 4 Loss of MAIT cells leads to increased intestinal permeability in mice. (A) Changes in ZO-1 expression in the colon of the four groups of mice. ZO-1 (green), DAPI nuclear
staining (blue), magnification 20X; (B) Representative Western Blotting images of Zo-| and Claudin| in the colon of each group of mice; (C) Statistical graph of Western Blotting;
(D) Representative images of colony formation on blood agar plates from liver homogenates of each group of mice; (E) Statistical graph of colony formation counts in each group of
mice; (F) Concentration of FITC-dextran in the peripheral blood of each group of mice; (G) ELISA detection of lipopolysaccharide (LPS) levels in the serum of each group of mice.
Data are presented as mean * SD; n = 5-7 mice per group. Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test.***p<0.001, **p<0.01, * p<0.05.

Abbreviation: ns, not significant.
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We next evaluated functional consequences of this impaired barrier. Assessment of bacterial translocation to the
liver showed significantly more bacterial colonies in MR1~~ DSS mice compared to WT DSS mice (Figure 4D and E),
while no colonies were detected in mice without DSS treatment. Consistent with this finding, MR1~~ DSS mice
exhibited significantly higher serum levels of LPS (Figure 4G), indicating increased systemic translocation of
microbial products. Furthermore, the FITC-dextran assay confirmed enhanced intestinal permeability in MR1/~
DSS mice compared to WT DSS controls (Figure 4F). Collectively, these results demonstrate that MAIT cell
deficiency leads to more severe impairment of intestinal barrier function in DSS-induced colitis, characterized by
loss of tight junction proteins, increased intestinal permeability, and enhanced bacterial translocation. This provides
compelling evidence that MAIT cells play a crucial role in maintaining intestinal barrier integrity during inflammatory

stress.

MAIT Cell Deficiency Leads to Decreased Expression of |L-22

To elucidate the mechanism by which MAIT cells confer protection in colitis, we focused on IL-22, a cytokine critical for
epithelial repair and barrier integrity, previously implicated in MAIT cell function'” and shown to inhibit DSS-induced
inflammation.** We first assessed IL-22 production by MAIT cells directly ex vivo. Flow cytometric analysis revealed
a modest but detectable increase in IL-22 mean fluorescence intensity (MFI) within colonic MAIT cells from WT DSS
mice compared to controls (Figure SA and B). To confirm active secretion, MAIT cells were purified from the lamina
propria of WT Ctrl and WT DSS mice and cultured for 48 hours. ELISA analysis of the supernatant confirmed that
MAIT cells from inflamed colons secreted significantly higher levels of IL-22 (Figure 5C), validating the functional
relevance of the ex vivo MFI data. The most pronounced differences, however, were observed at the tissue level. In
MR1~" DSS mice, both IL-22 mRNA and protein levels in colonic tissues were significantly lower than those in WT
DSS mice (Figure 5D, E and H).

Since the transcription of IL-22 is potently regulated by the Aryl hydrocarbon Receptor (AHR), we analyzed this
pathway. Protein levels of AHR and its downstream target, CYP1A1l (a marker of AHR activation), were both
significantly reduced in the colons of MR1~~ DSS mice (Figure 5E-G). Considering the established protective role of
IL-22 in intestinal homeostasis, we conclude that the absence of MAIT cells leads to a blunted AHR-IL-22 axis. This
deficiency in a key reparative pathway provides a mechanistic explanation for the exacerbated inflammation and barrier

damage observed in MAIT cell-deficient mice.

MAIT Cell Deficiency Decreased Secretion of IL-22 Among Various Immune Cells

Given that IL-22 is predominantly produced by immune cells, we next sought to determine whether MAIT cells influence
IL-22 production by other key lymphocyte populations in the colonic lamina propria. Strikingly, a comparative analysis
revealed that the deficiency of MAIT cells resulted in a significantly impaired capacity for IL-22 production across multiple
innate and adaptive immune cell types. Specifically, Th22 cells, Th17 cells, ILC3s, and conventional CD4" T cells all
exhibited markedly reduced levels of IL-22 in MR1™~ DSS mice compared to WT DSS controls (Figure 6A—E). Notably,
this global deficit in IL-22 secretion occurred independently of major shifts in the abundance of these populations.
Compared with WT DSS controls, MR1~~ DSS mice exhibited a significantly decreased proportion of Th22 cells.
Although the absolute number of Th22 cells showed a decreasing trend, this difference did not reach statistical significance
(Figure 6F and J). The proportion and absolute number of Th17 cells were only marginally affected by the absence of MAIT
cells. (Figure 6G and K). Intriguingly, both the proportion and number of ILC3s and CD4" T cells were even increased in
MR1~~ DSS mice (Figure 6H, I, L and M), suggesting that the reduction in IL-22 is not due to a loss of these cells but rather
a specific defect in their function. These results indicate that MAIT cells are essential for the maintenance of robust IL-22
production within the colonic immune landscape during inflammation. The presence of MAIT cells appears to license or
enable multiple other lymphocyte populations to secrete this critical reparative cytokine, potentially through direct cell-cell
interactions or the provision of soluble factors. The specific regulatory mechanisms underlying this crosstalk, however,

remain a key question for future investigation and represent a limitation of the present study.
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Figure 5 MAIT cell deficiency leads to decreased expression of IL-22 in mice. (A) Representative histograms of IL-22 expression on colonic MAIT cells from WT mice
treated with DSS (red), WT control (blue), and Fluorescence Minus One (FMO, green); (B) Detection of IL-22 expression of MAIT by flow cytometry; (C) Detection of IL-
22 secreted by MAIT cells by ELISA kit; (D) mRNA levels of IL-22 in colon tissues of the four groups of mice; (E) Protein levels of AHR, CYPIALI, and IL-22 in colon tissues
of the four groups of mice; (F-H) Statistical graphs of Western Blotting results for AHR, CYPIAI, and IL-22. Data are presented as mean + SD; n = 6 mice per group.
Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test.**¥p<0.001, **p<0.01, *p<0.05.

Abbreviation: ns, not significant.

Supplementing IL-22 Alleviates Acute Colitis in MAIT Cell Deficiency Mice

To directly investigate whether the protective role of MAIT cells is mediated primarily through IL-22, we administered
recombinant IL-22 to MR1™~ mice with DSS-induced colitis. Exogenous IL-22 supplementation led to a significant but
partial amelioration of the disease phenotype. Treated mice (MR1~~ DSS+IL-22) exhibited reduced weight loss, less
colon shortening, and improved histological scores compared to untreated MR1~~ DSS controls (Figure 7A—F).
Furthermore, IL-22 administration enhanced the expression of the tight junction proteins ZO-1 and claudin-1
(Figure 7G and H), and increased protein levels of AHR and its target CYP1A1 (Figure 7I), indicating a partial
restoration of barrier integrity and associated signaling pathways. These results demonstrate that IL-22 is a key, but
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Figure 6 MAIT cell deficiency leads to decreased secretion of IL-22 by various immune cells. (A) Flow cytometry histograms showing IL-22 secretion by different immune
cells; (B—E) Statistical analysis graphs of IL-22 secretion by different immune cells; (F-I) Proportions of different immune cells in the colonic lamina propria; (J-M) Absolute
numbers of different immune cells in the colonic lamina propria. Data are presented as mean + SD; n = 6 mice per group. Statistical significance was determined using one-
way ANOVA with Tukey's post hoc test.**p<0.00/, **p<0.05, * p<0.01.

not sole, mediator of MAIT cell-dependent protection. The fact that exogenous IL-22 did not fully reverse the severe
colitis phenotype of MR1™" mice to WT levels indicates that MAIT cells contribute to intestinal homeostasis through
additional mechanisms beyond IL-22. This partial rescue suggests that other MAIT-derived effector molecules are likely
involved. These could include direct cytolytic activity via granzyme B and perforin, which can eliminate infected or
stressed epithelial cells, or the secretion of other immunomodulatory cytokines such as IFN-y, IL-17, or TNF-a.
Additionally, MAIT cells may engage in critical cell-cell interactions that are not replicated by cytokine administration
alone, such as modulating the function of antigen-presenting cells or other T cell subsets through surface receptors. The
production of tissue repair factors like amphiregulin (AREQG) represents another potential pathway. Therefore, while IL-
22 is a crucial component, the complete protective function of MAIT cells appears to be multifaceted, involving
a synergy of IL-22-dependent and IL-22-independent mechanisms.
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Figure 7 Supplementing IL-22 alleviates colitis caused by MAIT cell deficiency. (A) Changes in mouse body weight; (B) Comparison of colonic lengths in each group of mice;
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F¥p<0.001, *p<0.01, * p<0.05.
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MAIT Cell-Derived CCL2 Promotes IL-22 Production During DSS-Induced Colitis

To further investigate the mechanism underlying the reduced IL-22 production observed in MAIT-deficient mice, we
analyzed a publicly available single-cell RNA-seq dataset of acute colitis (GSE264408). MAIT cells were identified and
their transcriptional profiles were compared between WT and DSS-treated mice (Figure 8 A—C). Differential expression
analysis revealed several upregulated genes encoding secreted proteins in MAIT cells during DSS-induced colitis,
including 111b, Ccl2, Saa3, Serpina3n, and Igfbp4 (Figure 8D). Among these candidates, Cc/2 showed the most
prominent induction pattern and was therefore selected for further investigation, given its known role in immune cell
recruitment and intercellular communication. To further validate this finding, we next assessed CCL2 expression in
MAIT cells by flow cytometry and found that the proportion of CCL2-expressing MAIT cells was significantly increased
in WT DSS mice compared with WT controls (Figure 8E). These results suggested that CCL2 may represent a MAIT-

associated soluble mediator induced during intestinal inflammation.
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Figure 8 Identification of CCL2 as a MAlT-associated secreted factor during DSS-induced colitis. (A—C) Identification and annotation of MAIT cells from single-cell RNA-
seq dataset (GSE264408), and comparison of transcriptional profiles between WT and DSS-treated mice; (D) Differentially expressed genes encoding secreted proteins in
MAIT cells during DSS-induced colitis; (E) Flow cytometric analysis of CCL2 expression in colonic MAIT cells from WT control and WT DSS mice, with quantification of the
proportion of CCL2" MAIT cells. Data are presented as mean + SD; n = 6 mice per group. Statistical significance was determined using unpaired two-tailed Student’s t-test.
**p<0.01.
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We then asked whether MAIT-derived CCL2 contributes to the regulation of IL-22 production in vivo. Recombinant
CCL2 was administered to MR1™" mice during DSS-induced colitis. Flow cytometric analysis showed that CCL2
supplementation increased IL-22 production in multiple immune cell populations, including Th22 cells, Th17 cells, ILC3,
and CD4" T cells (Figure 9). Having observed that CCL2 restored IL-22 production across these immune cell populations,
we next examined whether this effect was accompanied by improvement of colitis severity. Compared with untreated MR1~/
~ DSS mice, CCL2-treated mice showed less body weight loss during DSS exposure (Figure 10A). Consistently, colon
shortening was attenuated following CCL2 treatment, as shown by both representative images and quantitative analysis of
colon length (Figure 10B). Histological examination further supported a protective effect of CCL2. Colonic tissues from
MR1~~ DSS mice displayed marked inflammatory cell infiltration, epithelial disruption, and mucosal injury, whereas these
pathological changes were alleviated in the MR1~~ DSS+CCL2 group (Figure 10C). Accordingly, histopathological scores
were significantly reduced after CCL2 supplementation (Figure 10D) and disease activity index (DAI) scores were also
improved (Figure 10E). At the molecular level, Western blot analysis showed that CCL2 treatment increased the expression
of the tight junction proteins ZO-1 and Claudin-1,along with AHR, CYP1A1, and IL-22 in colonic tissues (Figure 10F).
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Figure 9 CCL2 supplementation restores IL-22 responses in multiple immune cell populations in MRI ™" mice. (A) Representative flow cytometry histograms of

intracellular IL-22 expression in Th22 cells, Th17 cells, ILC3, and CD4" T cells isolated from colonic lamina propria mononuclear cells; (B-E) Frequencies of Th22 cells,
Th17 cells, ILC3, and CD4" T cells among colonic lamina propria mononuclear cells in the indicated groups; (F-1) Quantification of IL-22 expression in Th22 cells, Th17
cells, ILC3, and CD4" T cells across experimental groups. Data are presented as mean * SD; n = 4-6 mice per group. Statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test. *p<0.0/, *p<0.05.

Abbreviation: ns, not significant.
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Figure 10 CCL2 supplementation ameliorates colitis and restores epithelial barrier—associated signaling in MRI™~'~ mice. (A) Changes in body weight during DSS-induced
colitis; (B) Representative images and quantitative analysis of colon length; (C) Representative hematoxylin and eosin (H&E) staining of colonic tissues; (D) Histopathological
scores of colonic inflammation; (E) Disease activity index (DAI) scores; (F) Representative Western blot images showing expression of ZO-1, Claudin-1, AHR, CYPIAI, and
IL-22 in colonic tissues. Data are presented as mean + SD; n = 5 mice per group. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc
test. ¥¥¥H<0.0001, **p<0.001, **p<0.01, *p<0.05.

These changes are consistent with restoration of epithelial barrier—associated signaling. Taken together, these findings
indicate that CCL2, induced in MAIT cells during DSS colitis, promotes IL-22 production across multiple immune cell
populations and is associated with improvement of epithelial barrier integrity and colitis severity in MR1~~ mice.

Discussions
MAIT cells are increasingly recognized as microbiota-responsive sentinels at mucosal surfaces,® yet their precise

contribution to intestinal barrier maintenance during acute inflammatory injury remains incompletely defined. Previous
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studies have shown that MAIT cells participate in antimicrobial defense, cytokine production, and tissue repair, and early
adoptive transfer experiments suggested a protective role in TNBS-induced colitis.”'*173¢ In line with these observa-
tions, our findings show that the absence of MAIT cells exacerbates disease severity in the DSS model, as evidenced by
aggravated weight loss, rectal bleeding, colon shortening, and elevated levels of pro-inflammatory cytokines such as IL-6
and IL-1P in colonic tissues. These results support a protective role for MAIT cells in acute colitis and further extend
current understanding of their function in maintaining mucosal homeostasis.

A central observation of this work is that MAIT cell deficiency leads to marked impairment of intestinal barrier
function. MR1™~ mice exhibited reduced expression of tight junction proteins ZO-1 and Claudin-1, increased intestinal
permeability, and enhanced bacterial translocation to the liver. These defects underscore the importance of MAIT cells in
preserving epithelial integrity under inflammatory stress. Given that DSS-induced colitis is primarily driven by epithelial
injury and barrier breakdown, our data position MAIT cells as key immune components linking microbial sensing to
epithelial repair mechanisms.

Although MAIT cells displayed a mixed effector phenotype during colitis—producing IL-17A and IFN-y alongside
cytotoxic mediators'>—our data indicate that their protective effect in this context is closely associated with regulation of
IL-22. This point merits cautious interpretation, because both MAIT cells and IL-22 are increasingly recognized as
context-dependent mediators whose functions may vary with disease stage and inflammatory milieu.?® IL-22 is a well-
established epithelial-protective cytokine that promotes tight junction assembly, epithelial proliferation, and antimicrobial
peptide production.?**”® Consistent with this role, we observed a profound reduction of IL-22 expression in colonic
tissues of MR1~~ DSS mice. Importantly, this defect was not restricted to MAIT cells themselves but extended across
multiple immune compartments, including Th17 cells, Th22 cells, ILC3s, and conventional CD4" T cells. Notably, these
changes occurred despite preserved or even increased frequencies of several IL-22—producing populations, indicating
a functional impairment rather than numerical loss.

This global defect in IL-22 production highlights a previously unappreciated immunoregulatory role of MAIT cells:
rather than serving solely as direct cytokine producers, MAIT cells function as coordinators that license IL-22
competence across the intestinal immune network. Supporting this concept, exogenous IL-22 administration partially
ameliorated disease severity and barrier disruption in MR1~~ mice, confirming IL-22 as a key downstream effector of
MAIT cell-mediated protection. The rescue, however, was incomplete, suggesting that MAIT cells contribute to
intestinal homeostasis through both IL-22-dependent and IL-22-independent mechanisms, potentially including cytotoxic
clearance of damaged cells and modulation of other immune subsets.

The integrity of the intestinal mucosal barrier is critical for preventing systemic dissemination of commensal bacteria
and their products. Existing studies suggest that MAIT cells actively monitor intestinal dysbiosis to provide host
protection.”'*!” In the context of acute DSS-induced injury, our findings identify the MAIT-CCL2-IL-22 axis as
a key mechanism through which these cells respond to microbial cues to reinforce epithelial integrity. At the same
time, the DSS model is inherently biased toward epithelial damage and barrier repair. Therefore, while our data support
a protective role for MAIT cells in acute injury, the function of this axis should be further evaluated in T-cell-driven or
chronic models to define more fully the context-dependent role of MAIT cells in intestinal inflammation. Consistent with
a barrier-protective function, MAIT cell deficiency resulted in increased bacterial translocation to the liver and elevated
systemic levels of LPS and FITC-dextran, indicating heightened intestinal permeability.

IL-22 plays a critical role in regulating epithelial cell homeostasis and various aspects of the intestinal barrier.*’
Studies indicate that IL-22 directly induces the expression of mucin in mucosal epithelial cells through the STAT3-
dependent signaling pathway,*® and contributes to the clearance of intestinal pathogens,*® promotes tight junction
expression, and enhances epithelial renewal, as evidenced by increased Ki-67-positive cells in IL-22 transgenic mouse
intestinal crypts.*' Experimental approaches such as IL-22 microinjection and DNA vaccines containing the IL-22 locus
have shown promise in reducing inflammatory infiltration in intestinal tissues in disease models.** In addition, anti-TNF
therapy has been reported to enhance IL-22 secretion in an AHR-dependent manner and to promote Th22 differentiation,
leading to increased IL-22 production by CD4" T cells.”> Innate lymphoid cells 3 (ILC3) also contribute to post-
inflammatory epithelial barrier repair through IL-22 secretion.**** In our study, MR1~~ DSS mice exhibited impaired IL-
22 production not only in MAIT cells but also in Th17 cells, Th22 cells, ILC3s, and CD4" T cells, suggesting that MAIT
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cells exert a broader regulatory effect on IL-22-dependent mucosal immunity. Particularly, the reduction in Th22-derived
IL-22 occurred without an obvious loss of Th22 cell abundance, indicating that MAIT cells primarily affect the functional
capacity of these cells.

Although IL-22 is widely recognized for its epithelial-protective properties, excessive or prolonged 1L-22 signaling
may promote inflammation under certain conditions.*>**® In our acute DSS model, the partial rescue observed after
recombinant IL-22 administration supports a protective role for IL-22 in acute epithelial injury, but does not imply that
IL-22 is uniformly beneficial in all forms of colitis. Thus, both the action of IL-22 and the contribution of MAIT cells
should be interpreted in a context-dependent manner.

Our findings support a model in which MAIT cells promote IL-22 production across multiple immune compartments
through the secretion of CCL2 during acute colitis. Rather than representing a nonspecific consequence of intestinal
inflammation, the reduction of IL-22 observed in MAIT-deficient mice can be mechanistically linked to impaired CCL2
signaling. This interpretation is supported by our rescue experiments, in which exogenous CCL2 partially restored IL-22
production in Th17, Th22, ILC3, and CD4" T cells, accompanied by enhanced expression of epithelial barrier—associated
proteins and attenuation of colonic tissue damage. Importantly, these results position CCL2 as a MAIT-associated soluble
mediator that coordinates IL-22—dependent barrier-protective responses in DSS-induced colitis. Notably, this regulatory
effect extends to Th22 cells, which are a principal source of IL-22 in the intestinal mucosa. Our data reveal that the
absence of MAIT cells leads to a functional defect in Th22 cells rather than a loss of their population size, characterized
by diminished IL-22 secretion. Mechanistically, MAIT cells appear to support the responsiveness of these cells to aryl
hydrocarbon receptor (AHR) signaling. AHR is a ligand-activated transcription factor essential for IL-22 production, and
our observation that CCL2 supplementation restores colonic AHR and CYP1A1 expression suggests that MAIT cells, via
CCL2, help maintain an AHR-dependent effector program in Th22 and other lymphocytes. Although CCL2 is unlikely to
be the sole mediator of MAIT cell function, the present data support a MAIT-CCL2-AHR-IL-22 regulatory axis
contributing to mucosal homeostasis under acute inflammatory conditions. IL-22 function may also be modulated by
endogenous antagonists such as IL-22 binding protein (IL-22BP), which was not directly addressed in the present study
and warrants further investigation.

In addition to shaping IL-22 responses in immune cell subsets, the MAIT-CCL2-AHR axis may also contribute to
epithelial protection by influencing pathways involved in barrier repair and oxidative stress control. Emerging evidence
suggests functional crosstalk between IL-22 and AHR, linking immune-derived cytokine signals to microbial metabolite—
driven programs that maintain mucosal homeostasis. In this context, the restoration of colonic AHR and CYP1AI
expression after CCL2 supplementation is consistent with activation of an epithelial protective program associated with
IL-22/AHR signaling. AHR has also been implicated in the modulation of NF-kB—associated inflammatory responses and
oxidative stress, including ROS production and detoxification pathways.*” Although the precise contribution of STAT3,
NF-kB, and ROS signaling downstream of IL-22 was not directly examined in the present study, these pathways may
provide an additional mechanistic link between MAIT cell-dependent immune regulation and epithelial repair during
acute colitis.

In conclusion, this study identifies a MAIT-CCL2-IL-22 regulatory axis that contributes to epithelial barrier
protection during acute colitis. Beyond its mechanistic significance, dysregulation of MAIT cells and IL-22 responses
may hold diagnostic value in clinical IBD, as alterations in this axis could reflect disease activity, immune imbalance, and
epithelial integrity in patients. From a therapeutic perspective, strategies aimed at restoring MAIT cell-associated 1L-22
signaling may offer potential benefits for mucosal healing. In this context, emerging nanomedicine-based delivery
systems provide a promising avenue to enhance the precision and safety of immunomodulatory interventions. Targeted
or localized delivery of IL-22-related molecules, or agents that modulate MAIT cell function, may improve therapeutic
efficacy while limiting off-target effects. Although further investigation is required, the integration of immune pathway
modulation with advanced delivery technologies represents a forward-looking direction for the development of next-
generation IBD therapies.
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