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GPR15 differentially regulates the effects of cigarette smoke

exposure on Crohn’s disease and ulcerative colitis

Luhua Gao', Huaping Zheng @', Qing Zhao', Yubin Wang', Yong He?, Can Hou *%, Na Yang>, Kun Liang®, Wenjian Meng’, Xuefei He',
Kun Zheng', Wenning Tian', Jiacheng Zhang @', Ting Zhang', Hui Mao', Liming Zhang?, Jingyu Zhang®, Jinggiu Cheng’,
Jurgen Brosius', Huan Song>*™, Yuchuan Huang®®, Yi Chen”™ and Cheng Deng"'°®

Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic disorder characterized
by gastrointestinal inflammation. Cigarette smoke is a well-established risk factor for the development and exacerbation of CD
while exerting a paradoxical protective effect against the onset of UC. The exact mechanisms by which cigarette smoke influences
IBD, as well as the opposite effects in UC and CD, have long remained unexplained. Here, we demonstrated the detrimental impact
of cigarette smoke on CD progression while highlighting its beneficial effects on UC, as evidenced by analyses of human sample
data. Mouse models of CD and UC exposed to cigarette smoke presented phenotypes consistent with those observed in human
disease. GPR15, previously reported to direct regulatory T (Treg) cell colon homing, was upregulated in the colon tissues of both
chemically induced colitis models after smoke exposure. Importantly, Gpr15 deletion ameliorated smoke-induced CD while
increasing UC severity in mice. Furthermore, our study revealed that cigarette smoke mediated GPR15 to amplify colonic T helper
type 17 (Th17) cell populations, thereby worsening the adverse effects of smoking on CD in mouse models. Moreover, cigarette
smoke induced an increase in Treg cells through GPR15, which contributed to mitigating its impact on UC in mouse models.
Moreover, in cigarette smoke-exposed CD and UC model mice, C57BL/6JGpt-Tg (human GPR15) transgenic mice presented
phenotypes opposite those of Gpr15-deficient mice. Overall, our study offers mechanistic insights into the role of cigarette smoke-

induced GPR15" T cells in mediating the divergent effects of smoking on UC and CD.
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INTRODUCTION

Inflammatory bowel disease (IBD) refers to disorders characterized
by persistent inflammation of the gastrointestinal tract, predomi-
nantly manifesting as either Crohn'’s disease (CD) or ulcerative colitis
(UC)." Despite their shared characteristics, each disorder has distinct
clinical manifestations and pathological profiles.? The etiology of
IBD has not been fully elucidated; however, its pathogenesis is
thought to stem from a genetic predisposition resulting in
dysregulated interactions between the immune system and
environmental factors.®> Environmental risk factors, including cigar-
ette smoking, substance abuse, psychological stress, and poor
dietary habits, are recognized as contributors to IBD pathogenesis.*
Cigarette smoke is well known as a potent inducer of chronic
pulmonary inflammation, as evidenced by significant immune cell
infiltration, and is also a major environmental risk factor for IBD.”
Moreover, retrospective observational studies have underscored
the conflicting effects of tobacco consumption on both the
progression and clinical presentation of IBD.° In individuals with
CD, cigarette smoke has been consistently linked to a more
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aggressive disease course, unfavorable clinical outcomes, and a
heightened risk of postoperative recurrence.” Additionally, smoking
has been implicated in the progression of the disease from an
inflammatory phenotype to a penetrating or fibrotic stenosis
phenotype.? In contrast to CD, cigarette smoke does not negatively
impact clinical outcomes in patients with established UC and may
be protective against disease risk, progression, relapse, and adverse
outcomes.’ Accordingly, smoking cessation increases the risk of a
UC flare, whereas CD patients are more likely to experience a
decrease in disease severity.'® The underlying mechanisms likely
involve diverse constituents of smoke, including nicotine, oxygen
free radicals, and carbon monoxide, which may affect various
targets, such as the mucus layer, gut microbiota, immune cells,
gastrointestinal motility, and microvasculature.'’ However, the
precise mechanisms by which cigarette smoke influences IBD,
along with the differential effects observed in UC and CD, remain
poorly understood.

Disrupted immune cell trafficking and the formation of
pathogenic immune cell networks are central to mucosal
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inflammation and tissue damage in IBD.'? T-cell subtypes are
pivotal in detecting inflammation and regulating precise, localized
immune responses, which are frequently impaired in IBD."* Th17
cells are a subset of CD4" T cells that differentiate in an RORyt-
dependent manner to produce interleukin (IL)-17A and IL-17F,

contributing critically to host defense and the pathogenesis of

inflammatory diseases.'® Recent research has demonstrated that
Th17 cells are pivotal in the pathogenesis of IBD, contributing to

both mucosal barrier disruption and the amplification of

inflammatory responses.'® Other T-cell subsets, such as Treg cells
characterized by FOXP3 expression, are essential for maintaining
immune homeostasis.'® In IBD, they play a critical role by secreting
anti-inflammatory cytokines, including IL-10 and transforming
growth factor-beta (TGF-B), thus suppressing effector immune cell
activity and regulating inflammatory responses.'”

Among the molecules involved in regulating T-cell homing and
function, G protein-coupled receptor 15 (GPR15) has recently
received considerable attention.'”® GPR15, which is highly
expressed on certain T-cell subsets, functions not only as a
coreceptor for human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) but also as a critical mucosal homing
receptor that mediates the migration of T cells to inflamed
intestinal tissues.'” Recent studies have demonstrated that
cigarette smoking induces hypomethylation of the GPR15 gene
locus, leading to significant upregulation of GPR75 mRNA
expression.?® Specifically, current smokers present expression
levels that are approximately 7.6 times higher than those
observed in never smokers.2' Furthermore, in individuals with

multiple sclerosis who smoke, there is an increased frequency of

GPR15" CD4* T cells exhibiting Th17-like characteristics, implicat-
ing GPR15 as a potential link between environmental exposure
and autoimmune pathogenesis.??

Building on extensive evidence, particularly the established
relationship between cigarette smoking, GPR15 upregulation, and
T-cell function and trafficking, we hypothesized that GPR15*

T cells play a pivotal role in mediating the differential impact of

cigarette smoke on the pathogenesis of CD and UC. Therefore, we
focused on characterizing the involvement of GPR15* T cells in
murine models of IBD induced by cigarette smoke exposure. In
this study, we observed that in wild-type mouse models of CD
induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS), exposure to
cigarette smoke significantly exacerbated intestinal inflammation.
Conversely, in dextran sulfate sodium (DSS)-induced UC models,
cigarette smoke exposure notably alleviated symptoms of colitis.
Additionally, in Gpri5-deficient mice, cigarette smoke exposure
reduced the severity of TNBS-induced colitis, whereas in DSS-
induced Gpri15-deficient UC models, it re-resulted in more severe
disease progression. Compared with wild-type (WT) mice sub-
jected to identical treatment conditions, C57BL/6JGpt-Tg (human

GRP15) transgenic mice presented a contrasting phenotype of

colitis following exposure to cigarette smoke. In TNBS-induced CD-
like colitis, cigarette smoke upregulates GPR15 on T cells,
promoting Th17 differentiation and aggravating the disease.
DSS-induced UC-like colitis similarly increases GPR15 but drives
Treg differentiation, alleviating disease severity. Our study offers
mechanistic insights into the crucial role of cigarette smoke-

induced GPR15* T cells in mediating the divergent effects of

smoking on CD and UC.

RESULTS

Different impacts of cigarette smoke on IBD outcomes

The impact of smoking on patients with CD and UC has yielded
inconsistent results, partly due to the lack of reliable studies
involving sufficiently large cohorts. To elucidate the associations
between smoking status—including never, ever, previous, and
current smokers—and the risk of CD and UC, data from the UK
Biobank were systematically analyzed. To uncover the relationship
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between smoking habits and the progression of IBD, we applied an
adjusted Cox regression model to estimate the hazard ratios (HRs)
and their corresponding 95% confidence intervals (Cls), contrasting
never smokers with previous and current smokers among patients
diagnosed with CD and UC. Among the 2,120 patients with CD
whose data were complete, the HRs for ever smoking, previous
smoking, and current smoking were 1.2719 (95% Cl: 1.1636-1.3903,
p = 1.19e-7), 1.2655 (95% Cl: 1.1554-1.3869, p = 3.98e-7) and 1.3707
(95% ClI: 1.2114-1.5509, p = 5.62e-07), respectively, greater than
those of never smokers. With respect to the 4,161 UC samples
analyzed, the HRs of ever smoking and previous smoking were
1.2084 (95% Cl: 1.1324-1.2894, p =1.11e-08) and 1.4795 (95% ClI:
1.3897-1.5762, p = 2.00e-16), respectively. Interestingly, within the
UC group, current smoking presented a paradoxical protective
effect, with an HR of 0.7569 (95% Cl: 0.6788-0.844, p = 5.36e-7)
compared to never-smoking individuals (Supplementary Table 1). To
further explore genetic contributions, SNPs near GPR15 and their
interactions with smoking were included. Although several SNPs
showed significant effects, adjustment for these variants had only a
minor impact on risk estimates and did not alter the main
associations (Supplementary Table 2). Therefore, smoking serves as
a significant risk factor for CD while providing a paradoxical
protective effect in UC.

We evaluated the impact of cigarette smoke on the severity of
acute colitis induced by TNBS and DSS in wild-type C57BL/6 mice
(Fig. 1a, b). Compared with control mice, TNBS-treated mice
presented severe colitis symptoms, such as continuous weight loss,
increased disease activity index (DAI) scores, and reduced colon
length, with significant tissue damage confirmed by histopatholo-
gical and colonoscopic analyses (Fig. 1¢, e, g, and Supplementary
Fig. 1a). Cotreatment with TNBS and cigarette smoke exacerbated
these effects, leading to increased weight loss, elevated DAI scores,
shortened colon length, additional tissue and mucosal damage
evident from histopathological analysis, and increased murine
endoscopic index of colitis severity (MEICS) (Fig. 1c, e, g and
Supplementary Fig. 1a). Cigarette smoke exposure combined with
TNBS treatment significantly increased II-18, -6, and Tnf-a mRNA
levels in colon tissue, indicating increased inflammation (Fig. 1i).

Compared with control mice, DSS-treated mice presented
increased weight loss, greater disease activity, greater colon
shortening, and aggravated histopathological damage (Fig. 1d, f
and Supplementary Fig. 1c). Compared with those treated with
DSS alone, mice coexposed to cigarette smoke and DSS
demonstrated significantly greater relief from colitis symptoms.
This coexposure led to improved weight recovery, reduced DAI
scores, prevention of colon shortening, and decreased tissue
damage scores (Fig. 1d, f and Supplementary Fig. 1c). The
colonoscopy results confirmed significant improvements in DSS-
induced inflammation in the mice exposed to cigarette smoke
(Fig. 1h). Cigarette smoke exposure combined with DSS treatment
resulted in significantly lower levels of II-1B, Il-6, and Tnf-a mRNA
in colon tissue, indicating a reduction in the inflammatory
response (Fig. 1j). Additionally, four weeks of cigarette smoke
exposure significantly increased urinary cotinine levels, indicating
substantial systemic absorption (Supplementary Fig. 1b, d). These
results are consistent with those of previous studies, indicating
that cigarette smoke exposure may worsen inflammation in TNBS-
induced colitis, a CD model, but alleviate colonic inflammation
and aid recovery in DSS-induced colitis, a UC model.

The conflicting impact of cigarette smoke on IBD subsets is
attributed to the expression of Gpri5

To evaluate the impact of cigarette smoke on colitis in mice, we
conducted RNA sequencing on TNBS- and DSS-induced colitis
tissues postexposure. Heatmaps of differentially expressed genes
revealed distinct responses between the TNBS and DSS models. In
the TNBS group, smoke exposure increased the expression of
proinflammatory genes such as Il17c, Il17ra, Roc1, Tnf, Tgfbr2, ll6ra,
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Fig. 1 Divergent impact of cigarette smoke on disease phenotypes in IBD models. a Diagram of a colitis mouse model induced with TNBS,
with exposure to cigarette smoke or fresh air as a control. b Schematic of a colitis mouse model induced by DSS, with exposure to cigarette
smoke or fresh air as a control. ¢ Percent changes in body weight, disease activity index (DAI) scores, and colon length in the TNBS model
group. d Percent changes in body weight, DAI scores, and colon length in the DSS model group. e Representative images of colon sections
from the TNBS model: H&E staining (top left), Alcian blue staining (left middle), and histology score (right of the left panel). f Representative
images of colon sections from the DSS model: H&E staining (top right), Alcian blue staining (right middle), and histology score (rightmost
panel). g Colonoscopy images of the TNBS group (bottom left) with corresponding MEICS scores (to the right of the left panel). h Colonoscopy
images of the DSS group (right) with corresponding MEICS scores (rightmost panel). i mRNA expression levels of /I-18, Il-6, and Tnf-a in the
TNBS model group (left). j mMRNA expression levels of /I-1B, II-6, and Tnf-a in the DSS model group (right). Scale bar, 100 pm. n = six male mice
per group. The data are presented as the means + SEMs; *p < 0.05, **p < 0.01, and *p <0.001 according to two-way ANOVA with multiple

comparisons. All the experiments were repeated three times and yielded consistent results

I23a, and Ccl12 (Fig. 2a). Conversely, the DSS group presented
increased levels of immunosuppressive cytokines, such as Foxp3,
II-10, Ccl2, Cxcl1, and Tgfb1 (Fig. 2b). Notably, both groups
presented significant Gpr15 upregulation after smoke exposure.
Quantitative analysis revealed that cigarette smoke in conjunction
with TNBS led to an increased ratio of Th17 cells without affecting
Treg responses, in contrast with the results of the control groups
treated with TNBS alone (Fig. 2c). Similarly, smoke exposure
combined with DSS resulted in an elevated ratio of Treg cells
without affecting Th17 populations, differing from the results of
the control groups treated with DSS only (Fig. 2d).

Analysis of immune cell infiltration revealed that exposure to
cigarette smoke combined with TNBS increased the associations
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between Gpr15 and immune cells, particularly CD4" effector T
cells, which are focused on Th17 cells (Fig. 2e). Conversely,
cigarette smoke exposure to DSS strongly linked Gpr15 and Treg
cells (Fig. 2f). KEGG analysis of the RNA-seq data revealed that
the Th17 signaling pathway and cytokine—cytokine receptor
interactions were enriched in the TNBS-induced colitis post-
cigarette smoke group (Fig. 2g), whereas the anti-inflammatory
role of the TGF-beta signaling pathway was enriched in the DSS-
induced colitis postcigarette smoke group (Fig. 2h). These
results suggest that GPR15 plays a crucial role in modulating
immune cell function across different colitis models following
smoke exposure and that this regulation is closely linked to
disease prognosis.
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Cigarette smoke exposure in Gpri5-deficient mice attenuates
TNBS-induced colitis but exacerbates DSS-induced UC colitis
To investigate the role of Gpr15 in UC and CD under cigarette
smoke exposure, we used Gpr15-deficient (Gpr15~'~) and Gpr15™*
wild-type (WT) mice. Both groups were exposed to smoke for four
weeks and then subjected to TNBS-induced CD-like and DSS-
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induced UC-like colitis models for comparison (Fig. 3a, b). Notably,
compared with Gpr15++ mice subjected to the same TNBS
~ mice presented alleviated symptoms of TNBS-
induced colitis, including reduced body weight loss, a lower DAI,
and colon shortening, as well as improved histopathology and
colonoscopy scores (Fig. 3¢, e, g and Supplementary Fig. 2a).
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Fig. 2 Differential gene expression and immune cell infiltration analysis in IBD subtypes. a Heatmaps illustrating the differential gene
expression between TNBS with cigarette smoke exposure and TNBS alone (n=3). b Heatmaps showing the differential gene expression
between the DSS with cigarette smoke exposure group and the DSS control group (n =5). Each row represents a gene, and each column
corresponds to a sample. Red highlights denote increased expression levels, whereas blue denotes decreased expression levels relative to the
average. ¢ Comparison of the fraction of immune cell types between TNBS exposed to cigarette smoke and TNBS alone. d Immune infiltration
profiles comparing DSS with cigarette smoke exposure and DSS alone across various immune cell types. The x-axis lists the cell types, whereas
the y-axis depicts the fraction of each cell type. The blue dots represent control samples, and the red dots denote the two colitis subtypes.
e Correlation analysis between Gpr15 and /l17c expression and immune cell infiltration under TNBS conditions, both with and without
cigarette smoke exposure. f Correlation matrix of Gpr15, Foxp3, and immune cell infiltration under DSS conditions with and without cigarette
smoke. g KEGG pathway analysis of upregulated shared gene sets comparing TNBS with cigarette smoke exposure to TNBS alone. h KEGG
pathway analysis of upregulated shared gene sets comparing DSS with cigarette smoke exposure to DSS controls

«

Cigarette smoke exposure followed by TNBS-induced colitis led to
reduced weight loss and diminished clinical scores, colon length,
and less severe pathological and endoscopic findings in Gpr15~/~
mice than in Gpri57* mice (Fig. 3¢, e, g and Supplementary
Fig. 2a). The inflammatory mediators I-163, ll-6, and Tnf-a were
significantly reduced in Gpri5~/~ mice treated with TNBS,
indicating a decreased inflammatory response (Fig. 3i). These
reductions were also observed in Gpr15~/~ mice exposed to both
cigarette smoke and TNBS-induced colitis compared with Gpr15+/*
mice (Fig. 3i).

In contrast, Gpr15~'~ mice treated with DSS presented greater
weight loss, greater DAI scores, and colon shortening than did
Gpr15™* mice (Fig. 3d and Supplementary Fig. 2c). Histological
and endoscopic assessments revealed more severe inflammation
in DSS-treated Gpr15~/~ mice, as indicated by increased cell
infiltration, crypt distortion, goblet cell loss, and epithelial
damage (Fig. 3f, h). Cigarette smoke exposure followed by DSS-
induced colitis resulted in significantly greater weight loss, higher
clinical scores, shorter colon lengths, and more severe patholo-
gical and endoscopic assessments in Gpr15~'~ mice than in
Gpr15* mice (Fig. 3d, f, h and Supplementary Fig. 2c). Compared
with Gpr15™* mice, Gpr15~'~ mice exposed to DSS presented
significantly higher levels of I-18, 1I-6, and Tnf-a (Fig. 3j).
Additionally, these cytokine levels were elevated in Gpri5~/~
mice exposed to cigarette smoke followed by DSS-induced colitis
compared with those in Gpr15™* mice under the same conditions
(Fig. 3j). After four weeks of cigarette smoke exposure, ELISA
confirmed effective exposure, with significantly elevated urinary
cotinine levels in the smoke-exposed group compared with those
in the nonexposed group (Supplementary Fig. 2b, d). These
results indicated that Gpri15 deficiency alleviated the harmful
effects of cigarette smoke on the progression of TNBS-induced
colitis, effectively eliminating the protective effects of cigarette
smoke on DSS-induced colitis.

Consistently, in Gpr15*"* mice, prolonged cigarette smoke
exposure in the TNBS model led to aggravated colitis, as reflected
by greater weight loss, elevated DAI, colon shortening, and
worsened histological and endoscopic scores, accompanied by
increased Gpr15 expression (Supplementary Fig. 3a, ¢, e, Q).
Correlation analysis revealed a significant association between
Gpr15 mRNA levels and disease severity (Supplementary Fig. 3i).
Conversely, in the DSS model, extended smoke exposure
alleviated colitis, while Gpr15 expression also increased, under-
scoring model-dependent effects (Supplementary Fig. 3b, d, f, h, j).
Collectively, these results highlight a strong association between
Gpr15 expression and colitis activity.

Differential gene expression changes in the colonic tissue
transcriptome of Gpri15-deficient mice with TNBS- and DSS-
induced colitis under cigarette smoke exposure

To investigate the impact of Gpr15 on gene expression in colonic
tissue from mice with colitis under cigarette smoke exposure, RNA
sequencing was performed on colonic tissue from both Gpr15™*
and Gpr15~/~ mice. Heatmaps revealed that Th17-associated
genes were significantly downregulated in the colonic tissue of
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TNBS-induced colitis Gpr15~/~ mice after cigarette smoke
exposure (Fig. 4a). Surprisingly, Tgfbl1, Il17ra, 1123a, ll6ra, Rorl,
Tnf, Tgfbr2, Ccr2, and [l17¢ were downregulated by cigarette
smoke exposure in TNBS-induced colitis Gpr15~'~ mice compared
with similarly treated Gpr15™* mice (Fig. 4a). In DSS-induced colitis
following cigarette smoke exposure, the six genes with the most
significant differences (Cxcl1, Ccl2, 1110, Tgfbl, Foxp3, and Cxcl10),
all of which are Treg signature genes, were consistently down-
regulated in Gpr15~/~ mice compared with those in Gpr15™* mice
under identical experimental conditions (Fig. 4b). Quantitative
analysis revealed that in Gpr15~~ mice, cigarette smoke
combined with TNBS reduced the Th17 cell ratio without affecting
Treg responses, in contrast to the findings in Gpr15™* mice under
the same conditions (Fig. 4c). Similarly, cigarette smoke combined
with DSS in Gpr15~'~ mice led to a reduction in the Treg cell ratio
without altering Th17 populations, differing from the findings in
Gpr15™* mice exposed to the same treatment (Fig. 4d).

Gpr15 deficiency significantly weakened the association
between /l17¢ and immune cells, particularly Th17 cells, in the
TNBS-induced colitis group following cigarette smoke exposure
(Fig. 4e). Conversely, Gpri15 deficiency in the DSS-induced colitis
group under the same conditions significantly reduced the
correlation with Foxp3 and Treg cells (Fig. 4f). To identify the
signaling pathways involved in the colitis model following
cigarette smoke exposure, KEGG pathway enrichment analysis
was performed (Fig. 4g-h). The Th17 signaling pathway was
downregulated in TNBS-induced colitis Gpr15~/~ mice following
cigarette smoke exposure (Fig. 4g). Similarly, the TGF-beta
signaling pathway was also suppressed in DSS-induced colitis
Gpr15~'~ mice under the same conditions (Fig. 4h). These results
demonstrate that Gpri5 deficiency attenuates the Th17 cell
signaling pathway in TNBS-induced colitis and disrupts the Treg
cell signaling pathway in DSS-induced colitis under both
conditions of cigarette smoke exposure.

Th17 cells exacerbate TNBS-induced colitis, whereas Treg cells
alleviate DSS-induced colitis under smoke exposure

To explore the role of Gpr15 in Th17 cell regulation during TNBS-
induced colitis following cigarette smoke exposure, we performed
flow cytometric analysis of peripheral blood mononuclear cells
(PBMCs), mesenteric lymph node cells (MLNs), and colonic lamina
propria mononuclear cells (LPMCs) (Supplementary Figs. 4-6). In
TNBS-induced Gpr15~/~ mice, the proportion of Th17 cells was
significantly lower than that in TNBS-treated Gpri5** mice
(Fig. 5a-d). Both groups were exposed to cigarette smoke and
TNBS, which resulted in a less pronounced Th17 reduction in
Gpr15~/~ mice (Fig. 5a-d). Additionally, the percentage of Treg
cells remained unchanged in both Gpr15™* and Gpri5~/~ mice
subjected to smoke and TNBS-induced colitis (Supplementary
Fig. 7a-d).

In DSS-induced colitis, flow cytometry revealed significantly
fewer Treg cells among the mononuclear cells isolated from the
PBMCs, MLNs, and LPMCs of Gpr15~/~ mice compared with
those of Gpr15** mice (Fig. 5e-h). In combination with DSS-
induced colitis, Gpr15~/~ mice presented a greater reduction in
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Fig.3 Gpri15 deficiency in mice: cigarette smoke mitigates TNBS-induced colitis but exacerbates DSS-induced colitis. a Schematic overview of
the Gpri15-deficient mouse model with cigarette smoke exposure and TNBS-induced colitis. b Schematic illustration of the Gpri5-deficient
mouse model with cigarette smoke exposure and DSS-induced colitis. ¢ Percent changes in body weight, DAI scores, and colon length in the
TNBS-induced colitis model. d Percent changes in body weight, DAl scores, and colon length in the DSS-induced colitis model.
e Representative colon section images for the TNBS model: top left—H&E staining, bottom left—Alcian blue staining, and bottom-left panel—
Histology score. f Representative colon section images for the DSS model: top right—H&E staining, bottom right—Alcian blue staining, and
bottom-right panel—Histology score. g Colonoscopy images from the TNBS group are shown on the left, and the corresponding MEICS scores
are shown in the bottom-left panel. h Colonoscopy images from the DSS group are shown on the right, and the corresponding MEICS scores
are shown in the bottom-right panel. i mRNA expression levels of /I-1B, II-6, and Tnf-a in the TNBS model group are presented (left). j mRNA
expression levels of II-1B, II-6, and Tnf-a in the DSS model group are presented (right). Scale bar, 100 pm. Each group consisted of six male mice.
The data are presented as the means + SEMs; *p < 0.05, **p < 0.01, and ***p < 0.001 according to two-way ANOVA with multiple comparisons.
All the experiments were repeated three times independently and yielded consistent results

the percentage of Treg cells than did Gpr15™* mice (Fig. 5e-h). that cigarette smoke exposure worsened TNBS-induced colitis
No significant differences in Th17 cell percentages were by increasing the number of Th17 cells via GPR15, while it
detected between Gpr15~/~ and Gpr15** mice under these reduced the severity of DSS-induced colitis through Treg cells
conditions (Supplementary Fig. 7e-h). These results suggested via GPR15.
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GPR15 enhances IL-17A expression in TNBS-induced colitis and
upregulates FOXP3 expression in DSS-induced colitis, both of
which occur following cigarette smoke exposure

We evaluated IL-17A expression in TNBS-induced colonic inflam-
mation induced by smoke exposure via immunofluorescence. IL-
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17A production and Th17 cell accumulation were significantly
lower in the colons of Gpr15~/~ mice than in those of Gpr15+/*
mice with TNBS-induced colitis (Fig. 6a, b). Notably, Th17 cell
accumulation was markedly lower in Gpr15~'~ mice exposed to
TNBS colitis and cigarette smoke than in Gpr15** mice under the
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Fig. 4 Effects of Gpri5 deficiency on gene expression and immune cell infiltration in colitis with cigarette smoke exposure. a Heatmap of RNA
sequencing data showing expression differences between Gpr15~/~ and Gpr15*/* mice with TNBS-induced colitis under cigarette smoke
exposure (n = 3). b Heatmap of RNA sequencing data showing expression differences between Gpr15~/~ and Gpr15™* mice with DSS-induced
colitis under cigarette smoke exposure (n = 3). Each row represents a gene, and each column corresponds to a sample. Orange indicates
decreased expression levels, whereas blue indicates increased expression levels relative to the mean. ¢ Comparison of immune cell infiltration

between Gpr15~/~ and Gpr15™/*+

mice with TNBS-induced colitis under cigarette smoke exposure. d Comparison of immune cell infiltration

between Gpr15~'~ and Gpr15*/* mice with DSS-induced colitis under cigarette smoke exposure. The x-axis lists the cell types, whereas the
y-axis depicts the fraction of each cell type. The blue dots represent samples from the Gpr15*/* group, and the red dots represent samples
from the Gpr15~/~ group. e Correlation of //77c mRNA expression with immune cell infiltration in Gpr15~/~ and Gpr15™" mice during TNBS-
induced colitis and f Foxp3 mRNA expression with immune cell infiltration during DSS-induced colitis, both under cigarette smoke exposure.
g KEGG pathway analysis revealed downregulation of the Th17 cell differentiation pathway in the colon of Gpr15~'~ mice during TNBS-
induced colitis and h downregulation of the TGF-beta signaling pathway during DSS-induced colitis, both of which were induced by cigarette

smoke exposure

<

same conditions (Fig. 6a, b). Similarly, in the DSS-induced colitis
model, Gpri5~/~ mice presented significantly lower Foxp3
expression in the colon than did Gpri5** mice (Fig. 6c, d).
Immunofluorescence staining further revealed a substantial
decrease in FOXP3-positive Treg cells in the colons of Gpr15~/~
mice compared with those in the colons of Gpr15™* mice under
cigarette smoke exposure and DSS treatment (Fig. 6c, d).

ELISAs revealed significantly lower IL-17 and IL-6 levels in
Gpr15~'~ mice with TNBS-induced colitis with or without smoke
exposure (Fig. 6, f). Compared with Gpr15™* mice, Gpr15~'~ mice
presented reduced IL-10 and TGF-f levels, both with and without
smoke exposure (Fig. 6g, h). No significant differences were found
in the IL-10 or TGF- levels in the TNBS group following smoke
exposure or in the IL-17 or IL-6 levels in the DSS group.
Furthermore, IL-4 and IFN-y secretion did not differ between the
TNBS and DSS groups (Supplementary Fig. 8a-h).

To assess IL-17A and FOXP3 expression in colonic tissue
samples from IBD patients, immunofluorescence was used for
visualization and quantitative analysis. In IBD patients, immuno-
fluorescence revealed increased IL-17A* cells in cigarette
smoke-exposed CD patients and increased FOXP3™ cells in
smoke-exposed UC patients (Fig. 6i, j). GPR15, IL-17A, and IL-6
MRNA expression was increased in smoke-exposed CD patients,
whereas GPRI15, IL-10, and TGF-f mRNA expression was
increased in smoke-exposed UC patients (Fig. 6k, I). IL.-4 and
IFN-y mRNA expression did not significantly differ between CD
patients and UC patients with smoke exposure (Supplementary
Fig. 8i-I).

To elucidate the functional impact of GPR15 on Th17 and Treg
cells, adoptive transfer experiments were conducted. Th17 cells
isolated from cigarette smoke-treated Gpr15™* and Gpr15~/~ mice
were transferred into Gpr15~/~ mice with TNBS-induced colitis.
The results indicated that Th17 cells from Gpri5** mice
significantly exacerbated inflammation, suggesting that smoking
enhances Th17 pathogenicity via Gpr15 (Supplementary Fig. 9a, ¢,
e). Conversely, Treg cells from cigarette smoke-treated Gpr15™*
and Gpr15~'~ mice were transferred into Gpr15~'~ mice with DSS-
induced colitis to assess their protective effects. Treg cells from
Gpr15™* mice conferred substantial protection, whereas those
from Gpr15~/~ mice were ineffective, indicating that smoking
enhances the suppressive function of Tregs through Gpri15
(Supplementary Fig. 9b, d, f). These results suggest that GPR15
mediates distinct immune responses in colitis under cigarette
smoke exposure, promoting Th17-driven inflammation in TNBS-
induced colitis while supporting Treg-mediated regulation in DSS-
induced colitis.

Cigarette smoke extract promotes naive CD4" T-cell proliferation
and differentiation by regulating GPR15 in vitro

To explore the effect of cigarette smoke extract (CSE) on Th17 cell
differentiation via GPR15, flow cytometric analyses were per-
formed (Supplementary Fig. 10). The results of the CCK-8 assay
revealed that CSE at concentrations ranging from 0.25-1% had no
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significant effect on cell viability after 24 h of treatment (data not
shown). Flow cytometric analysis revealed that coculturing CSE
(0.25-1%) with naive CD4* T cells isolated from the spleens of
Gpr15™* mice resulted in a significant increase in the proportion
of IL-17* cells, indicating that CSE promotes the differentiation of
naive CD4* T cells into Th17 cells (Fig. 7a, c). Interestingly, in Th17
cells differentiated from naive CD4* T cells under CSE stimulation,
GPR15 expression was increased in a concentration-dependent
manner (Fig. 7b, d). Additionally, we observed an increase in /l-17a
and Gpr15 mRNA expression in CSE-treated Th17 cells (Fig. 7e, f).
Mechanistically, CSE exposure led to a time-dependent increase in
STAT3 phosphorylation during Th17 differentiation of naive CD4*
T cells isolated from the spleens of Gpr15™* mice (Supplementary
Fig. 11a).

Next, we evaluated the effect of CSE on GPR15-mediated
differentiation of iTreg cells from naive CD4" T cells via flow
cytometry. The results indicated that CSE stimulation (0.25%-1%)
significantly increased the proportion of iTreg cells in a dose-
dependent manner (Fig. 7g, i). Unexpectedly, the expression of
GPR15 in iTreg cells also increased with increasing concentrations
of CSE (Fig. 7h, j). Furthermore, CSE treatment induced a
concentration-dependent increase in Foxp3 and Gpri5 mRNA
expression in iTreg cells (Fig. 7k, ). Notably, CSE exposure during
iTreg differentiation induced a time-dependent increase in SMAD3
and STAT5 phosphorylation in naive CD4* T cells isolated from
Gpr15¥* mice (Supplementary Fig. 11b). In contrast, phosphoryla-
tion of STAT3, SMAD3, and STAT5 was not detected under the
same conditions in naive CD4* T cells isolated from Gpr15~/~ mice,
highlighting the essential role of GPR15 in CSE-induced activation
of these signaling pathways during CD4* T-cell differentiation
(Supplementary Fig. 11a, b). In contrast, CSE stimulation of naive
CD4* T cells from Gpr15” mice failed to induce either Th17 or
iTreg differentiation (Supplementary Fig. 12a-f). Coculturing naive
CD4™ T cells isolated from the spleens of Gpr15™* mice with CSE
(0.25-1%) did not increase IFN-y or IL-4 expression, indicating that
CSE does not influence their differentiation into Th1 or Th2 cells
(Supplementary Fig. 12g-I). These results demonstrated that CSE
influences the differentiation of Th17 and iTreg cells by
modulating GPR15.

Cigarette smoke exacerbates TNBS-induced colitis but alleviates
DSS-induced ulcerative colitis in C57BL/6JGpt-Tg (human

GPR15) mice

To further investigate the effects of GPR15 overexpression on
smoking-related colitis, we induced acute colitis via TNBS and DSS
in transgenic C57BL/6JGpt-Tg (human GPR15) mice and their
littermate controls. We exposed these mice to cigarette smoke for
four weeks, followed by 2.5% TNBS administration in the fifth
week (Fig. 8a). In the acute phase, the TNBS-treated Tg(hGPR15)
mice presented more severe intestinal inflammation than the
Gpr15¥* mice did (Fig. 8c, e, g and Supplementary Fig. 13a).
Compared with Gpr15¥* mice, Tg(hGPR15) mice exposed to TNBS
and cigarette smoke presented reduced body weights, higher DAI
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scores, shorter colon lengths, and more severe colonic tissue
damage (Fig. 8c, e and Supplementary Fig. 13a). Colonoscopy
revealed marked redness and swelling of the colonic mucosa,
along with multiple ulcers and bleeding points, indicating severe
inflammation (Fig. 8g). Compared with Gpr15*'* mice, Tg(hGPR15)
mice treated with TNBS presented significantly higher levels of II-
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~TNBS+CS
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18, II-6, and Tnf-a mRNA (Fig. 8i). Additionally, exposure to
cigarette smoke and TNBS-induced colitis further elevated
cytokine levels in Tg(hGPR15) mice compared with those in
Gpr15* mice (Fig. 8i).

Compared with those in Gpr15** mice, DSS treatment resulted
in milder colonic inflammation in Tg(hGPR15) mice, characterized

SPRINGER NATURE



GPR15 differentially regulates the effects of cigarette smoke exposure on...

Gao et al.

10

Fig. 5 GPR15 modulates the severity of colitis in mice exposed to cigarette smoke: exacerbation of TNBS-induced colitis via Th17 cell
activation and alleviation of DSS-induced colitis via Treg-mediated regulation. a Representative gating strategy for CD4" IL-17A" (Th17) cells
in the peripheral blood mononuclear cells (PBMCs, top), mesenteric lymph node cells (MLNs, middle), and colonic lamina propria mononuclear
cells (LPMCs, bottom) across different groups in the TNBS model under cigarette smoke exposure. The proportions of CD4™ IL-17A" (Th17)
cells in the PBMCs, (b, ¢) MLNs and (d) LPMCs. e Flow cytometry plots depicting gating strategies for CD25" FOXP3* (Treg) cells in the PBMCs
(top), MLNs (middle), and LPMCs (bottom) across various cohorts in the DSS model under cigarette smoke exposure. The ratio of Treg cells
within the PBMCs (f, g) MLNs, and h LPMCs was detected by flow cytometry and statistically analyzed. n = 6. The data are presented as the
means + SEMs; *p < 0.05, **p < 0.01, and ***p < 0.001 according to two-way ANOVA followed by multiple comparisons. All the experiments

were repeated three times and yielded consistent results

«

by less weight loss, lower DAI scores, minimal colon shortening,
and reduced histopathological and endoscopic scores (Fig. 8b, d, f,
h and Supplementary Fig. 13c). Compared with the same
conditions, combined cigarette smoke and DSS treatment
significantly reduced body weight loss, DAI, and colon shortening
and colonic tissue scores in Tg(hGPR15) mice compared with
those in Gpr15** mice (Fig. 8b, d, f and Supplementary Fig. 13c).
Colonoscopy revealed fewer inflammatory changes in Tg(hGPR15)
mice (Fig. 8h). Compared with Gpri5** mice, DSS-treated
Tg(hGPR15) mice presented significantly lower levels of II-18, II-6,
and Tnf-a mRNA (Fig. 8j). Compared with Gpr15™* mice, exposure
to cigarette smoke followed by DSS-induced colitis further
reduced the levels of these cytokines (Fig. 8j). Moreover, the
urinary cotinine levels confirmed significant smoke uptake
(Supplementary Fig. 13b, d).

Collectively, these results indicate that the Tg(hGPR15) pheno-
type with elevated GPR15 levels could aggravate TNBS-induced
colitis while offering better protection against DSS-induced
ulcerative colitis under cigarette smoke exposure.

A schematic model illustrating how GPR15 differentially regulates
the effects of cigarette smoke exposure on CD and UC

In TNBS-induced CD-like colitis, cigarette smoke exposure
upregulates GPR15 expression on T cells, driving their differentia-
tion into Th17 cells and exacerbating disease progression. In
contrast, in DSS-induced UC-like colitis, cigarette smoke exposure
similarly increases GPR15 expression on T cells but promotes their
differentiation into Treg cells, conferring a protective effect
against disease progression (Fig. 9).

DISCUSSION
To address the longstanding paradox of the divergent effects of
cigarette smoke on CD and UG, this study integrated large-scale,
population-based epidemiological analysis from the UK Biobank
with comprehensive functional investigations in murine models of
cigarette smoke-induced colitis. This integrative approach enabled
a more precise delineation of the genetic regulator GPR15 in
mediating distinct immunological responses to cigarette smoke
across different IBD subtypes. These findings indicate that
environmental exposure, such as exposure to cigarette smoke,
modulates disease risk and progression through intricate interac-
tions with genetic factors such as GPR15, thereby influencing
disease susceptibility and phenotype. By bridging epidemiological
evidence with mechanistic insights, this work advances our
understanding of how cigarette smoke interacts with genetic
regulators to affect immune responses and sheds new light on the
complexity and heterogeneity underlying IBD pathogenesis.?®
Importantly, our results identify GPR15 as a crucial mediator that
transduces environmental signals from cigarette smoke to influence
immune responses in specific IBD models. Specifically, prolonged
exposure to cigarette smoke has contrasting, model-dependent
effects on colitis severity, whereby upregulation of Gpr15 expression
is associated with exacerbated disease in the TNBS model but
mitigated disease in the DSS model. Notably, cigarette smoke
exposure induces pronounced and selective upregulation of GPR15
expression in colonic immune cells, whereas epithelial

SPRINGERNATURE

compartments exhibit minimal changes, underscoring a cell type-
specific regulatory pattern (Supplementary Fig. 14a, b). Further-
more, the loss of Gpr15 has divergent effects on chemically induced
colitis under cigarette smoke exposure, conferring protection in
TNBS-induced colitis while aggravating disease in the DSS model.
These findings highlight the differential role of Gpr15 in regulating
intestinal inflammation following smoke exposure. However, the
incomplete loss or reversal of the effects of cigarette smoke in mice
with Gpr15 deficiency demonstrates that colitis severity is
modulated by both Gpri5-dependent and Gpr15-independent
mechanisms. For example, nicotine-mediated protection occurs
independently of GPR15, suggesting the presence of parallel
signaling pathways (Supplementary Fig. 15a—j). These findings
highlight the complexity of smoke-associated intestinal inflamma-
tion and indicate that targeting GPR15 alone may be insufficient as
a therapeutic strategy. Further investigations into additional
molecular pathways, such as those involving the aryl hydrocarbon
receptor, may yield new insights and therapeutic avenues for IBD.**

Building upon these findings, further mechanistic investigations
highlight the context-dependent immunomodulatory role of
GPR15 in shaping T-cell responses in models of colitis following
cigarette smoke exposure. GPR15 regulates distinct immunologi-
cal pathways under these conditions, including Th17 responses in
TNBS-induced colitis and Treg responses in DSS-induced colitis.
Mechanistic evidence specifically indicates that, in the TNBS-
induced colitis model, GPR15 promotes STAT3-dependent Th17
activation and IL-17-mediated pathology. In contrast, in the DSS-
induced colitis model, GPR15 activation enhances SMAD3/STAT5
signaling and promotes the differentiation of iTregs, thereby
contributing to intestinal integrity. Consistent with these findings,
adoptive transfer studies have demonstrated that cigarette smoke
exposure selectively enhances the proinflammatory properties of
Th17 cells and the immunosuppressive activity of Treg cells
through a GPR15-dependent mechanism, underscoring GPR15 as
a central regulator of divergent T-cell-mediated immune
responses to environmental factors in colitis. Moreover, interven-
tions with the cognate ligand C100rf99 (GPR15L) further support
the context-dependent function of GPR15 (Supplementary
Fig. 16a-j). Together, these findings position GPR15 at the
interface of proinflammatory and regulatory T-cell responses and
help explain why cigarette smoke has opposing effects on CD and
UC. While previous studies have highlighted the significance of
Th1 and Th2 subsets in IBD, the current findings show that neither
cigarette smoke nor GPR15 modulation substantially affects these
cell populations (Supplementary Fig. 17a-h).> These insights
broaden our understanding of IBD pathogenesis and suggest new
targets for therapeutic intervention beyond conventional anti-
inflammatory or immunosuppressive strategies.

Several important limitations of this study should be acknowl-
edged. First, while the TNBS and DSS murine models are widely
utilized, they only partially recapitulate the chronicity, hetero-
geneity, and tissue complexity of human IBD and may not capture
all aspects of mucosal immunopathology.’® Second, murine
smoking models cannot fully mimic the smoking exposure history
of humans because of physiological differences and inherent
limitations in exposure methods, concentrations, durations, and
other experimental parameters.?’ Third, interspecies differences in
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immune regulation, particularly between mouse and human
GPR15 signaling networks, present challenges for the direct
translation of these experimental findings into clinical practice.?®
Fourth, while this study provides insight into GPR15-associated
modulation of T-cell populations, the precise molecular mechan-
isms underlying GPR15-dependent immune regulation remain

Signal Transduction and Targeted Therapy (2025)10:306

incompletely understood, especially regarding its effects on Treg-
to-Th1 differentiation and Th17 cell stability in the context of
cigarette smoke exposure, warranting further investigation. Taken
together, these limitations highlight the necessity of stratifying
IBD patients by smoking status when considering GPR15-targeted
interventions and underscore the importance of future studies
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Fig. 6 GPR15 drives Th17 cell responses in TNBS-induced colitis and maintains Treg functionality in DSS-induced colitis. a IL-17A" cells
detected by IF staining. IL-17A is shown in red, and nuclei are stained with DAPI (blue). b ImageJ analysis of the number of IL-17A™ cells in five
randomly selected fields per group. ¢ Representative IF images of FOXP3™ cells. FOXP3 (red) and nuclei (DAPI, blue). d Quantification of
FOXP3™ cells in five random fields per group via ImageJ. e IL-17A and f IL-6 levels in colon tissue homogenates from Gpr15+/* and Gpr15~/~
mice with TNBS-induced colitis with or without cigarette smoke exposure were measured via ELISA. g IL-10 and h TGF-§ levels were similarly
measured in Gpr15*/* and Gpr15~/~ mice with DSS-induced colitis under the same conditions. i Representative IF images of IL-17A expression
in CD patients with or without cigarette smoke exposure (IL-17A: red; nuclei: DAPI, blue), with quantification of IL-17A™ cells (n=5).
j Representative IF images of FOXP3 expression in colon tissues from UC patients under cigarette smoke exposure or nonexposure conditions.
FOXP3 is shown in red, and nuclei are stained with DAPI (blue). The quantification of FOXP3" cells is presented (n = 5). k mRNA expression
levels of GPR15, IL-17A, and IL-6 were analyzed in the CD group (n =5). 1 GPR15, IL-10, and TGF-S levels were examined in the UC group (n =5).
Scale bar: 50 pm. The data are expressed as the means + SEMs. Statistical significance was determined via two-way ANOVA with multiple
comparisons, where *p < 0.05, **p < 0.01, and ***p < 0.001. All experiments were conducted in three biological replicates, yielding consistent

results, with six mice included in each group for the animal studies

<

employing chronic or humanized models to validate and extend
these findings.

Collectively, these findings advance the mechanistic under-
standing of T-cell-mediated immune regulation in IBD by
elucidating how environmental exposures, particularly cigarette
smoke, interact with host genetic factors such as GPR15 to drive
heterogeneity in the disease phenotype and course. Targeting
GPR15 or its downstream signaling pathways could lead to more
precise treatment strategies adapted to specific disease subtypes
and individual patient factors, such as smoking history. In light of
these insights, the continued pursuit of rigorous clinical and
mechanistic studies will be critical to validate these observations
and translate them into safe and effective targeted therapies
accounting for the heterogeneity observed in IBD.

MATERIALS AND METHODS

Population cohort study and statistical analysis

Population data were accessed from the UK Biobank, which is a
large-scale prospective database containing detailed genetic,
health, and lifestyle information from approximately 500,000
individual participants aged between 40 and 69 years at
recruitment.?®> Smoking status was classified according to
established epidemiological standards into four categories: never
smoked, ever smoked, previously smoked, and currently
smoked.>® Never smoking refers to individuals who have never
smoked or have smoked fewer than 100 cigarettes (or the
equivalent amount of tobacco products) and are not currently
smoking. Ever smoking includes those who have smoked at least
100 cigarettes (or equivalent), regardless of current status, thus
encompassing both previous and current smokers. Previous
smoking refers to those who have smoked at least 100 cigarettes
but are currently not smoking, whereas current smoking consists
of individuals who have smoked at least 100 cigarettes and
continue to smoke at the time of assessment.

Hazard ratios (HRs) and their 95% confidence intervals (Cls)
were calculated via Cox regression models to evaluate the
associations between smoking status or history and incidence of
inflammatory bowel disease (IBD). We adjusted our models for
potential confounders, including age, body mass index (BMI),
education score, sex, physical activity level, alcohol consumption
state, processed meat intake, and genetic principal components.
All the analyses were performed via R software (v4.1.3), and we
adopted a two-sided testing strategy for all the statistical
assessments, deeming the results to be significant at the stringent
threshold of p < 0.05 (Supplementary Table 1).

Whole-genome sequencing data processing and SNP filtering

Whole-genome sequencing (WGS) data from 490369 consented
UK Biobank participants were analyzed via established protocols
for sequencing, variant calling, and quality control.>' Population
variant call format (pVCF) files from the Genome Analysis Toolkit
(GATK) pipeline underwent further filtering, where genotype
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calls were masked if the genotype quality was <20, the read
depth was <7 for single-nucleotide variants (SNVs) or <10 for
insertions/deletions (indels), or if heterozygotes showed sig-
nificant allelic imbalance (binomial p <0.001). Samples failing
initial WGS quality control (n=239) or having discordant
phenotypic and genetic sex (n=465; X-chromosome hetero-
zygosity <0.30 as female, >0.80 as male) were excluded. Variants
were retained if they met all the following criteria: allele
alignment score >0.50, minor allele count (MAC) > 1, missingness
<0.5, heterozygous balance 0.175-0.825, homozygous balance
>0.90, quality-by-depth =6, variant quality =10, and Hardy—
Weinberg equilibrium (HWE) p value=1x107'%, resulting in
1,159,259,784 high-confidence variants. Genetic ancestry was
inferred via linkage disequilibrium-pruned autosomal single-
nucleotide polymorphisms (SNPs; minor allele frequency [MAF]
>0.01) projected onto the 1000 Genomes panel via KING
software; 25,438 nonEuropean and 72,109 related (third-degree
or closer) individuals were excluded.*? After merging the
phenotypic data, 304,346 unrelated participants of European
ancestry remained; analyses focused on 8746 SNPs (MAF = 0.01)
within 10 kilobases (kb) of GPR15 (Supplementary Table 2).

Adjustment for GPR15 locus genetic variation in statistical analyses
To control for confounding genetic variation at the GPR15 locus,
8,746 flanking markers were assessed for associations with Crohn’s
disease (CD) and ulcerative colitis (UC) via generalized linear mixed
models adjusted for age, sex, an age—sex interaction, and the first
ten principal components.®® Markers with p < 0.05 were LD-pruned
(< 0.2), resulting in 24 and 2 independent variants for CD and UC,
respectively. These variants and their interactions with smoking
were included in Cox models via forward selection, retaining terms
with p <0.05 (Supplementary Table 2).

Population study

Between September 2023 and September 2024, all patients with
UC or CD evaluated by the Division of Gastroenterology at West
China Hospital, either in outpatient clinics or as inpatients, were
invited to participate in the study. Disease activity at enrollment
was assessed via the Crohn's Disease Activity Index (CDAI) for CD
and the Mayo score for UC, with a flare defined as a CDAI > 150 for
CD or a Mayo score > 2 (or partial Mayo score > 2) for UC3* The
study adhered to the Declaration of Helsinki and was approved by
the Ethics Committee of West China Hospital, Sichuan University,
Chengdu, China (No. 2023[1081], [2024(500)]). Written informed
consent was obtained from all participants. The clinical and
experimental characteristics of the IBD patients, including their
smoking history, are summarized in Supplementary Table 3.

Animals

All the mice used were on a C57BL/6 background. Male wild-type
C57BL/6 mice (Gpr15*'*) and Gpr15-deficient mice (Gpr15~'~) were
obtained from Cyagen Biosciences (Suzhou, China). Gpri15-
deficient mice were generated through embryonic stem cell

Signal Transduction and Targeted Therapy (2025)10:306
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targeting, and gene disruption was verified via quantitative PCR
(gPCR) (Supplementary Table 4). The comprehensive methodolo-
gies and validation results are detailed in Supplementary Fig. 18.
C57BL/6JGpt-Tg (human GRP15) transgenic mice were generated
by GemPharmatech Co. Ltd. (Chengdu, China) via bacterial
artificial chromosome (BAC) technology, ensuring the expression

Signal Transduction and Targeted Therapy (2025)10:306

of the human GPR15 sequence in the resulting individuals
(Supplementary Fig. 19 and Supplementary Table 5). All the
animals, aged 6 to 8 weeks, were maintained in a specific
pathogen-free (SPF) facility, housed in plastic cages with five mice
per cage, and provided with standard laboratory chow and water
ad libitum. The environment was controlled with a 12-hour light/
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Fig. 7 Exposure to CSE promotes the differentiation of naive CD4" T cells into Th17 and iTreg cells through GPR15 in vitro. a Representative
gating strategy for CD4" IL-17A" (Th17) cells among stimulated naive CD4" T cells cultured with different concentrations of CSE. b Typical
flow cytometry plots and gating for GPR15 expression in Th17 cells stimulated with graded concentrations of CSE. ¢ Quantification of the Th17
cell frequency in stimulated naive CD4" T cells cultured with varying concentrations of CSE. d GPR15 expression increased in Th17 cells after
stimulation with graded concentrations of CSE. e Relative mRNA expression of /I-17a and f Gpr15 in CSE-treated Th17 cells. g Representative
flow cytometry analysis showing the gating strategy for FOXP3" CD25™" (iTreg) cells. h Flow cytometry analysis of GPR15 expression in iTreg
cells cultured with various CSE concentrations. i iTreg frequencies across groups. j Comparison of GPR15 protein expression in iTreg cells
cultured with or without different concentrations of CSE. k Relative mRNA expression of Foxp3 and | Gpr15 in CSE-treated iTreg cells. The data
are presented as the means + SEMs (n = 3); *p < 0.05, **p < 0.01, and ***p < 0.001 according to two-way ANOVA with multiple comparisons. All
the experiments were performed in three biological replicates with consistent results

<

dark cycle. All procedures received approval from the Animal Care
and Use Committee of West China Hospital, Sichuan University (ID:
20220214011).

Cigarette smoke exposure

For this study, standard filtered cigarettes containing 11 mg of tar
and 1 mg of nicotine sourced from the local market were used.
The mice were exposed to whole-body cigarette smoke in a
Plexiglas chamber (50 x60x70cm) connected to a smoking
machine (CSM-I, Chengdu Ruituo Technology Co. Ltd.). The
exposure protocol followed the International Organization for
Standardization Protocol with a 35 mL puff/minute rate, lasting
approximately 8 minutes per cigarette, and a 5-minute fresh air
ventilation interval between cigarettes. Medical-grade air flowed
at 3L/min to maintain oxygen levels between 18% and 20%.
Gravimetric analysis was performed via A/E glass fiber filters (PALL
Life Sciences, Tijuana, Mexico) to measure the concentration of
total particulate matter (TPM), which was approximately 200 mg/
m® within a chamber containing six cigarettes. The mice were
exposed to smoke from six cigarettes twice daily, five days a week,
for four weeks, whereas the control mice received only fresh air.

TNBS-induced colitis in mice

TNBS-induced colitis was induced following established protocols,
where acute colitis was induced by presensitizing mice with
150 uL of a 1% (w/v) TNBS solution (p2297, Sigma, Darmstadt,
Germany) prepared in a 4:1 acetone-to-olive oil mixture and
applied to a 1.5x1.5cm shaved dorsal area between the
shoulders®>®> On day 8, after the mice were weighed and
anesthetized, a 100 uL dose of 2.5% (w/v) TNBS in 50% ethanol
was administered intrarectally via a catheter inserted 4 cm into the
colon, with the mice maintained in a head-down position for
5min. The control mice underwent the same procedures and
received 45% ethanol in phosphate-buffered saline (PBS). The
mice were monitored daily for survival, body weight, rectal
bleeding, and stool consistency. Inflammation severity was
assessed via established scoring criteria.

DSS-induced colitis in mice

Acute colitis was induced via the oral administration of 2.5% (w/v)
dextran sodium sulfate (DSS; MP Biomedicals, UK) in the drinking
water for the indicated period, after which the water containing
DSS was replaced with normal drinking water.*® The control
animals were administered distilled water. Colitis severity was
evaluated daily by monitoring body weight, diarrhea, and bloody
stool occurrence. Stool samples were collected and assessed for
occult blood via hemoccult blood test strips from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China) according to
the manufacturer’s instructions. Colon inflammation was evalu-
ated according to standardized scoring criteria. During the
designated time period, the mice were euthanized, and colon
tissue was obtained by trimming at the ileocecal junction and
distal end of the rectum, followed by measurement of total length.
The disease activity index (DAI) was calculated as a composite
score on the basis of relative body weight loss, changes in the
colon length/weight ratio, and the presence of occult blood in
stool samples.’
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Colonoscopy

Colonoscopy was performed on experimental mice via a flexible
video mini-endoscope (URF-V3; Olympus) under anesthesia with
1.5% to 2.0% isoflurane. The colon was gently insufflated with air
via the working channel to visualize up to 3 cm of the proximal
region and ensure sufficient distention. White light imaging was
employed to examine the colon and identify lesions. Colitis
severity was assessed blindly via the murine endoscopic index of
colitis severity (MEICS).>®

Measurement of urine cotinine levels

Urine cotinine levels from cigarette smoke exposure were
evaluated after the final exposure on day 28 via an enzyme-
linked immunosorbent assay (ELISA) kit (Calbiotech, Spring Valley,
CA, USA). Samples from at least six mice per group were analyzed
in each experiment.

Enzyme-linked immunosorbent assay

Cytokines, specifically IL-10 (CAT# RX203075M), IL-17A (CAT#
RX203067M), IL-6 (CAT# RX2023049M), TGF-p (CAT# RX202402M),
IL-4 (CAT# RX203051M), and INF-y (CAT# RX203097M), were
quantified in colon tissue homogenates via ELISA kits from
Quanzhou Ruixinbio Biotechnology Co., Ltd. (Quanzhou, China)
according to the manufacturer’s instructions. Capture antibodies
(1:200) were used to coat the plate overnight at 4°C. After
blocking, the samples were incubated for 2 h at room tempera-
ture, followed by incubation with detection antibodies (1:200) for
1h. Subsequently, streptavidin conjugated with streptavidin
conjugated with horseradish peroxidase was added, and the
substrate was added after 30 min. Finally, the absorbance value
was detected via a microplate reader. The concentrations of the
cytokines were obtained according to standard curves.

Histological examination of colon tissue

The distal segments of colon tissue were collected and fixed
overnight in 4% paraformaldehyde at 4°C. After fixation, the
samples were dehydrated with graded alcohol, cleared in xylene,
embedded in paraffin, and sectioned into 3 um slices. Following
dewaxing, the sections were stained with H&E or alcian blue
(Solarbio, Beijing, China) in accordance with the manufacturer’s
protocols. Digital scanning and analysis of histopathology slides
were conducted via NDP.viewer 2.0 software from Hamamatsu.
Histopathological evaluation was conducted by blinded pathol-
ogists, who assigned scores on the basis of established
parameters, including inflammatory cell infiltration, tissue
destruction, crypt architectural distortion, and regenerative
responses.>?

Immunofluorescence staining

For immunofluorescence staining, colons from the various groups
of mice were cut into 3 pum sections via a freezing microtome. The
sections were incubated for 1 h in buffer containing 5% normal
blocking serum. The samples were subsequently stained with anti-
IL-17A (eBioscience, 14-6988-82) and anti-FOXP3 (GeneTex,
GTX107737) antibodies. Nuclear staining was performed using
DAPI (Abcam, ab104139). Images were captured with an Olympus
BX600 microscope equipped with a SPOT Flex camera (Olympus
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Fig. 8 The dual role of cigarette smoke in colitis in C57BL/6JGpt-Tg (human GPR15) mice intensifies TNBS-induced colitis and mitigates DSS-
induced colitis. a Experimental setup diagram for the Tg (human GPR15) mouse model subjected to cigarette smoke exposure and the TNBS-
induced colitis model. b Diagram of the experimental framework for the Tg (human GPR15) mouse model exposed to cigarette smoke and the
DSS-induced colitis model. ¢ Body weight percentage, DAI scores, and colon length were recorded for the TNBS-induced colitis model. d Body
weight percentage, DAI scores, and colon length were assessed in the DSS-induced colitis model. e Illustrative colon section images for the
TNBS model: H&E staining is presented at the top left, Alcian blue staining at the bottom left, and the histology score on the left of the left
panel. f lllustrative colon section images for the DSS model: H&E staining is presented at the top right, alcian blue staining at the bottom right,
and the histology score at the bottom left of the right panel. g Left: TNBS group colonoscopy images and MEICS scores (bottom right of the
left panel). h Right: DSS group colonoscopy images and MEICS scores (bottom right of the right panel). i The mRNA expression levels of /I-18,
Il-6, and Tnf-a in the TNBS model group are shown (left). j The mRNA expression levels of /16, II-6, and Tnf-a in the TNBS model group are
shown (right). Six male mice were included in each group. The data are presented as the means + SEMs; *p < 0.05, **p < 0.01, and *p < 0.001
according to two-way ANOVA with multiple comparisons. All the experiments were repeated three times and yielded consistent results

manufacturer’s protocol. RNA quality was evaluated with a
NanoDrop 2000 (Thermo Fisher Scientific). First-strand cDNA
synthesis was performed via a reverse transcription kit
(Vazyme, Nanjing, China). Real-time fluorescent quantitative
polymerase chain reaction (RT-qPCR) was conducted with
gene-specific primers (Qing Ke Bio; Supplementary Table 6)

Corporation, Tokyo, Japan) and subsequently processed and
analyzed via ImageJ software (version 1.53 m).

Real-time fluorescent quantitative polymerase chain reaction
RNA was extracted from cultured cells and colon tissue via TRIzol
reagent (Thermo Fisher Scientificc USA) according to the
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Fig. 9 Mechanism of GPR15 action in IBD following cigarette smoke exposure. In TNBS-induced Crohn'’s disease-like colitis, exposure to
cigarette smoke causes the upregulation of GPR15 expression in T cells, which facilitates their differentiation into Th17 cells. These Th17 cells
secrete proinflammatory cytokines, including IL-17A and IL-17F, which exacerbate the inflammatory response and worsen intestinal
inflammation. Conversely, in DSS-induced ulcerative colitis-like colitis, cigarette smoke similarly increases GPR15 expression in T cells, leading
to their differentiation into Treg cells. Treg cells produce anti-inflammatory cytokines such as IL-10 and TGF-f, which inhibit inflammatory

processes and alleviate intestinal inflammatory conditions

and SYBR Green PCR Master Mix (Takara Bio; RR820) according to
the manufacturer’s instructions. Triplicate reactions were run on
a LightCycler 96 PCR system (Roche). mRNA expression was
normalized to that of B-actin, and the data were analyzed via the
2724 method.

Lymphocyte isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood collected in K, EDTA tubes (BD, Franklin Lakes, NJ) via
density-gradient centrifugation via Ficoll-Paque (GE Healthcare,
cat. 17-1440-03). Following centrifugation at 500 x g for 20 min at
21°C, the buffy coat was collected, washed twice with PBS,
centrifuged again, and prepared for flow cytometry staining.
Moreover, mesenteric lymph nodes (MLNs) from sacrificed mice
were processed through 70 um cell strainers, washed with PBS,
and centrifuged at 500 x g and 4 °C for 5 min. The MLN cells were
subsequently prepared for flow cytometry analysis.

To prepare lamina propria mononuclear cells (LPMCs), colons
from TNBS- or DSS-treated mice were harvested and processed via
established methods.*® The colons were excised, opened length-
wise, rinsed twice with cold PBS, and cut into 0.5 cm pieces. These
pieces were incubated in Ca/Mg-free Hank’s balanced salt solution
(HBSS, Sigma-—Aldrich) containing 30 mM ethylenediaminetetraace-
tic acid (EDTA, Sigma-Aldrich) and 1.5mM dithiothreitol (DTT,
Sigma—Aldrich) at 37 °C with shaking for three cycles of 10 min each.
To isolate LPMCs, the tissues were digested in RPMI (Gibco)
supplemented with 20% fetal bovine serum (FBS), 1 mg/mL
collagenase 1V, and 0.05mg/mL DNase | at 37°C for 30 min. The
digested samples were then passed through 40 pm strainers, rinsed
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with PBS, and resuspended in 4 mL of 40% Percoll (Sigma-Aldrich).
This suspension was carefully layered onto 80% Percoll, and the
mononuclear cells at the 40%-80% interface were collected
following centrifugation at 500 x g and 4 °C for 8 minutes. Finally,
LPMCs were resuspended in FACS buffer for further analysis.

Flow cytometry analysis

For surface staining, the cells were incubated with antibodies,
including anti-CD3-AF700, anti-CD4-FITC, anti-CD45-BV510, anti-CD8-
Percp-cy5.5, anti-GPR15-APC, and anti-CD25-BV650 (all from
eBioscience), for 30 min at 4°C in the dark. Following incubation,
the cells were washed and stimulated with 50 ng/mL phorbol 12-
myristate 13-acetate (PMA), 750 ng/mL ionomycin, and 10 pg/mL
brefeldin A (all from eBioscience) for 4h at 37°C in a 5% CO,
environment. For intracellular staining, the cells were subsequently
harvested, washed with PBS, fixed, and permeabilized with a FOXP3/
transcription factor fixation/permeabilization kit (Thermo Fisher
Scientific). The cells were then stained with anti-IFN-y-PE-Cy7, anti-
IL-17-BV421, anti-IL-4-BV711, and anti-FOXP3-PE (all from eBioscience)
for 40 min at 4 °C in the dark. The stained samples were then assessed
via a Cytek Aurora and analyzed with FlowJo 10.8.1 software.

Cell culture

Caco-2 epithelial colon cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and expanded
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 20% FBS (Gibco, Waltham, MA, USA) and 1% penicillin/
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) to
promote optimal growth and viability. For the experimental
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procedures, Caco-2 cells were subcultured and utilized at passages
5-10 in DMEM containing 10% FBS and 1% penicillin/streptomy-
cin and incubated at 37 °C in a humidified atmosphere with 5%
CO,. Human colonic epithelial cells (HCoEpiC) were obtained from
CliniSciences (CliniSciences, Guidonia Montecelio, Italy) and
cultivated in colonic epithelial cell medium (HCoEpiCM) supple-
mented with 10% (v/v) colonic epithelial cell growth supplement
(HCoEpiCGS; Zenbio, Durham, NC, USA) and 1% penicillin/
streptomycin. HCoEpiC cells were maintained at 37°C in 5% CO,
and used for experiments between passages 5 and 8.

In vitro Th17 and iTreg cell differentiation

Naive CD4™ T cells were purified from splenocytes via the Mouse
Naive CD4" T-cell Isolation Kit (CAT#19765; STEMCELL Technolo-
gies) strictly according to the manufacturer’s instructions and
further sorted via a FACSAria Il (BD Biosciences). Naive CD4" T cells
(0.4 x 10% were cultured in RPMI-1640 medium supplemented
with 10% FBS (Gibco, CA, USA), 2 mM glutamine, 1% penicillin
streptomycin (Gibco, CA, USA), 10 mmol/L N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES, Gibco, CA, USA), and
55 mmol/L 2-mercaptoethanol (Gibco, CA, USA) in 24-well plates.
For iTreg induction, naive T cells were stimulated with anti-CD3
(5 pg/mL)/anti-CD28 (5 pg/mL) plus IL-2 (2 ng/mL) in the presence
of TGF-B (5 ng/mL) at 37 °C for the indicated times. To induce Th17
cell differentiation, the cells were treated with TGF-f (3 ng/mL), IL-
6 (20 ng/mL), IL-23 (25 ng/mL), an anti-IL-4 antibody (5 pg/mL),
and an anti-IFN-y antibody (Pepro Tech). Splenocytes (1 x 10°
cells) were cultured with a specific concentration of cigarette
smoke extract (CSE) for 24 h. Then, the expression of CD4, CD25,
FOXP3, IL-17, and GPR15 in splenocytes was detected by flow
cytometry.

Preparation of cigarette smoke extract

CSE was prepared by combusting one standard filtered cigarette
and channeling the smoke through 10 mL of PBS via a vacuum
pump and a custom syringe-based apparatus to produce 100%
CSE.*! The CSE solution was filtered through a 0.2 um membrane
to remove particulates. The 100% CSE solution was subsequently
diluted with PBS to the required concentration (0.25%, 0.5%,
0.75%, or 1%).

Adoptive transfer experiments

T-cell adoptive transfer was conducted as previously described.*?
To investigate the role of Gpr15 in the effects of cigarette smoke
exposure on immune function, Th17 and Treg cells were isolated
from Gpr15™* and Gpr15~/~ mice exposed to cigarette smoke.
After four weeks of cigarette smoke exposure, the spleens were
harvested and ground in physiological saline to prepare single-cell
suspensions, which were subsequently filtered. Flow cytometry
was used to isolate and sort Th17 (CD4*IL-17A*) and Treg
(CD4*CD25"FOXP3™) cells on the basis of specific surface markers.
For the TNBS-induced colitis model, approximately 5 x 10° Th17
cells from cigarette-exposed Gpr15* and Gpri5~'~ mice were
transferred into Gpr15~/~ mice via tail vein injection on the third
day of colitis induction, and the clinical signs of colitis were
monitored. In the DSS-induced colitis model, 2.5% DSS was
administered in the drinking water to Gpr15~/~ mice to induce
colitis, and on the third day of induction, approximately 5x 10°
Treg cells from cigarette-exposed Gpri5** and Gpri5~/~ mice
were transferred into Gpr15~/~ mice via tail vein injection.

Western blot

The cells were lysed in RIPA buffer containing SIGMAFAST Protease
Inhibitor (Cat. No. P8340) and Sigma Phosphatase Inhibitor (Cat. No.
P5726) from Sigma-Aldrich, in accordance with previously estab-
lished protocols.** Nitrocellulose membranes were incubated with
primary antibodies against pSTAT3 (Tyr705, Cat: 9131), STAT3 (Cat:
4904), pSTAT5 (Tyr694, Cat: 9351), STAT5 (Cat: 94205), pSMAD3
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(Ser423/425, Cat: 9520), and SMAD3 (Cat: 9523) from Cell Signaling
Technology. Following incubation, the membranes were washed,
and densitometric analysis was conducted via Image) software
(NIH) to quantify the intensity of the protein bands.

mMRNA sequencing and bioinformatic analysis

Total RNA was extracted from mouse colon tissue via the
peqGOLD Total RNA Kit (VWR International) according to the
manufacturer’s instructions. The RNA purity and concentration
were assessed with a NanoDrop spectrophotometer, a Qubit RNA
High Sensitivity Assay, and an Agilent 2100 Bioanalyzer. Libraries
were generated from 1pug of total RNA per sample via the
NEBNext Ultra RNA Library Prep Kit (New England Biolabs) and
then indexed and amplified with Phusion High-Fidelity DNA
Polymerase. Library quality was verified before sequencing with
paired-end reads on an lllumina platform. The raw reads were
quality filtered and processed to remove adapters, ambiguous
nucleotides, and low-quality sequences. Only high-quality reads,
as measured by the Q20, Q30, and GC content metrics, were
retained for downstream analyses. Reads were mapped to the
mouse reference genome via HISAT2, and gene-level counts were
generated with featureCounts.

For differential expression analysis, gene-level count data were
analyzed with DESeq2 (version 1.38.3) in R (version 4.2.3). To control
for false positives resulting from multiple hypothesis tests inherent
to RNA-seq experiments, p-values were adjusted via the
Benjamini-Hochberg procedure to control the false discovery rate
(FDR). Genes were identified as differentially expressed if they met
both an FDR-adjusted p-value <0.05 and an absolute log2-fold
change > 1. Functional enrichment for biological processes and
signaling pathways was performed via Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway annotations with the clusterProfiler
package (version 4.6.2) in R, which utilizes gene sets from MSigDB.

Given the pivotal role of immune mechanisms in IBD
pathogenesis, immune cell infiltration was profiled with the
CIBERSORT algorithm, enabling the quantification of 22 distinct
immune cell subtypes and the comprehensive characterization of
immune landscapes.** Reference genome and gene model
annotation files were sourced from genome browser platforms
such as NCBI, UCSC, or Ensembl.

Statistical analysis

All the results, excluding the RNA-seq data processed with R
(version 4.1.2, R Foundation, Vienna, Austria), are reported as the
means * standard errors of the means (SEMs). Statistical analyses
were conducted via GraphPad Prism 9.0 (GraphPad Software, San
Diego, USA). For two-group comparisons, a t-test was employed.
When more than two groups were compared, one-way ANOVA
followed by Tukey’'s multiple comparison test was used; sig-
nificance was set at an adjusted p-value of < 0.05. Flow cytometry
data were analyzed via FlowJo 10.8.1 software (Tree Star, Inc.,
Ashland, USA).

DATA AVAILABILITY

All the data required to support the conclusions of this study are provided in the
main text and Supplementary Materials. The raw transcriptome data have been
deposited in the Genome Sequence Archive (GSA) under project number CRA027654
(mouse tissue) and can be accessed at https://ngdc.cncb.ac.cn/gsa/search?
searchTerm=CRA027654.

ACKNOWLEDGEMENTS

The authors thank the team at the West China Biomedical Big Data Center and the UK
Biobank project for their support and collaboration. The cohort research of this study
was conducted via the UK Biobank research resource (application 54803). This work
uses data provided by patients and collected by the NHS as part of their care and
support. This research used data assets made available by National Safe Haven, as
part of the Data and Connectivity National Core Study, led by Health Data Research

SPRINGER NATURE

17


https://ngdc.cncb.ac.cn/gsa/search?searchTerm=CRA027654
https://ngdc.cncb.ac.cn/gsa/search?searchTerm=CRA027654

GPR15 differentially regulates the effects of cigarette smoke exposure on...
Gao et al.

18

UK in partnership with the Office for National Statistics and funded by UK Research
and Innovation (grant ref: MC_PC_20029 and MC_PC_20058). This work was
supported by grants from the National Natural Science Foundation of China
(32270438 to C.D.; 32170498 to S.S.L; 32400574 to X.L.), the National Key R&D
Program of China (2021YFF0702000 to C.D.), the National Science and Technology
Major Project (2023ZD0506800 to C.D.), th e 1.3.5 Project for Disciplines of Excellence,
West China Hospital, Sichuan University (ZYYC21011 to C.D.), the National Clinical
Research Center for Geriatrics, West China Hospital, Sichuan University (Z2023JC003
to C.D.), the Science and Technology Department of Sichuan Province (2022YFH0116
to C.D.), the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD to C.D.), the China Postdoctoral Science Foundation (2024M752193
to H.D.C; 2024M752198 to X.L), the Sichuan Science and Technology Program
(2025ZNSFSC0984 to H.D.C.; 2024NSFSC1178 to X.L.; 2023NSFSC2420 to H.P.Z.).

AUTHOR CONTRIBUTIONS

C.D,, YH, HS, and Y.C. contributed to the conceptualization of the study, conducted
the literature review, designed the experiments, and critically revised the manuscript.
LG, K. Zheng, X.H,, N.Y,, YW, H. Zheng, J. Zhang, W.T,, T. Zhang, Y.H,, Q.Z, and K.L.
contributed to data analysis via various tools and performed in vivo and in vitro
experiments and analyses. The data analysis of the UKB database was performed by
C. Hou. L.G. designed the research, collected and analyzed the data, and wrote the
manuscript. C.D. contributed to the study’s conceptualization, provided guidance,
and revised the manuscript. C.D,, J.B, J. Cheng, H.M,, L. Zhang, J. Zhang, and M.W.
provided intellectual contributions, assisted in manuscript editing, and offered
material support throughout the study. All the authors have read and approved the
article.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41392-025-02384-8.

Competing interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1. Cao, Y. et al. Commensal microbiota from patients with inflammatory bowel
disease produce genotoxic metabolites. Science 378, eabm3233 (2022).

2. Plevris, N. & Lees, C. W. Disease monitoring in inflammatory bowel disease:
evolving principles and possibilities. Gastroenterology 162, 1456-1475.e1 (2022).

3. lliev, I. D., Ananthakrishnan, A. N. & Guo, C. J. Microbiota in inflammatory bowel
disease: mechanisms of disease and therapeutic opportunities. Nat. Rev. Micro-
biol. 23, 509-524 (2025).

4. Ananthakrishnan, A. N. et al. Lifestyle, behavior, and environmental modification
for the management of patients with inflammatory bowel diseases: an Interna-
tional Organization for Study of Inflammatory Bowel Diseases consensus. Lancet
Gastroenterol. Hepatol. 7, 666-678 (2022).

5. Glassner, K. L, Abraham, B. P. & Quigley, E. M. M. The microbiome and inflam-
matory bowel disease. J. Allergy Clin. Immunol. 145, 16-27 (2020).

6. Lee, S. et al. Smoking may reduce the effectiveness of anti-TNF therapies to
induce clinical response and remission in Crohn’s disease: a systematic review
and meta-analysis. J. Crohns Colitis 15, 74-87 (2021).

7. Le Berre, C. et al. Patients’ perspectives on smoking and inflammatory bowel
disease: an online survey in collaboration with European Federation of Crohn’s
and Ulcerative Colitis Associations. World J. Gastroenterol. 26, 4343-4355
(2020).

8. Lindoso, L. et al. The effect of early-life environmental exposures on disease
phenotype and clinical course of Crohn'’s disease in children. Am. J. Gastroenterol.
113, 1524-1529 (2018).

9. Li, F. et al. The association between inflammatory bowel disease and all-cause
and cause-specific mortality in the UK Biobank. Ann. Epidemiol. 88, 15-22 (2023).

10. Blackwell, J. et al. The impact of smoking and smoking cessation on disease
outcomes in ulcerative colitis: a nationwide population-based study. Aliment.
Pharmacol. Ther. 50, 556-567 (2019).

11. Chen, B. et al. When smoke meets gut: deciphering the interactions between
tobacco smoking and gut microbiota in disease development. Sci. China Life Sci.
67, 854-864 (2024).

12. Zhang, H. et al. Potential shared pathogenic mechanisms between endometriosis
and inflammatory bowel disease indicate a strong initial effect of immune fac-
tors. Front. Inmunol. 15, 1339647 (2024).

SPRINGERNATURE

21.

=

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

=

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Juy

42,

43.

w

44,

. Verstockt, B. et al. Distinct transcriptional signatures in purified circulating

immune cells drive heterogeneity in disease location in IBD. BMJ Open Gastro-
enterol. 10, e€001003 (2023).

. Ramoén-Vazquez, A. et al. T lymphocyte plasticity in chronic inflammatory dis-

eases: The emerging role of the lkaros family as a key Th17-Treg switch. Auto-
immun. Rev. 24, 103735 (2025).

. Chen, L. et al. The role of Th17 cells in inflammatory bowel disease and the

research progress. Front. Immunol. 13, 1055914 (2022).

. Zhu, Y. et al. A chemogenetic screen reveals that Trpv1-expressing neurons

control regulatory T cells in the gut. Science 385, eadk1679 (2024).

. Dikiy, S. & Rudensky, A. Y. Principles of regulatory T cell function. Immunity 56,

240-255 (2023).

. Xiong, L. et al. Ahr-Foxp3-RORyt axis controls gut homing of CD4(+) T cells by

regulating GPR15. Sci. Immunol. 5, eaaz7277 (2020).

. Kim, S. V. et al. GPR15-mediated homing controls immune homeostasis in the

large intestine mucosa. Science 340, 1456-1459 (2013).

. Mao, Y. et al. Genome-wide methylation and expression analyses reveal the

epigenetic landscape of immune-related diseases for tobacco smoking. Clin.
Epigenetics. 13, 215 (2021).

Steiling, K. et al. Comparison of proteomic and transcriptomic profiles in the bron-
chial airway epithelium of current and never smokers. PLoS One 4, e5043 (2009).
Ammitzbell, C. et al. GPR15(+) T cells are Th17 like, increased in smokers and
associated with multiple sclerosis. J. Autoimmun. 97, 114-121 (2019).

Khrom, M. et al. Comprehensive association analyses of extraintestinal manifes-
tations in inflammatory bowel disease. Gastroenterology 167, 315-332 (2024).
Yang, C. et al. Fructo-oligosaccharides alleviated ulcerative colitis via gut microbiota-
dependent tryptophan metabolism in association with aromatic hydrocarbon
receptor activation in mice. J. Agric. Food Chem. 72, 27912-27922 (2024).
Gomez-Bris, R. et al. CD4 T-cell subsets and the pathophysiology of inflammatory
bowel disease. Int. J. Mol. Sci. 24, 2696 (2023).

Bilsborough, J., Fiorino, M. F. & Henkle, B. W. Select animal models of colitis and
their value in predicting clinical efficacy of biological therapies in ulcerative
colitis. Expert Opin. Drug Discov. 16, 567-577 (2021).

Fluhr, L. et al. Gut microbiota modulates weight gain in mice after discontinued
smoke exposure. Nature 600, 713-719 (2021).

Farooqi, I. S. & Xu, Y. Translational potential of mouse models of human meta-
bolic disease. Cell 187, 4129-4143 (2024).

Sudlow, C. et al. UK biobank: an open access resource for identifying the causes
of a wide range of complex diseases of middle and old age. PLoS Med. 12,
1001779 (2015).

Baker, J. et al. Tobacco retailer density and smoking behavior: how are exposure and
outcome measures classified? A systematic review. BVIC Public Health 23, 2038 (2023).

. Feigin, V. L. et al. Global, regional, and national burden of stroke and its risk

factors, 1990-2021: a systematic analysis for the Global Burden of Disease Study
2021. Lancet Neurol. 23, 973-1003 (2024).

Manichaikul, A. et al. Robust relationship inference in genome-wide association
studies. Bioinformatics 26, 2867-2873 (2010).

Yang, J. et al. GCTA: a tool for genome-wide complex trait analysis. Am. J. Hum.
Genet. 88, 76-82 (2011).

Ananthakrishnan, A. N. et al. Comparative efficacy of advanced therapies for man-
agement of moderate-to-severe ulcerative colitis: 2024 American Gastroenterological
Association Evidence Synthesis. Gastroenterology 167, 1460-1482 (2024).

Huang, C. et al. Maternal Western diet mediates susceptibility of offspring to
Crohn’s-like colitis by deoxycholate generation. Microbiome 11, 96 (2023).
Zeng, B. et al. Dextran sodium sulfate potentiates NLRP3 inflammasome activa-
tion by modulating the KCa3.1 potassium channel in a mouse model of colitis.
Cell. Mol. Immunol. 19, 925-943 (2022).

Calvete-Torre, I. et al. Gut microbiota modulation and effects of a diet enriched in
apple pomace on inflammation in a DSS-induced colitis mouse model. Food
Funct. 15, 2314-2326 (2024).

Becker, C,, Fantini, M. C. & Neurath, M. F. High resolution colonoscopy in live mice.
Nat. Protoc. 1, 2900-2904 (2006).

Chami, B. et al. The nitroxide 4-methoxy-tempo inhibits the pathogenesis of dextran
sodium sulfate-stimulated experimental colitis. Redox Biol. 28, 101333 (2020).
Gadaleta, R. M. et al. Farnesoid X receptor activation inhibits inflammation and pre-
serves the intestinal barrier in inflammatory bowel disease. Gut 60, 463-472 (2011).
Algarni, A. A. et al. Imbalanced prostanoid release mediates cigarette smoke-
induced human pulmonary artery cell proliferation. Respir. Res. 23, 136 (2022).
Effern, M. et al. Adoptive T-cell therapy targeting different gene products reveals
diverse and context-dependent immune evasion in melanoma. Immunity 53,
564-580.€9 (2020).

Kramer, L. et al. Genetically encoded detection of biosynthetic protease inhibi-
tors. ACS Synth. Biol. 12, 83-94 (2023).

Xu, Y., Shen, J. & Ran, Z. Emerging views of mitophagy in immunity and auto-
immune diseases. Autophagy 16, 3-17 (2020).

Signal Transduction and Targeted Therapy (2025)10:306


https://doi.org/10.1038/s41392-025-02384-8

GPR15 differentially regulates the effects of cigarette smoke exposure on...
Gao et al.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Signal Transduction and Targeted Therapy (2025)10:306 SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	GPR15 differentially regulates the effects of cigarette smoke exposure on Crohn&#x02019;s disease and ulcerative colitis
	Introduction
	Results
	Different impacts of cigarette smoke on IBD outcomes
	The conflicting impact of cigarette smoke on IBD subsets is attributed to the expression of Gpr15
	Cigarette smoke exposure in Gpr15-deficient mice attenuates TNBS-induced colitis but exacerbates DSS-induced UC colitis
	Differential gene expression changes in the colonic tissue transcriptome of Gpr15-deficient mice with TNBS- and DSS-induced colitis under cigarette smoke exposure
	Th17 cells exacerbate TNBS-induced colitis, whereas Treg cells alleviate DSS-induced colitis under smoke exposure
	GPR15 enhances IL-17A expression in TNBS-induced colitis and upregulates FOXP3 expression in DSS-induced colitis, both of which occur following cigarette smoke exposure
	Cigarette smoke extract promotes na&#x000EF;ve CD4&#x0002B; T-cell proliferation and differentiation by regulating GPR15 in vitro
	Cigarette smoke exacerbates TNBS-induced colitis but alleviates DSS-induced ulcerative colitis in C57BL/6JGpt-Tg (human GPR15) mice
	A schematic model illustrating how GPR15 differentially regulates the effects of cigarette smoke exposure on CD and UC

	Discussion
	Materials and methods
	Population cohort study and statistical analysis
	Whole-genome sequencing data processing and SNP filtering
	Adjustment for GPR15 locus genetic variation in statistical analyses
	Population study
	Animals
	Cigarette smoke exposure
	TNBS-induced colitis in mice
	DSS-induced colitis in mice
	Colonoscopy
	Measurement of urine cotinine levels
	Enzyme-linked immunosorbent assay
	Histological examination of colon tissue
	Immunofluorescence staining
	Real-time fluorescent quantitative polymerase chain reaction
	Lymphocyte isolation
	Flow cytometry analysis
	Cell culture
	In vitro Th17 and iTreg cell differentiation
	Preparation of cigarette smoke extract
	Adoptive transfer experiments
	Western blot
	mRNA sequencing and bioinformatic analysis
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




