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Abstract

The orphan chemoattractant receptor GPR15 is important for homing T lymphocytes to the large 

intestine, thereby maintaining intestinal immune homeostasis. However, the molecular 

mechanisms underlying the regulation of GPR15 expression remain elusive. Here we show a 

central role of the aryl hydrocarbon receptor (Ahr) in promoting GPR15 expression both in mice 

and human, thus gut homing of T lymphocytes. Mechanistically, Ahr directly binds to open 

chromatin regions of the Gpr15 locus to enhance its expression. Ahr transcriptional activity in 

directing GPR15 expression was modulated by two transcription factors, Foxp3 and RORγt, both 

of which are expressed preferentially by gut Tregs in vivo. Specifically, Foxp3 interacted with Ahr 

and enhanced Ahr DNA binding at the Gpr15 locus, thereby promoting GPR15 expression. In 

contrast, RORγt plays an inhibitory role at least in part by competing with Ahr binding to the 

Gpr15 locus. Our findings thus demonstrate a key role for Ahr in regulating Treg intestinal homing 

under the steady state and during inflammation, and the importance of Ahr-RORγt-Foxp3 axis in 

regulating gut homing receptor GPR15 expression by lymphocytes.

One Sentence Summary

GPR15 expression is promoted by Ahr in an evolutionarily conserved manner via cooperation with 

Foxp3, but inhibited by RORγt.

*Correspondence: Liang Zhou; Tel: 352-294-8293; Fax: 352-392-9704; liangzhou497@ufl.edu.
Author contributions: L.X. designed the study. L.X., J.W.D., Z.F., K.N.O., J.Y. performed the experiments. J.W.D. and J.W.B. 
contributed to data analysis. L.X. and J.W.D. performed the statistical analysis. Z.E.C. performed the histological analysis. M.M. 
provided human intestinal samples and suggestions. L.X. and L.Z. wrote the paper with input from all authors. L.Z. conceived, 
designed, and coordinated the project.

Competing interests: The authors declare that they have no competing interests.

Data and materials availability: The ChIP-seq data is available from the Gene Expression Omnibus under accession number 
GSE137171. All other data associated with this study are present in the paper or the Supplementary Materials. The materials that 
support the findings of this study are available from the corresponding author on reasonable request.

HHS Public Access
Author manuscript
Sci Immunol. Author manuscript; available in PMC 2020 December 12.

Published in final edited form as:
Sci Immunol. 2020 June 12; 5(48): . doi:10.1126/sciimmunol.aaz7277.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

GPR15, an orphan guanine nucleotide-binding protein (G protein)-coupled chemo-attractant 

receptor (GPCR), was originally discovered based on its similarity to other members of the 

GPCR family (1) and is also known as the HIV or the simian immunodeficiency virus co-

receptor (2). It has recently been demonstrated that GPR15 is critical for intestinal homing 

of both regulatory T (Tregs) and effector T cells (Teffs) in mice and in human, suggesting a 

physiological role for this receptor in regulating intestinal tissue immune homeostasis (3, 4). 

A natural GPR15 endogenous ligand was also identified in human and mouse epithelial 

tissues that are exposed to the environment, including the colon and skin (5). GPR15 is 

reported to be important for the migration of dendritic epidermal T cells (DETCs) to the skin 

in early postnatal murine development (6) but seems to be dispensable for the pathogenesis 

of murine psoriasiform dermatitis (7).

Human Tregs, especially those in the large intestine, were shown to express higher levels of 

GPR15 than Tregs in other tissues (3). However, it has also been reported that human T 

helper (Th) 2 cells but not Tregs express GPR15 (4). It was shown that GATA3 and Foxp3 

bind to a Gpr15 enhancer, leading to a model that GATA3 promotes and Foxp3 suppresses 

GPR15 expression in human Th2 cells and Tregs, respectively (4). It is known that Foxp3 

can function as a transcriptional repressor (8, 9). Compared with human Tregs, reduced 

Foxp3 binding at a downstream Gpr15 enhancer site in murine Tregs was speculated to 

account for expression of GPR15 due to less inhibition by Foxp3 (4). However, this notion 

of Foxp3 inhibition requires the support of functional evidence in both human and mouse 

Tregs. In addition, it is largely unknown if Foxp3 and other factor(s) work together to 

regulate Gpr15 transcription in mouse Tregs.

The aryl hydrocarbon receptor (Ahr) is an environmental sensor that can detect xenobiotic 

ligands like environmental toxins (e.g., dioxin) as well as endogenous ligands generated 

from host cells, microbiota, and diet (e.g., tryptophan metabolites) (10–13). Our previous 

findings indicate that there is higher expression of Ahr by gut Tregs compared with Tregs in 

other anatomic locations, representing a potential tissue adaptation of the host that can be 

used to respond readily to ligands in the gut (14). Intriguingly, the reduction of Gpr15 
mRNA in Ahr-deficient Tregs isolated from the large intestine suggests a potential role for 

Ahr in the regulation of GPR15 expression and Treg gut homing (14). In this study, we show 

that GPR15 expression is controlled by the environmental sensor Ahr in all CD4+ T helper 

cell subsets but not CD8+ T cells in the gut, highlighting an environmental effect on GPR15 

expression. We further show that Gpr15 is among the top-ranked Ahr direct-binding target 

genes in Tregs and Th17 cells. Mechanistically, Ahr cooperates with Foxp3 to enhance 

GPR15 expression in Tregs. In contrast, RORγt antagonizes Ahr DNA binding to the Gpr15 
locus in both Tregs and Th17 cells, thus inhibiting GPR15 expression. These data suggest 

that an intricate Ahr-Foxp3-RORγt axis controls GPR15 expression in CD4+ T cells to 

regulate their gut homing.
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Results

Ahr-dependent GPR15 is most prominently expressed by large intestine Tregs

To determine the GPR15 expression among various murine T cells, GPR15 protein was 

measured by fluorescence-activated cell sorting (FACS) staining in Th1, Th2, Th17, Treg, as 

well as CD8+ T cells. Compared with other cell subsets, Tregs expressed the highest level of 

GPR15 protein (Fig. 1, A and B). In addition, GPR15 expression by Tregs in the large 

intestine (LI) was higher than that in the small intestine (SI) or in the spleen (Sp) (Fig. 1, A 

and B, and fig. S1, A and B), consistent with previous report that GPR15 was preferentially 

expressed by large intestinal Tregs, indicated by GFP signals using Gpr15gfp/+ reporter mice 

(3).

No differences in expression were observed in CD8+ T cells from the large intestine of Ahr
−/− mice relative to littermate control Ahr+/+ mice, but GPR15 expression in all CD4+ T cell 

subsets, including Th1, Th2, Th17 and Tregs, was decreased in the large intestine of Ahr−/− 

mice compared with littermate controls (Fig. 1, A and B). Of note, Ahr was largely 

dispensable for the expression of GPR15 in the splenic or small intestinal T cells, except for 

small intestinal Tregs (fig. S1, A and B), underscoring a key role of Ahr regulating GPR15 

expression by gut Tregs. To determine the cell-intrinsic function of Ahr, we further 

examined GPR15 expression in Ahrf/–Foxp3Yfp-Cre mice, which have specific deletion of 

Ahr in Tregs (14). Consistent with the data of Ahr–/– mice, ablation of Ahr in Tregs 

markedly reduced GPR15 expression in the intestinal Tregs (Fig. 1, C and D).

We next sought to determine the consequences of Ahr activation on GPR15 expression in 
vivo. Activation of Ahr in AhrdCAIR/+ mice, in which constitutively active (CA-Ahr) is 

expressed from the endogenous Ahr locus in all cells (14), enhanced GPR15 expression in 

CD4+ T cells but not in CD8+ T cells (Fig. 1, E and F, and fig. S1, C and D). 

AhrCAIR/+Foxp3Yfp-Cre mice have Foxp3+ T cell-specific expression of CA-Ahr and had 

significantly higher GPR15 expression in Tregs compared with Ahr+/+Foxp3Yfp-Cre mice 

(Fig. 1, G and H, and fig. S1, E and F). Analysis of GPR15 expression indicated that Ahr 

enhanced GPR15 expression in a dose-dependent manner in gut Tregs in 

AhrCAIR/+Foxp3Yfp-Cre mice (Fig. 1, I to K). We further determined the mRNA level of 

Gpr15 in Th1, Th2, Th17, CD8, or Treg cells sorted from the large intestine of Ahr-

deficient, Ahr-sufficient or Ahr constitutively active mice. Consistent with the positive 

association of GPR15 protein expression with Ahr in gut CD4+ T helper cells, Gpr15 mRNA 

was regulated by Ahr in a dose-dependent manner, similar to the Ahr prototypical target 

gene, Ahrr (Ahr repressor), (fig. S1, G and H).

Ahr is a sensor whose activity can be modulated by environmental stimuli (11, 12), so we 

evaluated the effect of dietary Ahr ligand on GPR15 expression. We fed C57BL/6 wild-type 

mice with a previously reported Ahr-ligand-deficient diet (AIN-76A) with or without the 

addition of Ahr ligand, indole-3-carbinol (I3C) (“76A” or “76A + I3C”) (15). Depletion of 

Ahr ligand from diet reduced GPR15 expression (compare Fig. 1, A and L), while addition 

of Ahr ligand I3C, markedly enhanced GPR15 expression in intestinal CD4+ T cell subsets 

(Fig. 1L, and fig. S2, A to C). In contrast, dietary ligand manipulation had no effect on 

GPR15 expression in gut CD8+ T cells, consistent with a dispensable role for Ahr. A similar 
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dietary modification in Ahrf/–Foxp3Yfp-Cre mice confirmed the cell intrinsic regulation of 

GPR15 expression by Ahr, and specific deletion of Ahr in Tregs abrogated the effect of Ahr 

ligand (I3C) diet to promote GPR15 expression in Tregs, but not in other CD4+ subsets (fig. 

S2D). Together, these data demonstrate that Ahr is a positive regulator of GPR15 expression 

in CD4+ T cells.

Gpr15 is a direct target gene of Ahr in Tregs and Th17 cells

Emerging evidence indicates that Ahr, a ligand-dependent transcription factor, plays a 

crucial physiological role in various lymphocytes (16, 17). However, our understanding is 

incomplete given the absence of genome-wide analysis of endogenous Ahr binding in CD4+ 

T cells. As an initial step, we performed chromatin immunoprecipitation sequencing (ChIP-

seq) of Ahr using in vitro differentiated Tregs (iTregs) and Th17 cells. By ranking Ahr 

binding intensity at high-confidence regions from ChIP-seq data, analysis indicated that 

Ahr-binding peak ranked #6 among 16,298 Ahr-binding peaks in iTregs and #7 among 

24,368 Ahr-binding peaks in Th17 cells, respectively. Of note, Gpr15 gene is among the top 

genome-wide targets of Ahr, together with Cyp1a1 (cytochrome P450 1A1), Cyp1b1 
(cytochrome P450 1B1) and Ahrr (Ahr repressor), which are prototypical Ahr target genes 

(11, 18), in both iTregs and Th17 cells (Fig. 2, A and B). These data suggest a key function 

of Ahr as a transcription factor to regulate GPR15 expression in Tregs and Th17 cells.

To delineate the molecular regulatory mode of Ahr, we assessed Ahr binding at the Gpr15 
locus and revealed two significant binding peaks (at +15 kb and +17 kb from the 

transcription start site) (Fig. 2C). The recruitment of Ahr to these sites was corroborated by 

ChIP-qPCR of Ahr (Fig. 2, D and E). Intriguingly, these Ahr binding peaks coincided with 

the transposase-accessible chromatin sequencing (ATAC-seq) peaks that we previously 

identified in large intestinal Tregs (Fig. 2C and ref. (14)), suggesting a relationship between 

Ahr DNA binding and chromatin accessibility (Fig. 2C). Although somewhat reduced 

without statistical significance, chromatin accessibility at +15 kb or +17 kb site was largely 

unchanged in Ahr-deficient Tregs (Fig. 2C), indicating that chromatin opening at these loci 

are molecular events that precede the Ahr DNA binding.

To further determine the functional relevance of Ahr DNA binding in regulation of GPR15, 

we transduced naïve CD4+ T cells from Ahr−/− mice with a retroviral construct encoding 

wild-type Ahr or its DNA-binding mutant (Ahr Y9A: Tyr to Ala point mutation at 9th amino 

acid) (19), and then differentiated them into iTregs. Whereas wild-type Ahr restored GPR15 

expression to a level comparable to that of iTregs differentiated from naïve T cells of WT 

(Ahr+/+) mice, DNA-binding mutant (Ahr Y9A) abolished the ability of Ahr to promote 

GPR15 expression (Fig. 2, F and G). Collectively, our data demonstrate that Ahr controls 

GPR15 expression via direct binding to the Gpr15 locus.

Foxp3 cooperates with Ahr to positively regulate GPR15 expression

Given that Tregs expressed the highest amount of GPR15 compared to other T cell subsets, 

we next determined the regulatory effect of Foxp3 on GPR15 expression. We knocked down 

the expression of Foxp3 by using a Foxp3-specific short hairpin RNA (shRNA) vector 

(shRNA:Foxp3, LMP1066) in CD4+ T cells differentiated under iTreg-polarizing condition 

Xiong et al. Page 4

Sci Immunol. Author manuscript; available in PMC 2020 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with or without Ahr ligand 6-Formylindolo[3,2-b]carbazole (FICZ) addition (fig. S3A and 

ref. (20)). GPR15 protein expression was significantly reduced by LMP1066, but not by 

control hairpin vector LMP (shRNA:EV) or an shRNA targeting CD8 gene (shRNA:CD8) 

(21) (Fig. 3, A and B), suggesting a positive role for Foxp3 to promote GPR15 expression. 

Forced expression of Foxp3 significantly elevated GPR15 expression in iTregs from Ahr+/+ 

mice but not from Ahr–/– mice (Fig. 3, C and D). Notably, Foxp3ΔFKH, a mutant that lacks 

DNA-binding Forkhead domain (FKH), inhibited Foxp3-driven GITR (glucocorticoid-

induced TNFR family related gene) expression but had a similar effect promoting GPR15 

expression as wild-type Foxp3 (Fig. 3, C and D, and fig. S3B). Furthermore, co-transduction 

of retroviral constructs expressing Ahr and wild-type Foxp3 or Foxp3ΔFKH in sorted naïve 

CD4+ T cells cultured under Th0 condition cooperatively enhanced GPR15 expression, 

whereas Foxp3 transduction alone did not affect GPR15 expression (Fig. 3, E and F, and fig. 

S3C). In addition, co-transfection of Foxp3 with Ahr increased the luciferase reporter 

activity driven by the Gpr15 promoter (1400 bp) plus the enhancer (+15 kb to +17 kb) that 

contained the Ahr binding sites. The cooperative effect of Foxp3 and Ahr was also evident in 

the presence of Ahr ligands (FICZ and indole-3-aldehyde (I3A)) (fig. S3D and E). Together, 

these data suggest that the Foxp3-promoted GPR15 expression is dependent on Ahr but not 

Foxp3 DNA binding activity.

By analyzing the previously published ChIP-seq data (22), Foxp3 binding was detected at 

the open chromatin regions at the Gpr15 locus in Tregs (+17 kb and + 15 kb) (Fig. 2C). 

Consistent with this, we observed binding of Foxp3 at these regions of Gpr15 locus in iTregs 

by ChIP-qPCR (Fig. 3G). Notably, the binding of Foxp3 at the Gpr15 locus in Ahr-deficient 

iTregs was similar to wild-type iTregs, whereas the recruitment of Ahr to the Gpr15 locus 

was reduced upon knocking down Foxp3 in iTregs (Fig. 3H). These data support a concerted 

action between Ahr and Foxp3 to promote GPR15 expression.

To further determine the molecular mechanism underlying the cooperativity, we performed a 

co-immunoprecipitation assay between Ahr and Foxp3, and their mutants respectively (fig. 

S3, F to I). An interaction was observed between Ahr and Foxp3 (fig. S3, F to I), and either 

the Per-Arnt-Sim (PAS) or basic Helix-Loop-Helix (bHLH) domain of Ahr is necessary for 

its interaction with Foxp3, and either the leucine zipper (LZ) or Forkhead (FKH) domain of 

Foxp3 is necessary for its interaction with Ahr (fig. S3, F to I). Together, these data 

demonstrate that Ahr cooperates with Foxp3 potentially via protein-protein interactions at 

the Gpr15 locus to positively regulate Gpr15 transcription in Tregs.

RORγt negatively regulates GPR15 expression

RORγt+ Tregs that co-express Ahr are abundantly present in the gut, especially in the large 

intestine (14), which prompted us to investigate the regulatory effect of RORγt on GPR15. 

Examination of GPR15 expression in RORγt+ vs. RORγt− Tregs in the gut revealed that 

GPR15 expression in RORγt− Tregs was modestly but significantly higher than those in 

RORγt+ Tregs (Fig. 4, A and B). In addition, compared to RORγt+ iTregs, RORγt− iTregs 

also expressed higher levels of GPR15 (Fig. 4, C and D). Of note, the negative correlation of 

RORγt and GPR15 expression was apparent in both Ahr–sufficient and –deficient Tregs 

(Fig. 4, A to D). Furthermore, iTregs and Th17 cells differentiated from RORγt-deficient 
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CD4+ T cells had higher GPR15 expression, compared to those from RORγt-sufficent CD4+ 

T cells (Fig. 4, E to I). Together, these data suggest that RORγt acts a suppressor to inhibit 

GPR15 expression.

We previously observed a cooperative action of RORγt and Ahr in promoting the expression 

of IL-22, a cytokine produced by ILC3s and CD4+ T cells (23). Thus, we aimed to 

determine the regulatory effects of RORγt and Ahr on GPR15 expression. To this end, we 

performed co-transduction of wild-type CD4+ T cells with retroviral empty vectors (MIG-

EV and MIT-EV) or vectors encoding Ahr-IRES-GFP (MIG-Ahr) and RORγt-IRES-Thy1.1 

(MIT-RORγt). We gated on different cell populations that had forced expression of MIG-

Ahr (Q1), MIT-RORγt (Q3), or both (Q2) and examined GPR15 expression in each 

population. While Ahr promoted GPR15 expression (Q1), RORγt markedly suppressed 

GPR15 expression (Q3) (Fig. 5, A and B). This inhibitory effect of RORγt on GPR15 

expression was also evident in the presence of Ahr (Q2), suggesting that RORγt may 

antagonize Ahr activity at the Gpr15 locus.

RORγt inhibits Ahr binding activity at the Gpr15 locus

Examination of previously published ChIP-seq of RORγt in Th17 cells (24) revealed 

recruitment of RORγt to the open chromatin regions of the Gpr15 locus (+15 kb and +17 kb, 

Fig. 2C), where Ahr and Foxp3 co-bound. Moreover, computational analysis (ECR Browser, 

dCODE) revealed the canonical binding motifs of Ahr and RORγt but not Foxp3 at the 

Gpr15 +15 and +17 kb loci (fig. S4A). To determine the crosstalk between Ahr and RORγt 

in regulation of Gpr15 in Tregs, we conducted the ChIP assay of Ahr or RORγt in iTregs 

differentiated from naïve CD4+ T cells of RORγt-het (Rorcgfp/+) and RORγt KO mice 

(Rorcgfp/gfp), or those of Ahr+/+ and Ahr−/− mice, respectively. Ahr recruitment to the Gpr15 
locus was modestly but significantly enhanced in the absence of RORγt in iTregs or Th17 

cells differentiated from Rorcgfp/gfp mice in which RORγt is deficient (Fig. 5C and fig. 

S4B); while RORγt binding at the Gpr15 locus was markedly increased without Ahr (Fig. 

5D), suggesting a competition between Ahr and RORγt binding to the Gpr15 locus. To 

further determine the regulation of Ahr DNA binding at the Gpr15 locus, we transduced 

control (MIG-EV), wild-type RORγt or ΔDBD (a mutant RORγt that lacks DNA-binding 

domain (DBD)) into RORγt-deficient CD4+ T cells that were differentiated in iTreg-

polarizing condition and then performed an Ahr ChIP assay. Our data showed that 

transduction of wild-type RORγt but not ΔDBD significantly reduced Ahr binding at the 

Gpr15 locus (Fig. S4C). Furthermore, forced expression of wild-type but not ΔDBD in 

RORγt-deficient iTregs suppressed GPR15 expression (Fig. 5, E and F). Together, these data 

demonstrate that RORγt negatively regulates GPR15 expression at least in part by 

competing with Ahr for binding to the opening chromatin regions of the Gpr15 locus. Of 

note, co-IP experiment showed that expression of RORγt did not interfere with the 

interaction of Ahr and Foxp3, but instead co-precipitated with Ahr and Foxp3 (fig. S4D), 

suggesting that the three proteins might exist in one protein complex, consistent with the 

previously reported interactions of RORγt with Ahr or Foxp3 (20, 23).
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Ahr promotes homing of Tregs to the large intestine by regulating GPR15

To determine the functional relevance of Ahr-mediated GPR15 expression, we performed a 

short-term homing assay (fig. S5A). Specifically, Ahr+/+ and Ahr−/− iTregs were mixed at a 

1:1 ratio and transferred into Rag1−/− mice. All tissues examined exhibited approximate 

similar frequencies of each genotype of the donor-derived cells, except for the large intestine 

and small intestine, where there was approximately 3-fold fewer Ahr-deficient iTregs 

relative to wild-type controls (Fig. 6A and fig. S5B). These data are consistent with the role 

of Ahr in regulating the expression of multiple gut homing and retention molecules (14). 

Furthermore, we transduced a control (MIG-EV) or a GPR15-encoding retrovirus (MIT-

GPR15) into Ahr−/− iTregs (fig. S5C) and transferred them at 1:1 ratio into Rag1−/− mice. 

Forced expression of GPR15 significantly enhanced Ahr-deficient Tregs homing to the large 

intestine but not to other organs including the small intestine, consistent with a critical role 

for GPR15 in Treg large intestinal homing (Fig. 6B and fig. S5D). Furthermore, a 

comparable homing capacity to the large intestine but not the small intestine between wild-

type iTregs and GPR15-restored Ahr-deficient iTregs was observed (Fig. 6C, and fig. S5, E 

and F), suggesting that impaired expression of GPR15 in Ahr-deficient iTregs is the major 

mechanism underlying their homing defect to the large intestine.

Previously, we have shown that Ahr-deficient Tregs have impaired suppressive function in 

CD45RBhi T cell transfer model of colitis (14). We aimed to determine whether forced 

expression of GPR15 in Ahr-deficient iTregs could rescue their impaired function by 

guiding them to the large intestine. Since Treg homing to the gut is dispensable for 

suppressing CD45RBhi T cell transfer-induced colitis (4, 25), we utilized the α-CD40 

mediated colitis model (fig. S5G). Consistent with the literature, transferring Tregs could not 

rescue the systemic wasting disease as revealed by weight loss (ref. (26) and fig. S5H); 

however, forced expression of GPR15 in Ahr-deficient iTreg promoted their homing to the 

large intestine during inflammation (Fig. 6D). In addition, adoptive transfer of Ahr-deficient 

iTregs with forced expression of GPR15 significantly suppressed gut inflammation as 

revealed by alleviated gut histological changes (Fig. 6, E and F) and reduced 

proinflammatory cytokine expression (i.e., Tnf and Il1b) (Fig. 6, G and H). Together, these 

data demonstrate that Ahr controls large intestine homing of Tregs and their suppression of 

gut inflammation by positively regulating GPR15 expression.

Ahr signaling promotes GPR15 expression by human Tregs

Given the complex role of GPR15 in human (3, 4), we examined the expression of GPR15 in 

human colonic Tregs (CD3+CD4+CD45RA–CD45RO+CD127–CD25+Foxp3+) from normal 

tissues of ulcerative colitis patients. In contrast to a previous report showing minimal 

expression of GPR15 by human Tregs, we observed its expression in all patient samples. 

The colonic Tregs had significantly higher expression of GPR15 compared to those in 

PBMC (Fig. 7, A and B, and fig. S6, A and B). In contrast, the GPR15 expression in Tregs 

from human small intestine was much lower than that in colonic Tregs (fig. S6C). An 

increase in Ahr mRNA expression in human Tregs was associated with increased Gpr15 
expression as well as increased expression of other Ahr target genes (Cyp1a1 and Ahrr) (Fig. 

7, C and D, and fig. S6, D and E), consistent with the role of Ahr in promoting GPR15 

expression. Moreover, analysis of GPR15 and Foxp3 expression by protein staining showed 
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that Foxp3 expression was positively associated with GPR15 expression in human CD127–

CD25+ T cells (Fig. 7, E and F).

We performed in vitro differentiation of iTregs from sorted naïve CD4+ T cells 

(CD3+CD4+CD25–CD45RA+) of human PBMC. The addition of the Ahr ligand FICZ 

significantly enhanced the expression of GPR15 and other Ahr target genes but not Ahr, 

whereas treatment with CH223191, a specific Ahr antagonist (27), abolished GPR15 

expression in human iTregs (Fig. 7, G to K, and fig. S6F). Together, our results 

demonstrated a conserved role of Ahr in regulating GPR15 expression in human Tregs.

Discussion

Our previous RNA-seq data showed that Treg-specific ablation of Ahr decreases Gpr15 
transcription (14), indicating the regulatory effect of Ahr on GPR15 in Tregs. In this study, 

we explored the underlying molecular mechanisms and demonstrated that Ahr plays a 

pivotal role, which is conserved in mice and human, to positively regulate GPR15 expression 

in CD4+ T cells, especially in the large intestine under the steady state and during 

inflammation. Mechanistically, Ahr binds directly to the open chromatin regions marked by 

ATAC-seq peaks at the Gpr15 locus (+15 kb and +17kb), to control Gpr15 transcription in 

Tregs. These regions also harbor histone epigenetic mark H3K27Ac and H3K4me1 and 

likely represent active enhancer(s) of Gpr15 (fig. S7A and ref. (28)). Genetic ablation of Ahr 

did not have a significant impact on chromatin conformational changes at these enhancer 

regions but markedly reduced Gpr15 transcription. These data favor a model that Ahr 

directly regulates Gpr15 transcription by targeting an event downstream of chromatin 

remodeling that is likely established by other factors.

Foxp3 is an important transcriptional regulator in Tregs that modulates target genes’ 

transcription via cooperation with other protein partners (29, 30). Consistent with this 

notion, despite lack of Foxp3 DNA-binding consensus sequences at the opening chromatin 

regions of Gpr15 locus (+15 kb and +17 kb), the Ahr-independent recruitment of Foxp3 to 

the locus was detected by ChIP assay. Our data showed that Foxp3 interacted with Ahr, and 

cooperated with Ahr to promote GPR15 expression. However, Foxp3 DNA-binding ability 

was dispensable for its role on GPR15 expression. In agreement, the canonical Foxp3 

binding motif was not observed at the Gpr15 +15 and +17 kb loci where Ahr and RORγt 

bound. Thus, these data are consistent with the literature suggesting that Foxp3 is capable to 

promote transcription through mechanisms that do not require the presence of the DNA-

binding domain, or alternatively its canonical target motif in the genes of interest (29, 31). 

Indeed, despite its dominant negative effect (32) on wild-type Foxp3-driven GITR 

expression (8, 33), a Foxp3 mutant (ΔFKH) that does not bind DNA but retains its 

interaction with Ahr promoted GPR15 expression similar to wild-type Foxp3. In addition, 

Foxp3 enhanced Ahr binding to the enhancer regions of Gpr15. These data suggest that a 

cooperative regulatory mode between Foxp3 and Ahr is important for GPR15 expression.

Foxp3 binding was observed in the open chromatin regions at the GPR15 locus in human 

Tregs (4, 34). Intriguingly, it was previously reported that no GPR15 expression could be 

detected in human colonic Tregs or iTregs, and the strong binding of Foxp3 at the human 
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Gpr15 locus was proposed to be responsible for the lack of GPR15 expression, based on an 

assumption that Foxp3 predominantly functions as a transcriptional repressor (4). In 

contrast, we observed positive correlation between expression of GPR15 and Foxp3 in 

human colonic Tregs, mirroring GPR15 expression pattern in mouse gut Tregs, consistent 

with the role of Foxp3 as both transcriptional repressor and activator (30, 35). Precise 

mechanism(s) remain to be determined and different Ahr expression and/or activity may 

account for these discrepancies. Indeed, we observed that human iTregs differentiated in the 

presence of Ahr ligand expressed more GPR15 and inhibition of the Ahr pathway abolished 

GPR15.

GPR15 is important for lymphocyte homing to the large intestine where RORγt+ Tregs are 

most abundantly present (14, 36–38). Unexpectedly, our data showed the inhibitory effect of 

RORγt on GPR15 expression in both Tregs and Th17 cells. Notably, RORγt+ Tregs have 

higher Ahr expression (14) and are most found in the gut (36–38). Thus, the inhibitory effect 

of RORγt on Ahr-directed GPR15 expression may suggest an intricate balance of these two 

transcription factors for optimal expression of a gut homing receptor (GPR15) and tissue 

homeostasis, thus warranting future investigation. We showed here that RORγt inhibited 

Ahr recruitment to the Gpr15 locus, in contrast to our previous observation that RORγt 

interacts with Ahr, thus promoting Ahr recruitment to the Il22 locus to direct its 

transcription (23). Therefore, the consequence of Ahr-RORγt crosstalk in transcriptional 

regulation is target gene-specific and/or cell type-specific. Modulation of Ahr-RORγt 

crosstalk may have distinct effects on immune homeostasis and inflammation. Collectively, 

our data demonstrate an important regulatory axis that involves interactions among Ahr, 

Foxp3 and RORγt in regulation of GPR15 expression and thus CD4+ T cell gut homing (fig. 

S7B).

Notably, there are less intestinal CD8+ T cells in GPR15-deficient mice (3), suggesting that 

GPR15 may be involved in CD8+ T cell gut homing. However, despite the expression of Ahr 

in CD8+ T cells, genetic deletion or activation of Ahr did not affect GPR15 expression in 

CD8+ T cells, suggesting an Ahr-independent mechanism that supports GPR15-expressing 

CD8+ T cells that remains to be determined. The evolutionarily conserved regulatory effect 

of Ahr on GPR15 between mouse and human highlights a critical role of Ahr to regulate 

Treg cell gut homing across species and suggests a potential target for the clinical 

intervention in gut inflammatory diseases. Targeting Ahr-dependent pathway, for example 

promoting Ahr expression and/or activity to enhance GPR15 expression could be exploited 

to treat intestinal inflammatory diseases. Intriguingly, it has been observed that the fecal 

samples from healthy subjects induce greater Ahr activity than those from patients with 

inflammatory bowel disease (IBD) (39). It remains to be determined whether IBD patients 

with reduced Ahr-activating microbiota have perturbed Ahr expression in Tregs in the gut. 

Furthermore, the nature/affinity of ligands of Ahr in mice and human might be different 

(40), and the role of Ahr in regulating GPR15 expression in health and disease, especially 

through ligand modulation thus needs to be further determined in human.

Xiong et al. Page 9

Sci Immunol. Author manuscript; available in PMC 2020 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Study design

The goal of this study was to understand the molecular mechanisms of action of Ahr in 

regulation of GPR15 expression and gut homing of CD4+ T lymphocytes. Genetic and 

pharmacologic manipulation of Ahr expression and activity were used to understand how 

Ahr regulated GPR15 protein and mRNA expression by FACS, and/or real-time RT-PCR. 

We determined the role of Ahr in the regulation of Gpr15 transcription by ChIP-seq and 

ChIP-PCR approaches and in vitro transcription reporter assays. We delineate crosstalk 

among Ahr, Foxp3 and RORγt using co-IP assays and retroviral transduction experiments. 

The functional relevance of Ahr regulation of GPR15 expression in Tregs was further 

determined using the anti-CD40 induced colitis model, and the histology of colon sections 

was blindly analyzed and scored by a trained gastrointestinal pathologist. Four to eight mice 

(6 to 8 weeks) were used in each group for murine studies and these experiments were 

repeated at least twice. To reduce bias, mice used in this study were randomized into 

experimental groups. Experiments were repeated with a different pool of breeding pairs. To 

improve precision and reduce variability, experiments included multiple biological and 

technical replicates, and results were analyzed using appropriate statistical methods as 

described in the methods and figure legends. The specific number of mice or samples used, 

or the experimental repeats performed, are detailed in the figure legends. The regulatory 

mechanism was further verified in human samples, including buffy coat-derived PBMCs 

from healthy donors and tissue biopsies from recruited healthy patients.

Mice

All mice in this study were maintained in specific-pathogen-free (SPF) facilities at the 

University of Florida. Mice (both sexes) were littermates and were 6–8 weeks old unless 

otherwise indicated in the text. Ahr−/− (41), AhrCAIR and Foxp3Yfp-Cre (14), Rorcgfp/gfp (42) 

mice were previously described. Ahrf/f mice were purchased from Jackson Laboratory. All 

studies with mice were approved by the Animal Care and Use Committee of the University 

of Florida.

Human sample collection

Buffy coat-derived PBMCs from healthy donors were purchased from Life South Blood in 

accordance with the Institutional Review Boards at the University of Florida (UF IRB# 

201801563). Healthy patients and patients (both genders) diagnosed with an inflammatory 

bowel disease (Crohn’s disease and ulcerative colitis) were recruited for this study. Patients 

were at least 18 years old. Patients were recruited during clinical visits to the Inflammatory 

Bowel and Celiac Disease Program or before an already scheduled colonoscopy. Tissue 

biopsies were taken from the small intestine (terminal ileum) and/or colon. The mucosa was 

assessed based on frequently used scoring systems (Mayo score for UC and SES-CD score 

for CD). Biopsies labeled as “healthy” display normal vascularity and lack the presence of 

edema, erythema, friability, erosions or ulcerations macroscopically. Intestinal tissue 

biopsies were collected in RPMI following informed consent in accordance with the 

Institutional Review Boards at the University of Florida (UF IRB# 201601218) then 
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immediately processed to isolate lamina propria lymphocytes (LPLs) as described 

previously (43).

Isolation of intestinal LPLs and flow cytometry

Isolation of intestinal LPLs and flow cytometry were done as described previously (23). 

Antibodies were purchased from eBioscience, BD Pharmingen, BioLegend, or TONBO. 

CD16/32 antibody was used to block nonspecific binding to Fc receptors before all surface 

staining. Sample acquisition was performed on FACSCantoII (BD Biosciences) and 

analyzed with FlowJo (version 10.2, Tree Star). Method details and gating strategy were 

described in figure legends and supplemental methods.

Real-Time RT-PCR

RNA of sorted cells or in vitro cultured cells was isolated with Trizol (Invitrogen). cDNA 

was synthesized using the GoScript reverse transcription kit (Promega). Real-time RT-PCR 

was performed using SYBR Green (Bio-Rad) and various primer sets (Table. S1). Reactions 

were run using CFX Connect (Bio-Rad). The mRNA levels of target genes were calculated 

by the comparative CT (2-ΔΔCt) method (44) and normalized to β-actin.

In vitro iTreg and Th17 differentiation

Naïve CD4+ T cells were purified from splenocytes using mouse CD4+ T cell isolation kit 

(Stemcell Technologies), and further sorted by FACS Aria II (BD Biosciences). 24-well 

plates were coated with 40 μg/ml anti-hamster antibody (MP Biomedical) at 37°C for 4 

hours. For iTreg differentiation, naïve CD4+ T cells were cultured in T cell media IMDM 

(Sigma-Aldrich) supplemented with soluble 0.25 μg/ml anti-mouse CD3 (145–2C11), 1 

μg/ml anti-mouse CD28 (37.51), 2 μg/ml anti-mouse IL-4 (11B11), 2 μg/ml anti-mouse IFN-

γ (XMG1.2) and 5 ng/ml TGF-β, with (Th17) or without (iTreg) 20 ng/ml IL-6, for 3.5 

days. For human cells, naïve T cells were enriched using the human CD4+ T cell isolation 

kit (Stemcell) from human PBMC cells and further sorted (CD3+CD4+CD45RA+CD25−). 

For iTreg differentiation, the sorted naïve human CD4+ T cells were seeded into 48-well 

plates precoated with 1 μg/mL anti-CD3 antibody (clone HIT3a), and cultured in RPMI 

media (Sigma-Aldrich) supplemented with IL-2 (10 ng/ml), soluble anti-CD28 (1 μg/ml; 

clone CD28.2) and 5 ng/ml TGF-β for 6 days. In some experiments, FICZ was added at a 

concentration of 200 nM as indicated in the text.

Retroviral transduction

The cDNAs of target genes were cloned into MSCV-IRES-Thy1.1 (MIT) or MSCV-IRES-

GFP (MIG) retroviral vectors. HEK293T cells were transfected with retroviral plasmids and 

the packaging plasmid 10A1 using polyethylenimine (PEI). Viral supernatant was collected 

after transfection. Sorted naïve CD4+ T cells were stimulated on day 0 under neutral (Th0) 

conditions (plate-coated anti-CD3ε (2C11, 2 μg/ml) and anti-CD28 (37.51, 0.5 μg/ml) 

antibodies, and 10% FBS in IMDM. After 24 h of culture, retrovirus-containing supernatants 

supplemented with polybrene (8 μg/ml, Sigma) were added to the cells followed by 

centrifugation at 2,500 rpm for 2 h at 30°C on day 1 and 2. The cells were further cultured 
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under Th0 conditions or iTreg differentiation condition before harvest as indicated in the 

text.

Chromatin immunoprecipitation (ChIP) assay and ChIP-seq

Th17 and iTreg were differentiated from sorted naïve mouse CD4+ T cells as described 

above. For ChIP of Ahr, cells were treated with FICZ (200 nM) for 4 hours before harvest. 

Cells were cross-linked with 1% formaldehyde for 15 min. Chromatin was sheared by 

sonication with Bioruptor Pico (30” on and 30” off for 25 cycles) and immunoprecipitated 

with anti-Ahr (Enzo Life Science, BML-SA210–0100), anti-RORγt (eBioscience, 14–

6988-82) or anti-Foxp3 (Abcam, ab150743) using iDeal ChIP-Seq Kit for transcription 

factors or True MicroChIP kit (Diagenode). Eluted DNA was used for real-time PCR 

analyses using specific primers (Table. S1). Samples were sequenced as 50 bp single-end 

reads.

ChIP-seq, ATAC-seq, and RNA-seq data analysis

For Ahr ChIP-seq 39–52 million raw reads were sequenced. FASTQC was used to ensure 

maximum per base sequence quality of sequenced data. For all ChIP-seq data sets including 

the publically available FoxP3 and RORγt ChIP-seq as well as our previously published 

ATAC-seq, reads were mapped to the mouse genome (mm9) with bowtie2 (v2.3.3) (45) and 

further filtered using samtools (v1.7) (46). The uniquely aligned reads were used to generate 

bedgraph files (scaled to 10 million reads) using bedtools (v2.25.0) (47). Genome 

visualization tracks (bedgraph files) were uploaded to UCSC Genome Browser for visual 

comparison of expression levels (48, 49). To identify peaks and calculate tag counts from 

ChIP-seq reads, HOMER (v4.9.1) (50) was used with default parameters. Briefly, to cater to 

transcription factor binding -style factor was used with peak calling parameters: fold-

enrichment over KO = 4, poisson p-value over local region = 0.0001, and FDR ≤ 0.05. The 

Normalized Tag Counts defined as “the number of tags found at the peak, normalized to 10 

million total mapped tags” was acquired from the HOMER peak file then sorted and 

visualized using Excel. The data analyses for RNA-seq and ATAC-seq were described in our 

previous publication (14), and details can be found in supplemental materials.

Plasmids

cDNA of mouse Ahr (1–805aa) was cloned into MIG with HA or FLAG tag at the N 

terminus. cDNA of mouse Foxp3 (1–429aa) was cloned into MIG with FLAG tag. cDNA of 

mouse RORγt (1–495aa) was cloned into MIG or MIT, and the RORγtΔDBD (81–495aa) 

were subcloned into pMIR-DFTC (double Flag-tagged). cDNA of mouse GPR15 (1–360aa) 

was cloned into MIT. The Ahr Y9A (1–805aa, Y9A), AhrΔbHLH (1–120aa were deleted), 

Ahr AD (425–805aa), AhrΔAD (1–424aa), AhrΔPAS (121–424aa were deleted), AhrΔPASA 

(121–276aa were deleted) and AhrΔPASB (276–424aa were deleted) were subcloned into 

MIG with HA tag. The Foxp3 mutants including Foxp3 (70–429aa), Foxp3 (195–429aa), 

Foxp3 (235–429aa), Foxp3ΔFKH (1–328aa), Foxp3 (1–265aa), Foxp3 (1–225aa), 

Foxp3ΔLZ (226–265aa were deleted), Foxp3ΔEx2 (70–105aa were deleted) and 

Foxp3ΔEx2ΔFKH (70–105aa and 329–429aa were deleted) were subcloned into MIG with 

FLAG tag.
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Transient transfection, immunoprecipitation, and Western blot

HEK 293T cells were transfected with the indicated constructs using polyethylenimine 

(PEI). Forty-eight hours after transfection, whole-cell extracts were made in lysis buffer (50 

mM Tris-HCl (pH 8.0), 120 mM NaCl, 4 mM EDTA, 1% NP40, 1 mM DTT) with protease 

inhibitor cocktails (Roche). After the insoluble material was removed by centrifugation, the 

lysate was immunoprecipitated with corresponding antibodies at 4°C for 3 hours and 

subjected to SDS-PAGE and immunoblotting with the indicated antibodies.

Ahr ligand deficient diet treatment

Littermate pups were weaned at 3 weeks old into two separate cages and fed with the Ahr 

ligand-deficient diet (AIN-76A, Envigo) or AIN-76A with addition at a concentration of 

2g/kg Ahr ligand I3C (76A+ I3C) for three weeks before the analysis.

Competitive homing assay

Naïve CD4+ T cells were sorted from the spleens of Ahr+/+ (CD45.1/45.1 or CD45.2/45.2) 

or Ahr−/− (CD45.2/45.2) mice and in vitro differentiated to iTreg as indicated above. Or, the 

sorted naïve CD4+ T cells were transduced with a control (MIG-EV/MIT-EV) or a GPR15-

encoding retrovirus at day 1 and day 2 after stimulation with anti-mouse CD3 (145–2C11) 

and 1 μg/ml anti-mouse CD28, and then in vitro differentiated into iTreg. Tregs were mixed 

at a 1:1 ratio and 1–2 × 107 mixed cells were adoptively transferred into Rag1−/− mice, and 

migration of donor cells into each organ was determined 10 hours after transfer.

α-CD40 antibody-induced inflammation/colitis and rescue by Treg transfer

Naïve CD4+ T cells were sorted from the spleen of Ahrf/+ Foxp3Yfp-Cre or Ahrf/− 

Foxp3Yfp-Cre littermate mice and transduced with control (MIT-EV) or GPR15-encoding 

retrovirus (GPR15), which was then in vitro differentiated to iTreg. MIT+Tregs were further 

sorted and transferred intravenously to Rag1−/− recipients. 3 weeks later, mice were injected 

with α-CD40 (FGK 45) antibody (50 μg i.p.) and colonic tissues were examined at day 2 

after antibody injection. Tissues were processed for H&E staining as described above.

Histological Analysis

Tissue samples handling and histology scoring was performed as previously described (51). 

Briefly, tissues from proximal colon were dissected and fixed with formalin. Tissues were 

then embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E). 

Sections were then blindly analyzed by a trained gastrointestinal pathologist and the 

histology scores were given based on a previously described standard (31). The seven 

parameters used include (1) lamina propria inflammation (0–3), (2) goblet cell loss (0–2), 

(3) abnormal crypts (0–3), (4) crypt abscesses (0–1), (5) mucosal erosion or ulceration (0–

1), (6) submucosal spread to transmural inflammation (0–4), and (7) neutrophil counts (0–4). 

The sum of the scores in each parameter was used to evaluate the inflammatory severity in 

the sections.
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Statistical methods

Unless otherwise noted, statistical analysis was performed with unpaired Student’s t test (for 

comparisons of two groups) on individual biological samples, or one-way analysis of 

variance (ANOVA) analysis (for comparison of three or more groups) with GraphPad Prism. 

Results were expressed as mean ± SEM. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 

0.0001, ns: nonsignificant statistical differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GPR15 in CD4+ T cells is most prominently expressed by large intestinal Tregs and 
controlled by Ahr.
(A) Flow cytometry analysis of GPR15 expression in Th1 (CD4+TCRβ+Foxp3−GATA3−T-

bet+), Th2 (CD4+TCRβ+Foxp3−GATA3+), Th17 (CD4+TCRβ+Foxp3−GATA3−RORγt+), 

Treg (CD4+TCRβ+Foxp3+) and CD8+ (CD8+TCRβ+) T cells isolated from lamina propria 

of the large intestine (LI) of Ahr+/+ and Ahr−/− littermate mice. Data are representative of 

four independent experiments. (B) Percentages of the GPR15+ proportion among Th1/Th2/

Th17/Treg/CD8+ T cells from LI of Ahr+/+ and Ahr−/− littermate mice. Data are shown as 
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mean ± SEM (n =6 mice per group). (C) Flow cytometry analysis of GPR15 expression in 

Tregs from LI of the indicated littermate mice. Data are representative of three independent 

experiments. (D) Percentages of GPR15+ proportion in Tregs from LI of the indicated 

littermate mice. Data are shown as mean ± SEM (n = 5–8 mice per group). (E) Flow 

cytometry analysis of GPR15 expression in Th1, Th2, Th17, Treg and CD8+ T cells from LI 

of Ahr+/+ and AhrdCAIR/+ littermate mice. Data are representative of three independent 

experiments. (F) Percentages of the GPR15+ proportion among Th1/Th2/Th17/Treg/CD8+ T 

cells from LI of the indicated littermate mice. Data are shown as mean ± SEM (n = 6–8 mice 

per group). (G) Flow cytometry analysis of GPR15 expression in Tregs from LI of the 

indicated littermate mice. Data are representative of three independent experiments. (H) 

Percentages of GPR15+ proportion in Tregs from LI of the indicated littermate mice. Data 

are shown as mean ± SEM (n = 5–8 mice per group). (I) The expression of GPR15 by each 

individual Treg population corresponding to different levels of Ahr expression (GFP), 

depicted in color (i.e., orange, blue and red; left column) was analyzed by flow cytometry 

(right column). Data are representative of two independent experiments. The compiled data 

for MFI (mean fluorescence intensity) of GPR15 expression in each individual Treg 

population corresponding to different levels of Ahr expression (GFP) from LI (J) and SI (K) 

was shown as mean ± SEM (n = 3–4 mice per group). (L) Flow cytometry analysis of 

GPR15 expression by Th1/Th2/Th17/Treg/CD8+ T cells in LI of littermate C57BL/6 wild-

type mice fed with Ahr ligand-deficient diet (AIN-76A) or AIN–76A with addition of Ahr 

ligand I3C (76A+ I3C). Data are representative of two independent experiments. Also see 

fig. S1 and S2, and Table S2.
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Fig. 2. Ahr regulates GPR15 expression by directly binding to the Gpr15 locus.
(A and B) Ranking of Ahr binding intensity at high-confidence regions from ChIP-seq in 

iTreg (A) or Th17 (B). (C) ChIP-seq: recruitment of Ahr, Foxp3 or RORγt to the Gpr15 
locus in iTregs and/or Th17, as measured by ChIP-seq in this study (for Ahr) or published 

ChIP-seq data (for Foxp3 and RORγt). ATAC-seq: representative ATAC-seq tracks at the 

Gpr15 locus in Tregs sorted from the LI, SI or Sp of Ahrf/+ Foxp3Yfp-Cre or Ahrf/− 

Foxp3Yfp-Cre littermate mice. RNA-seq: representative RNA-seq tracks at the Gpr15 locus in 

Tregs sorted from the LI of Ahrf/+ Foxp3Yfp-Cre or Ahrf/−Foxp3Yfp-Cre littermate mice. (D 
and E) ChIP assay of iTreg (D) and Th17 (E) from Ahr+/+ or Ahr−/− littermate mice. 

Enrichment of Ahr at the site 17 kb (+17 kb) or 15 kb (+15 kb) downstream of the 

transcription start site of Gpr15 was determined by real-time PCR. Data are representative of 
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three independent experiments and are shown as mean ± SEM (n = 4). Ahr enrichment at 

Cyp1a1 and Il12b locus were used as positive and negative controls respectively for Ahr 

ChIP assay. (F) Flow cytometry analysis of GPR15 expression in iTregs transduced with 

retroviral constructs encoding MIG-Ahr, MIG-Y9A or control (MIG-EV). The cells were 

treated with FICZ at day 2. Data are representative of two independent experiments. (G) 

Percentages of the GPR15+ proportion in iTregs from Ahr+/+ and Ahr−/− littermate mice 

transduced with retroviral constructs encoding MIG-Ahr, MIG-Y9A or control (MIG-EV). 

Data are shown as mean ± SEM (n = 3–4).
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Fig. 3. Foxp3 cooperates with Ahr to positively regulate GPR15 expression.
(A) Flow cytometry analysis of GPR15 expression in CD4+ T cells under iTreg-polarizing 

conditions transduced with controls shRNA:EV (LMP) or shRNA:CD8, or shRNA:Foxp3 

(LMP1066). Data are representative of three independent experiments. (B) Percentages of 

the GPR15+ proportion in CD4+ T cells transduced with shRNA:EV, shRNA:CD8 or 

shRNA:Foxp3. Data are shown as mean ± SEM (n = 3–6). (C) Flow cytometry analysis of 

GPR15 expression in iTregs transduced with control retroviral construct MSCV-IRES-GFP 

(MIG-EV), Foxp3-IRES-GFP (MIG-Foxp3) or Foxp3 ΔFKH-IRES-GFP (MIG-ΔFKH). 

Data are representative of three independent experiments. (D) Percentages of the GPR15+ 

proportion in iTregs transduced with MIG-EV, MIG-Foxp3 or MIG-ΔFKH. Data are shown 

as mean ± SEM (n = 3–5). (E) Flow cytometry analysis of GPR15 expression by Th0 cells 

co-transduced with control retroviral constructs MIG-EV/MIT-EV or MIG-Ahr/MIT-Foxp3. 
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Data are representative of three independent experiments. (F) Percentages of the GPR15+ 

proportion in Th0 co-transduced with MIG-EV/MIT-EV or MIG-Ahr/MIT-Foxp3. Data are 

shown as mean ± SEM (n = 3–6). (G) Foxp3 ChIP assay of iTregs differentiated from naïve 

CD4+ T cells of Ahr+/+ or Ahr−/− littermate mice. Enrichment of Foxp3 at the site 17 kb 

(+17 kb) or 15 kb (+15 kb) downstream of the transcription start site of Gpr15 was 

determined by real-time PCR. Data are representative of two independent experiments and 

are shown as mean ± SEM (n = 3). Foxp3 enrichment at the Il12b or Ctla4 locus was used as 

negative or positive control, respectively. (H) Ahr ChIP assay of iTregs transduced with 

shRNA:EV, shRNA:CD8, or shRNA:Foxp3. Enrichment of Ahr at the site 17 kb (+17 kb) or 

15 kb (+15 kb) downstream of the transcription start site of Gpr15 was determined by real-

time PCR. Data are representative of two independent experiments and are shown as mean ± 

SEM (n = 3–6). Also see fig. S3.
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Fig. 4. RORγt negatively regulates GPR15 expression.
(A) Flow cytometry analysis of GPR15 and RORγt expression in Tregs from LI of the 

indicated littermate mice. Data are representative of three independent experiments. (B) 

Percentages of GPR15+ proportion in Tregs from LI of the indicated littermate mice. Data 

are shown as mean ± SEM (n = 5–8 mice per group). (C) Flow cytometry analysis of GPR15 

and RORγt expression in iTregs (CD4+TCRβ+Foxp3+) from indicated littermate mice. Data 

are representative of three independent experiments. (D) Percentages of GPR15+ proportion 

in the sub-populations of iTregs from indicated mice. Data are shown as mean ± SEM (n = 

3). (E and G) Flow cytometry analysis of GPR15 and CD4 expression in iTregs 

(CD4+TCRβ+Foxp3+) (E) or Th17 (CD4+TCRβ+Foxp3−IL-17+) (G) from indicated 

littermate mice. Data are representative of three independent experiments. (F and H) 

Percentages of GPR15+ proportion in iTregs (F) or Th17 (H) from indicated mice. Data are 
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shown as mean ± SEM (n = 3–6). (I) Relative expression of Gpr15 mRNA in iTregs and 

Th17 from indicated mice was analyzed by real-time RT-PCR. Data are representative of 

three independent experiments shown as mean ± SEM (n = 3).
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Fig. 5. RORγt antagonizes Ahr for DNA binding at the Gpr15 locus.
(A) Flow cytometry analysis of GPR15 expression by Th0 cells co-transduced with control 

retroviral constructs MIG-EV and MIT-EV or MIG-Ahr and MIT-RORγt. Data are 

representative of two independent experiments. (B) Percentages of the GPR15+ proportion 

by Th0 cells co-transduced with MIG-EV and MIT-EV or MIG-Ahr and MIT-RORγt. Data 

are shown as mean ± SEM (n = 4–6). (C) ChIP assay of iTregs from Rorcgfp/+ or Rorcgfp/gfp 

littermate mice. Enrichment of Ahr at the site 17 kb (+17 kb) or 15 kb (+15 kb) downstream 

of the transcription start site of Gpr15 was determined by real-time PCR. Data are 

representative of two independent experiments and are shown as mean ± SEM (n = 3). Ahr 
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enrichment at Cyp1a1 and Il12b locus were used as positive and negative controls 

respectively. (D) ChIP assay of iTregs from Ahr+/+ or Ahr−/− littermate mice. Enrichment of 

RORγt at the site 17 kb (+17 kb) or 15 kb (+15 kb) downstream of the transcription start site 

of Gpr15 was determined by real-time PCR. Data are representative of two independent 

experiments and are shown as mean ± SEM (n = 4). RORγt enrichment at the Il13 or Il17a 
locus was used as negative or positive control, respectively. (E) Flow cytometry analysis of 

GPR15 expression in iTregs transduced with MIG-EV, MIG-RORγt or MIG-ΔDBD. Data 

are representative of three independent experiments. (F) Percentages of the GPR15+ 

proportion in iTregs from Rorcgfp/gfp mice transduced with MIG-EV, MIG-RORγt or MIG-

ΔDBD. Data are shown as mean ± SEM (n = 3–4). Also see fig. S4.
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Fig. 6. Ahr promotes gut homing of Tregs by regulating GPR15.
(A) Migration index of donor cells (iTregs) from Ahr+/+ (CD45.1/CD45.1) and Ahr−/− 

(CD45.2/CD45.2) mice in different organs of recipients 10 h post transfer. The migration 

index was calculated using the following formula: migration index = (ratio of CD45.1−/

CD45.1+ Tregs in post-transfer)/(ratio of CD45.1−/CD45.1+ Tregs in input). Data are 

representative of two independent experiments and shown as mean ± SEM (n = 3 mice per 

group). One-way ANOVA with Dunnett’s multiple comparisons test was used to compare 

large intestine or small intestine to the other organs. (B) GPR15 transduction rescued the 

colon homing deficiency of Tregs from Ahr−/− mice. Migration index of MIT-GPR15- and 

MIG-EV- transduced iTregs from Ahr−/− mice in different organs 10 h post transfer. The 

migration index was calculated using the following formula: migration index = (ratio of Ahr
−/− transduced with MIT-GPR15/ Ahr−/− transduced with MIG-EV Tregs in post-transfer)/

(ratio of Ahr−/− transduced with MIT-GPR15/ Ahr−/− transduced with MIG-EV Tregs in 

input). Data are representative of two independent experiments and shown as mean ± SEM 

(n = 4 mice per group). One-way ANOVA with Dunnett’s multiple comparisons test was 

used to compare large intestine or small intestine to the other organs. (C) Migration index of 

MIT-GPR15-transduced iTregs from Ahr−/− (CD45.2/CD45.2) and MIT-EV-transduced 

iTregs from Ahr+/+ (CD45.1/CD45.1) mice in different organs 10 h post transfer. The 

migration index was calculated using the following formula: migration index = (ratio of Ahr
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−/− transduced with MIT-GPR15/ Ahr−/− transduced with MIT-EV Tregs in post-transfer)/

(ratio of Ahr−/− transduced with MIT-GPR15/ Ahr+/+ transduced with MIT-EV Tregs in 

input). Data are representative of two independent experiments and shown as mean ± SEM 

(n = 4 mice per group). One-way ANOVA with Dunnett’s multiple comparisons test was 

used to compare large intestine or small intestine to the other organs. (D–H) Adoptive 

transfer of Ahr-deficient iTregs transduced with MIT-GPR15 promoted their homing to the 

large intestine and suppressed gut inflammation in the α-CD40 colitis model. (D) Absolute 

Treg cell numbers in the colon of recipient Rag1–/– mice transferred with MIT-GPR15- or 

MIT-EV- transduced iTregs from Ahrf/+ Foxp3Yfp-Cre or Ahrf/_ Foxp3Yfp-Cre mice (n = 3–4 

mice per group). (E and F) Hematoxylin/Eosin (H&E) histology sections of representative 

colon (10×; scar bar: 150 μm) (E) and clinical histology score (F). (G and H) Realtime RT-

PCR of proinflammatory cytokine expression (i.e., Tnf and Il1b). Data are representative of 

two independent experiments and shown as mean ± SEM (n = 3–4 mice per group). Also see 

fig. S5.
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Fig. 7. Ahr signaling promotes GPR15 expression in human Tregs.
(A) Flow cytometry analysis of GPR15 and Ahr expression in human PBMC and colonic 

Tregs (CD3+CD4+CD45RA–CD45RO+CD127–CD25+Foxp3+). Data are representative of 

three independent experiments. (B) Percentages of GPR15+ proportion in Tregs from human 

PBMC and colonic LPLs. Data are shown as mean ± SEM (n = 3–6). (C and D) Ahr mRNA 

(C) had a positive correlation with that of Gpr15 (D) in human Tregs. Data are shown as 

mean ± SEM (n = 4–6). (E) The expression of GPR15 by each CD127–CD25+ T cell subset 

defined by different levels of Foxp3 expression, depicted in color (i.e., red, blue and grey; 

left column) was analyzed by flow cytometry (right column). Data are representative of three 

independent experiments. (F) Percentages of the GPR15+ proportion in each CD127–CD25+ 

T cell subset defined by different levels of Foxp3 expression from PBMC and human colon. 
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The symbols connected with a line represent data from the same individual donors (n = 3–6). 

The statistical analysis was performed with paired Student’s t test. (G) Flow cytometry 

analysis of GPR15 and CD25 expression in iTregs (CD4+CD45RA–CD45RO+CD127–

CD25+Foxp3+) from sorted naïve CD4+ T cells (CD3+CD4+CD45RA+CD25–) of PBMC, 

with the addition of DMSO, FICZ or CH223191. Data are representative of three 

independent experiments. (H) Percentages of GPR15+ proportion in sub-population of 

iTregs with indicated treatment. Data are shown as mean ± SEM (n = 5–8). (I–K) The 

mRNA level of Gpr15 and other Ahr target genes (Cyp1a1 and Ahrr) was enhanced by FICZ 

addition while abolished by CH223191 treatment. Data are representative of three 

independent experiments and shown as mean ± SEM (n = 5). See also fig. S6.
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