
pH sensing controls tissue inflammation by modulating cellular 
metabolism and endo-lysosomal function of immune cells

Xiangjun Chen1,2,3,4, Alok Jaiswal1, Zachary Costliow1, Paula Herbst2,3, Elizabeth A. 
Creasey1,2,3, Noriko Oshiro-Rapley1,2,3,4, Mark J. Daly1,5,6, Kimberly L. Carey1, Daniel B. 
Graham1,2,3,4,7, Ramnik J. Xavier1,2,3,7,*

1Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA

2Center for Computational and Integrative Biology, Massachusetts General Hospital, Boston, MA 
02114, USA

3Department of Molecular Biology, Massachusetts General Hospital, Boston, MA 02114, USA

4Experimental Medicine Unit, Massachusetts General Hospital, Harvard Medical School, Boston, 
MA 02114, USA

5Analytic and Translational Genetics Unit, Massachusetts General Hospital, Harvard Medical 
School, Boston, MA 02114, USA

6Institute for Molecular Medicine Finland (FIMM), Helsinki, Finland

7Klarman Cell Observatory, Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA

Abstract

Extracellular acidification occurs in inflamed tissue and the tumor microenvironment; however, 

a systematic study on how pH sensing contributes to tissue homeostasis is lacking. Here, we 

examine cell type-specific roles of the pH sensor GPR65 and its inflammatory disease-associated 

I231L coding variant in inflammation control. GPR65 I231L knock-in mice are highly susceptible 

to both bacterial infection-induced and T cell-driven colitis. Mechanistically, GPR65 I231L elicits 

a cytokine imbalance through impaired Th17 and Th22 differentiation and IL-22 production in 

association with altered cellular metabolism controlled through the cAMP-CREB-DGAT1 axis. 

In dendritic cells, GPR65 I231L elevates IL-12 and IL-23 release at acidic pH and alters endo-

lysosomal fusion and degradation capacity, resulting in enhanced antigen presentation. This study 

highlights GPR65 I231L as a multistep risk factor in intestinal inflammation and illuminates a 

mechanism by which pH sensing controls inflammatory circuits and tissue homeostasis.
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INTRODUCTION

Receptors on different cell types within tissue sense the microenvironment and are crucial 

for the maintenance of homeostasis. In particular, the sensing of local extracellular pH 

is important to regulate physiological responses to stress or sensory stimuli1, 2, 3. Tissue 

acidification occurs during inflammation and tumorigenesis, and evidence suggests that 

aberrant sensing and responses to environmental cues play key roles in the initiation and 

progression of inflammatory diseases4, 5, 6.

The family of pH-sensitive G protein-coupled receptors (GPCRs) includes GPR4, GPR65 

and GPR683. GPR65 is highly expressed in various immune cell populations and is 

associated with chronic inflammatory diseases such as inflammatory bowel disease (IBD), 

multiple sclerosis and asthma7, 8, 9, 10, 11. Loss of GPR65 triggers inflammatory macrophage 

and neutrophil infiltration in a murine DSS model12 and impairs bacterial restriction in a 

Citrobacter rodentium infection model10, thus increasing colitis susceptibility. Moreover, 

GPR65 deficiency in invariant natural killer cells exacerbates disease phenotypes in an 

experimental autoimmune encephalomyelitis model8, and Gpr65-null mice develop more 

severe atopic dermatitis in the MC903 model13. Gpr4 and Gpr68 are upregulated in the 

colonic tissue of patients with IBD and their deficiency ameliorates colitis in the Il10-null 

murine model; these observations may involve dysregulation of barrier function, indicating 

important regulatory roles for GPR4 and GPR68 in mucosal inflammation14, 15. There are, 

however, no reported genetic variants of Gpr4 and Gpr68 correlated with inflammatory 

diseases.

The association of the Gpr65 locus with IBD implicates a set of 17 variants in linkage 

disequilibrium, including one coding variant with a substitution of isoleucine to leucine 

at codon 231 (I231L)10. Functional characterization of GPR65 I231L expression in HeLa 

cells demonstrated reduced cAMP induction upon receptor activation by acidic pH10 

and impaired lysosomal activity during clearance of intracellular bacterial pathogens in 
vitro10. However, the impacts of GPR65 I231L in a cell type-specific manner in vivo 
during physiological homeostasis and inflammation remain to be determined and are 

critical for understanding how dysfunction of pH sensing by GPR65 I231L confers risk 

of inflammatory pathologies in humans.

Here we demonstrate that GPR65 I231L mice displayed impaired antibacterial responses 

in the C. rodentium infection model and increased inflammation in the T cell transfer 

model of chronic colitis, with decreased IL-17A+ and IL-22+ CD4+ T cells and elevated 

inflammatory cell infiltrates and cytokine production. Single-cell transcriptome profiling, 

flux balance analysis and metabolomics profiling indicated that fatty acid metabolism and 

triacylglyceride biosynthesis were tuned through the cAMP-CREB-DGAT1 axis to disfavor 

IL-22 and IL-17A production in GPR65-deficient helper T (Th) cells. In dendritic cells at 

acidic pH, inflammatory cytokine production was reduced, and GPR65 I231L specifically 

promoted IL-12 and IL-23 release. GPR65 I231L additionally enhanced antigen presentation 

to T cells due to prolonged epitope half-life resulting from delayed endo-lysosomal fusion 

and reduced proteolytic capacity. Together, our study provides mechanistic insights into how 
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a risk variant of the pH sensor GPR65 impacts inflammatory circuits in vivo and highlights 

the role of pH sensing in cellular and molecular regulation of endo-lysosomal function and T 

cell metabolism to maintain tissue homeostasis.

RESULTS

GPR65 I231L predisposes mice to bacteria-induced colitis

To study the effects of the Gpr65 polymorphism in vivo, we generated knock-in mice 

harboring the murine homologue GPR65 I231L (denoted as I231L mice) using CRISPR/

Cas9-based genetic manipulation (Extended Data Fig. 1a,b). We observed no evident colitis-

related phenotypes in I231L mice at steady state (Extended Data Fig. 1c–e). We then 

examined the susceptibility of I231L mice in an induced colitis model by infecting with 

C. rodentium. Significantly higher levels of C. rodentium were detected in both stool and 

colonic tissue of Gpr65 knockout (KO) mice compared to wild-type (WT) control mice 12 

days after infection, and there was a trend toward increased bacterial burden in I231L mice 

(Fig. 1a; Extended Data Fig. 2a,b). Moreover, decreased colon length and histopathology 

analysis indicated more severe colitis in I231L and KO mice (Fig. 1b,c; Extended Data Fig. 

2c). Immunophenotyping of immune cell subsets in the inflamed colon indicated that I231L 

and KO mice harbored higher percentages of infiltrating neutrophils and inflammatory 

monocytes in the colonic lamina propria (LP) (Fig. 1d,e; Extended Data Fig. 2d), which 

drive inflammation. When examining cytokine-producing CD4+ T cell populations, we 

found lower percentages of IL-17A+ and IL-22+ T cells in both mesenteric lymph nodes 

(mLN) and colonic LP (Fig. 1f,g; Extended Data Fig. 2e). To quantify antigen-specific 

T cell responses, we detected IL-17A and IL-22 production by mLN immune cells after 

stimulation with peptide antigen derived from C. rodentium. We found significantly fewer 

IL-17A- and IL-22-producing cells in I231L and KO mice compared to WT mice (Fig. 1h,i), 

which is consistent with the higher bacterial burden in I231L and KO mice given that IL-22 

and IL-17A can protect mice from Citrobacter infection16, 17. Analysis of cytokines in the 

local colonic tissue showed higher levels of inflammatory cytokines such as TNF and IL-6 

in KO mice but lower levels of IL-17A, IL-22 and IL-10 in I231L and KO mice relative 

to WT mice (Fig. 1j; Extended Data Fig. 2f,g). Together, these results demonstrate that a 

single mutation in the pH sensor GPR65 dysregulates immune machinery against bacterial 

infection and rebalances cytokine release leading to intestinal inflammation.

Differences in bacterial burden at the later stage of Citrobacter infection and the changes 

in IL-17A- and IL-22-producing T cells indicate that GPR65 function in T cells might 

be pivotal for anti-Citrobacter responses. To study T cell intrinsic effects, we transferred 

primary CD4+ T cells from each of the three Gpr65 genotypes into T cell-deficient 

recombinase activating gene 1 (Rag1) KO mice, followed by Citrobacter infection. We again 

observed impaired bacterial control at the later stage of infection and decreased IL-17A+ and 

IL-22+ CD4+ T cell populations in I231L and Gpr65 KO T cell-transferred mice (Extended 

Data Fig. 2h–m), indicating that a T cell intrinsic function of GPR65 is important for 

protection from Citrobacter infection-induced colitis.
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I231L impairs Th cell differentiation and IL-22 production

The decrease of IL-22 and IL-17A production in I231L mice during C. rodentium infection 

suggests the potential role of GPR65 in CD4+ T cell function. We therefore explored 

how the I231L variant influences CD4+ T cell responses. GPR65 deficiency showed no 

evident effects on proliferation and apoptosis of CD4+ T cells upon activation in vitro 
(Extended Data Fig. 3a,b). Then, we evaluated whether GPR65 plays a role in T helper 

cell differentiation. In vitro polarization of IL-17A-producing Th17 and IL-22-producing 

Th22 cells was significantly reduced in I231L and KO CD4+ T cells, whereas there were 

no changes in Th1, Th2 and induced regulatory T cell (iTreg) differentiation (Fig. 2a,b; 

Extended Data Fig. 3c). Consistently, there were fewer IL-17A+ and IL-22+ CD4+ T cells in 

the small intestinal LP of I231L and KO mice (Fig. 2c), supporting a key role for GPR65 

in Th17 and Th22 differentiation. Moreover, Gpr65 expression was increased in Th17 and 

Th22 cells compared to other types of Th cells polarized in vitro, and this upregulation was 

confirmed at the protein level for IL-17A- and IL-22-producing CD4+ T cells from the small 

intestinal LP (Fig. 2d).

In light of these findings and previous work demonstrating that Th17-derived, IFNγ-

producing Th1-like cells are main drivers of T cell-induced colitis18, we compared the 

repolarization of Th17 and Th22 cells to IFNγ-secreting cells. In these experiments, higher 

percentages of IFNγ-producing Th cells were repolarized from I231L-expressing or Gpr65-

null Th17 and Th22 cells (Fig. 2e,f), suggesting that GPR65 dysfunction can elicit a 

pathogenic Th cell response. Next, we investigated cytokine responses of Th cells after 

GPR65 activation by acidic pH. Importantly, IL-22 levels were significantly induced at low 

(pH 6.8) relative to neutral pH in WT Th cells. However, Gpr65 KO Th cells failed to induce 

IL-22 upon pH modulation, indicating GPR65-dependence (Fig. 2g; Extended Data Fig. 3d). 

Additionally, IFNγ and TNF production were decreased in WT Th cells and, to a lesser 

extent, I231L and KO Th cells upon pH reduction, while there was no consistent change 

in IL-17A production (Fig. 2g). Taken together, these data illustrate that GPR65 signaling 

regulates cytokine responses in helper T cells, and Gpr65 KO or I231L expression impairs 

Th17 and Th22 differentiation.

GPR65 deficiency shifts Th22 and Th17 cell lipid metabolism

To investigate the mechanism by which GPR65 controls Th22 and Th17 cell polarization, 

we measured expression levels of the genes encoding Rorγt and AhR, master transcriptional 

regulators of Th17 and Th22, respectively19, 20. Both were comparably expressed among the 

three genotypes (Extended Data Fig. 3e), suggesting that GPR65 does not affect Th17 and 

Th22 polarization through regulation of Rorγt and AhR expression.

Recent studies linked cellular metabolism, especially lipid metabolism, Rorγt activity and 

Th17 cell function21, 22. We therefore took a multiomics approach to compare cellular 

metabolism in KO versus WT Th22 and Th17 cells. First, we determined differences 

in metabolic activities from transcriptomics analysis. To overcome confounding factors 

associated with cellular heterogeneity in Th17 and Th22 cells, we performed single-cell 

RNA-sequencing (scRNA-seq) of in vitro polarized Th17 and Th22 cells. GPR65 deficiency 

did not lead to major changes in cell lineage profiles but induced a decrease in the 
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proportion of cluster 2 cells representing a cell state that expressed higher levels of 

Il17a, Il17f and Il22 (Fig. 3a; Extended Data Fig. 4a,b). Functional enrichment analysis of 

differentially expressed genes in cluster 2 indicated GPR65 deficiency negatively regulates 

T cell activation and differentiation (Fig. 3b), which is consistent with impaired Th17 and 

Th22 differentiation of Gpr65-null CD4+ T cells. In Th17 cells, GPR65 deficiency was 

associated with increased expression of genes related to oxidative phosphorylation and 

ATP metabolic processes (Fig. 3b). Conversely, GPR65 deficiency showed a reduction 

in expression of genes regulating polyamine metabolic pathways, serine biosynthesis 

and cellular amide metabolic pathways (Fig. 3b; Extended Data Fig. 4c). Moreover, a 

flux balance analysis, which predicts the metabolic state of single cells23, suggested 

that triacylglycerol biosynthesis and tryptophan metabolism are downregulated in GPR65-

deficient Th17 and Th22 cells, respectively (Extended Data Fig. 4d).

To investigate how metabolism-related target genes are linked to GPR65 function, we 

closely compared the differential expression of genes related to lipid metabolism, amino 

acid metabolism, oxidative phosphorylation, glycolysis, ATP metabolism and cellular amide 

metabolism (Fig. 3c; Extended Data Fig. 5a). We identified downregulation of fatty acid 

metabolism (Dgat1, Hilpda, Scd2) and cholesterol metabolism (Cyp51, Msmo1, Npc2, 

Hmgcr) genes and upregulation of polyamine metabolism (Srm, Sms, Sat1) and serine 

metabolism (Phgdh, Psph, Psat1) genes in GPR65-deficient T cells (Fig. 3c,d; Extended 

Data Fig. 5b). Notably, Fabp5, which is related to fatty acid transport, showed higher 

expression and Smox, which encodes the spermine oxidase in polyamine metabolism, had 

lower expression in Gpr65-null cells. We further validated the differential regulation of lipid 

metabolism (Dgat1, Fabp5, Cyp51, Msmo1) and polyamine pathway (Srm, Sms, Smox) 

genes, especially in I231L-expressing Th17 and Th22 cells (Fig. 3e; Extended Data Fig. 5c). 

Together, these results suggest that GPR65 regulates the expression of lipid and amino acid 

metabolism genes in T cells, which are important for Th17 and Th22 differentiation and 

function.

To further define alterations in cellular metabolism in Gpr65-null and I231L-expressing Th 

cells, we applied metabolomic profiling to in vitro polarized Th17 and Th22 cells. The 

differential expression of fatty acid and cholesterol metabolism related genes led us first 

to perform non-targeted lipidomic profiling. We detected 160 lipid metabolites from both 

Th17 and Th22 cells. Remarkably, 37 and 46 out of 54 detected triacylglycerides (TAGs) 

were decreased in GPR65-deficient compared to WT Th17 and Th22 cells, respectively, 

suggesting a defect of TAG biosynthesis (Fig. 4a; Extended Data Fig. 6). This was in 

accordance with the downregulated expression of Dgat1 (Fig. 3e), which encodes a key 

enzyme in TAG biosynthesis24.

When applying differential analysis of the lipid metabolites from the fatty acid side 

chains, we found a decrease of polyunsaturated fatty acid (PUFA) in Gpr65-null cells 

(Fig. 4b), suggesting a shift in fatty acid composition with GPR65 deficiency. In particular, 

arachidonic acid (AA, C20:4) and linoleic acid (LA, C18:2) were reduced in Gpr65-null 

cells. We therefore examined the influences of PUFAs on Th22 differentiation and IL-22 

production. Administration of AA partially rescued IL-22 deficiency in Gpr65-null cells 

(Fig. 4c); this was largely independent of the PPARγ signaling pathway, although AA is 
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a ligand for PPARγ25, as PPARγ inhibition displayed a minor effect on IL-22 production 

(Fig. 4d). These results suggest that GPR65 might regulate Th22 polarization and function 

by modulating fatty acid metabolism. Previous reports demonstrated that cyclic AMP 

response element-binding protein (CREB) phosphorylation can directly promote IL-22 

production through CREB binding sites in the Il22 promoter26. Indeed, CREB inhibition 

abrogated the acidic pH-induced increase of IL-22 production in WT Th22 cells (Fig. 4e), 

indicating that IL-22 production promoted by GPR65 activation is dependent on CREB.

While the scRNA-seq results also suggested differential expression of polyamine metabolic 

and serine biosynthesis genes, such related metabolites had no consistent differences or were 

not detected in our metabolomic analysis.

GPR65 regulates lipid metabolism by the cAMP-CREB-DGAT1 axis

The decrease of PUFAs could not explain the impaired Th17 polarization of Gpr65-null 

cells, as higher levels of PUFAs inhibited IL-17A production (Fig. 4c). We therefore 

investigated the role of DGAT1 in Th17 differentiation. DGAT1 inhibition or loss 

diminished Th17 polarization and IL-17A production (Fig. 5a,b). Thus, DGAT1 deficiency 

was sufficient to recapitulate the impairment of IL-17A production observed in I231L and 

Gpr65 KO Th17 cells (Fig. 3e). Overexpression of DGAT1 substantially rescued Th17 

polarization of I231L and KO cells with a minor effect on WT cells (Fig. 5c), confirming 

an important role of GPR65-regulated DGAT1 expression in Th17 differentiation. CREB 

phosphorylation has been reported to regulate DGAT1 expression through promoter 

binding27. Indeed, we detected significantly less CREB phosphorylation in I231L and KO 

Th17 cells compared to WT Th17 cells (Fig. 5d). Additionally, we found that GPR65 

I231L impaired acidic pH-induced cAMP increase (Fig. 5e), CREB phosphorylation (Fig. 

5f) and Dgat1 upregulation in Th cells (Fig. 5g). In order to confirm this signaling axis, 

we generated T cells expressing constitutively active CREB (caCREB), a fused protein of 

murine CREB and the VP16 transcription activation domain shown to be active independent 

of phosphorylation28. Overexpression of caCREB promoted Th17 differentiation and led to 

almost no differences in Th17 polarization among the three genotypes (Fig. 5h), indicating 

the rescue of Th17 phenotypes by increased CREB activity in Gpr65 KO and I231L CD4+ 

T cells. Together, these findings suggest a link between GPR65 activation and DGAT1 

expression through the cAMP-CREB axis.

The changes in TAG storage and fatty acid composition induced by Dgat1 downregulation 

can be linked to de novo fatty acid synthesis (FAS), which is crucial for Th17 differentiation 

and function29, 30. Indeed, we found decreased catalytic activity of the key enzyme in de 
novo FAS, ACC1, in I231L and KO compared to WT Th17 cells (Fig. 5i). Fatty acid 

turnover mediated by DGAT1 can also impact fatty acid oxidation (FAO)24, 31. We found 

lower oxygen consumption rates (OCR) in I231L and KO cells both at the basal level 

and under maximal respiration with extracellular palmitate supplementation (Fig. 5j–m), 

suggesting decreased FAO and other substrate oxidation. In addition, lower extracellular 

acidification rate (ECAR) in I231L and KO T cells indicated decreased basal glycolysis 

(Fig. 5n,o). These results suggest that GPR65 I231L restricts metabolism for energy 

generation and biosynthesis in Th cells.
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I231L-harboring CD4+ T and myeloid cells exacerbate colitis

To validate the role of GPR65 I231L in CD4+ T cells during chronic colitis development, 

we performed the T cell transfer model, in which CD45Rbhigh CD4+ T cells sorted from 

mice with different Gpr65 genotypes were transferred to Rag1 KO recipients. In this way, 

we evaluated the impact of GPR65 I231L expression or GPR65 loss on CD4+ T cells 

in vivo. Interestingly, we observed severe colitis phenotypes in recipients of I231L and 

KO T cells, including excessive body weight loss, decreased colon length and increased 

colon inflammation by histopathology (Extended Data Fig. 7a–c). This was consistent with 

elevated IFNγ levels in local colonic tissue and lower percentages of IL-17A+ and IL-22+ 

T cells in both colonic LP and mLN (Extended Data Fig. 7d–f). These cells were reported 

to play protective roles in CD45Rbhigh CD4+ T cell-driven colitis32. Thus, the data are 

consistent with our findings in vitro and demonstrate that GPR65 regulates in vivo Th17 and 

Th22 polarization and function, which is linked to colitis pathogenesis.

As GPR65 is widely expressed in various types of immune cells, we applied the T cell 

transfer model in the reverse direction (i.e., transfer of WT CD45RBhigh CD4+ T cells 

into Rag1 KO mice with different Gpr65 genotypes) to determine whether other cellular 

compartments contribute to colitis pathogenesis. Recipient Gpr65 KO and I231L mice 

showed severe colitis phenotypes including increased body weight loss, shorter colons 

and enhanced inflammation by histopathology (Fig. 6a–c). Immunophenotyping indicated 

increased infiltration of inflammatory monocytes, macrophages and dendritic cells as well 

as IFNγ+ CD4+ T cells in the colonic LP of I231L and KO mice (Fig. 6d; Extended Data 

Fig. 7g). These findings suggest that GPR65 deficiency or expression of the I231L variant in 

myeloid cells also adversely impacts inflammation-induced colonic injury. Consistent with 

this notion, increased levels of inflammatory cytokines such as IL-12, IL-23 and IFNγ were 

detected in the colons of Gpr65 KO and I231L mice (Fig. 6e,f). Together, these results 

indicate that GPR65 dysfunction exacerbates colitis pathogenesis, with synergetic effects 

from various immune populations.

I231L in dendritic cells enhances antigen presentation

As a pH sensor, GPR65 activation under acidic conditions inhibits proinflammatory cytokine 

release from different immune cell types, such as TNF and IL-6 from macrophages and 

IFNγ from CD8+ T cells1, 33. We therefore examined how GPR65 I231L influences 

cytokine responses in myeloid cells upon low pH stimulation. We found that GPR65 

activation at pH 6.8 reduced proinflammatory cytokine TNF and IL-12/IL-23 production 

but increased anti-inflammatory cytokine IL-10 production in WT bone marrow-derived 

dendritic cells (BMDCs) after LPS stimulation (Fig. 6g). More importantly, we observed 

increased release of these proinflammatory cytokines by I231L and KO compared to WT 

BMDCs at low pH in contrast to neutral pH, where no differences were evident (Fig. 6g). 

These findings indicate that pH-dependent inhibition of proinflammatory cytokine release 

was attenuated in I231L and KO dendritic cells.

GPR65 has been shown to regulate autophagy and lysosomal homeostasis, which can 

directly impact antigen presentation10, 34. We therefore studied whether the I231L variant 

affects antigen uptake, processing and presentation. To this end, we employed co-culture 
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experiments with BMDCs and ovalbumin (OVA)-specific CD4+ T (OT-II) cells incubated 

with different combinations of antigens and stimuli. There were mild differences in T cell 

activation upon stimulation by OVA peptide-loaded BMDCs with different Gpr65 genotypes 

(Fig. 7a). Notably, combined with LPS stimulation or using zymosan-conjugated OVA, 

Gpr65-null and I231L-expressing BMDCs increased T cell proliferation (Fig. 7a; Extended 

Data Fig. 8a,b), suggesting enhanced antigen presentation. We also detected higher IFNγ 
production by activated T cells (Fig. 7b), which is consistent with elevated proinflammatory 

cytokine production in I231L and KO BMDCs. Moreover, we found higher levels of 

peptide-loaded mature MHC-II (pMHC-II) complex in I231L and KO BMDCs (Fig. 7c). 

Taken together, GPR65 exhibits anti-inflammatory roles when activated in dendritic cells: its 

dysfunction increases inflammatory cytokine release and enhances antigen presentation to T 

cells, which in turn promotes inflammatory responses.

I231L impairs lysosomal proteolysis and endo-lysosome fusion

To illuminate the mechanism by which GPR65 influences antigen presentation, we first 

evaluated GPR65-mediated effects on lysosomal function. Acidification is crucial for 

lysosomal function through the regulation of protease activity35, 36. We therefore used a 

ratiometric probe to measure pH in acidic organelles and detected a decrease of LysoSensor 

Yellow/Blue ratio in I231L and KO BMDCs relative to WT (Fig. 7d), indicating impaired 

acidification in these cells. Next, we compared the protein degradation capacity of the cells. 

To measure lysosomal proteolysis, we used self-quenched fluorogenic DQ-BSA and a pH 

insensitive Alexa Fluor 647 dye conjugated to polystyrene beads and then incubated them 

with BMDCs under different conditions (Fig. 7e). In both resting and LPS-activated states, 

I231L and KO BMDCs showed impaired DQ-BSA degradation despite similar levels of 

phagocytosis (Fig. 7f). We confirmed these observations of decreased DQ-BSA intensity 

by microscopy-based methods and observed no evident difference in Alexa Fluor 647 

intensity (Extended Data Fig. 8c,d). These results suggest that the GPR65 I231L variant 

alters lysosomal homeostasis, impairing lysosome acidification and reducing proteolytic 

capacity.

The endo- or phago-lysosome fusion process is important for degradation of cargo and is 

delayed in mature dendritic cells, resulting in prolonged antigen retention and enhanced 

presentation37, 38. As we observed enhanced antigen presentation and decreased protein 

degradation in I231L and KO dendritic cells, we next evaluated whether GPR65 dysfunction 

affected endo-lysosomal fusion. To this end, BMDCs were incubated with either a pH 

insensitive fluorophore conjugated dextran or BSA to track endocytosis and monitored 

fusion with lysosomes labeled with LysoTracker or Lamp1 antibody. GPR65 loss or I231L 

expression decreased the colocalization of dextran and BSA with lysosomes, especially in 

activated BMDCs at low pH (Fig. 7g,h), indicating delayed endo-lysosomal fusion.

Given that pMHC-II complexes are effective stimulators of CD4+ T cells, and their recycling 

and degradation determine antigen presentation efficiency39, we further investigated the 

half-life of pMHC-II complexes in dendritic cells. BMDCs were treated with OVA peptides 

and then surface-biotinylated. Biotinylated pMHC-II complexes were immunoprecipitated 

by the Y-3P antibody specific for mature pMHC-II complexes and detected by fluorescent 

Chen et al. Page 8

Nat Immunol. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



streptavidin after LPS and low pH stimulation. More pMHC-II complexes were detected 

in I231L and KO compared to WT BMDCs (Fig. 7i), indicating a prolonged half-life of 

pMHC-II complexes in activated Gpr65-null or I231L-expressing dendritic cells. Together, 

these results suggest that GPR65 dysfunction alters endo-lysosomal function, sparing 

antigen from degradation and potentiating epitope presentation for T cell activation.

DISCUSSION

Infection or injury perturbs tissue homeostasis and initiates inflammation as a protective 

mechanism, which is followed by a series of events to restore homeostasis. Effective 

inflammation resolution requires coordinated processes involving the immune system and 

barrier tissues to transition from the proinflammatory state to the repair phase40, 41, 42. 

GPR65 senses acidic pH that usually occurs during inflammation, especially in the 

gastrointestinal tract43, 44, 45. The functional characterization of GPR65 I231L in the context 

of IBD pathogenesis illuminates how pH sensing and immune modulation impact tissue 

homeostasis and inflammation circuits.

Our data define the cytokine responses of both innate and adaptive immune cells at different 

pH. In general, GPR65 activation under acidic conditions inhibits inflammatory cytokine 

production but promotes anti-inflammatory cytokine release. These results suggest that 

GPR65 serves as a brake for inflammation during immune responses to infectious agents 

or injury, which is especially relevant at the later stage of tissue inflammation as the 

microenvironment undergoes acidification. Importantly, our study highlights the dysfunction 

of GPR65 I231L as a pH responder and identifies its role in colitis development at the 

level of immune regulation. There are at least three processes in which GPR65 I231L is 

involved. First, in models of inflammation in vivo, I231L promotes production of innate 

inflammatory cytokines associated with the infiltration of inflammatory myeloid cells and 

impairs clearance of intracellular bacteria10. Second, I231L impairs production of cytokines 

in T cells that promote tissue immunity and regeneration, such as IL-17A and IL-22, and 

elevates production of pathogenic inflammatory cytokines such as IFNγ. Third, in dendritic 

cells, I231L enhances antigen presentation to CD4+ T cells through prolonged antigen 

display and elevated inflammatory cytokine production, which collectively promote T cell 

activation and polarization to inflammatory Th cells. Thus, GPR65 I231L has pleiotropic 

effects on different immune cell populations, which likely have synergistic effects during 

colitis pathogenesis.

We observe fewer IL-22- and IL-17A-producing Th cells as well as more severe disease 

phenotypes in both C. rodentium infection- and T cell-driven colitis in GPR65 I231L 

mice. Previous studies demonstrated a key role for GPR65 in Th17 function46, although 

a molecular mechanism was not described. Here, we used scRNA-seq and metabolomic 

profiling to show that lipid metabolism is altered in Gpr65-null and I231L-expressing Th17 

and Th22 cells. GPR65 dysfunction is associated with decreased expression of SCD2 and 

HILPDA, both reported to decrease TAGs47, 48, as well as DGAT1, an ER-localized enzyme 

controlling TAG biosynthesis24. Impaired TAG production can diminish an important 

reservoir of metabolic energy and affect metabolic fluxes that support energy homeostasis 

and biosynthesis for cell maintenance and effector functions24, 31, 49. Indeed, we observe 
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reduced fatty acid metabolism and substrate oxidation in Gpr65 KO cells. Our scRNA-seq 

data, however, indicates upregulation of oxidative phosphorylation related genes in KO cells, 

which might be an adaptation to the energy metabolism defect consistent with reports that 

a deficiency in ATP production induces compensatory upregulation of respiratory chain 

complexes50, 51.

While TAG metabolism has been linked to Treg generation52, its role in Th17 differentiation 

and function has not been clearly elucidated. Here, we show that pharmacologic inhibition 

of DGAT1 reduces IL-17A production. Moreover, phosphorylated CREB regulates 

Dgat1 expression through promoter binding, and GPR65 dysfunction reduces CREB 

phosphorylation in I231L and KO Th17 cells. Collectively, these data suggest a model 

wherein GPR65 dysfunction decreases cAMP levels, suppresses the cAMP-PKA-CREB 

signaling axis and reduces DGAT1 expression, leading to impaired TAG metabolism in 

Th17 and Th22 cells.

We also found a shift of fatty acid composition by the side chain analysis of decreased 

TAGs in Gpr65-null compared to WT cells. The relative abundance of PUFA is reduced in 

Gpr65-null and I231L-expressing Th22 cells, and PUFA supplementation with arachidonic 

acid partially rescues the production of IL-22 but not IL-17A, consistent with reports that 

a subset of arachidonic acid metabolites such as prostaglandin G2 activate AhR53. Partially 

restored IL-22 production with PUFA supplementation suggests additional mechanisms 

underlying GPR65-dependent regulation. Indeed, the engagement of GPR65 by protons 

induces CREB phosphorylation, which can directly promote IL-22 production through 

binding to the Il22 promoter26. Thus, GPR65 regulates Th22 differentiation and cytokine 

production via both the cAMP-PKA-CREB axis and the modulation of PUFA metabolism.

In this study, we identify a role for GPR65 in antigen presentation to CD4+ T cells by 

dendritic cells. GPR65 I231L enhances antigen presentation through decreased protease 

activity and delayed endo-lysosomal fusion, which favors persistence of epitopes and 

increases association with MHC-II-rich compartments, thus enhancing the efficiency of 

antigen presentation. This is consistent with the fact that mature dendritic cells abate 

their antigen degradative capacity in the endo-lysosome to preserve antigenic peptides for 

effective activation of adaptive immune cells34, 38, 54. Notably, the impaired proteolytic 

capacity has a different impact on macrophages, which require better lysosomal degradative 

capacity for pathogen killing after phagocytosis34, although limiting proteolysis in early 

phagosomes could similarly maximize epitope peptides for antigen presentation55. From this 

perspective, the I231L variant impairs bacterial clearance in macrophages, consistent with 

previous reports10. Moreover, GPR65 deficiency in macrophages abrogates extracellular 

acidification-induced inhibition of pro-inflammatory cytokines including TNF and IL-633, 

thus contributing to inflammation during bacterial infection and colitis pathogenesis.

In conclusion, we highlight the impact of a single coding variation in a pH sensor, GPR65 

I231L, on tissue homeostasis and inflammation control in the context of colitis pathogenesis. 

Our results provide a framework to understand how immune cells sense environmental 

cues to modulate endo-lysosomal function and cellular metabolism in the context of 

inflammatory disease development. Moreover, this example of a variant-to-function study 
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provides key insights relevant to the development of therapeutic strategies for inflammatory 

pathologies.

METHODS

Mouse studies

Mouse experiments complied with all relevant ethical regulations and were performed 

according to protocols 2003N000158 and 2011N000126 approved by the Institutional 

Animal Care and Use Committee (IACUC) at Massachusetts General Hospital. C57BL/6 

(JAX:000664), Rag1 KO (JAX:002216), GPR65 (JAX:008577) and OT-II (JAX:004194) 

mice were obtained from the Jackson laboratory. GPR65 mice were backcrossed to C57BL/6 

for over 13 generations. Gpr65 KO or I231L mice were crossed with Rag1 KO mice to 

obtain Rag1 KO mice with different Gpr65 genotypes. All mice were maintained in specific-

pathogen free conditions and cohoused in the same room at the animal facility maintained 

on a 12-hour light/dark cycle with a room temperature of 21°C and relative humidity of 30–

70%. Males and females 8–12 weeks old were used for mouse studies. For each genotype 

in each experiment, mice were age- and sex-matched. WT mice were littermates from the 

GPR65 and I231L lines. Number of mice used per experiment is provided in the figure 

legends.

GPR65 I231L mouse construction

The GPR65 I231L knock-in mouse line was constructed by CRISPR/Cas9-based systems. 

sgRNA target sequence (5′-TGTCGCGCTCTAAAACGCAG-3′) was screened and selected 

from the mouse Gpr65 sequence prior to in vitro transcription by Guide-It sgRNA In 

Vitro Transcription kit (ClonTech) and purification by MEGAclear kit (Thermo Fisher). 

The homology-directed repair (HDR) template had a 90nt homology arm on the 5′ 
side of the desired mutation and a 56nt homology arm on the 3′ side of the PAM 

site mutation, for a total of 200nt, and was ordered from IDT and PAGE-purified. 

Transfection-ready Cas9 SmartNuclease mRNA was purchased from System Biosciences 

(CAS500A-1). Mice were generated at Harvard University’s Genome Modification Facility. 

Mice harboring the GPR65 I231L mutation were verified by SfaNI restriction enzyme 

digestion (Supplementary Figure 1) and sequencing of the amplicon products with murine 

genomic DNA as the template (primers: 5′-CTCACTTGCATTGCCCTGGACCG-3′, 

5′-CCACATATCAGCTCTCCCCGTCTC-3′). The acquired mice were backcrossed to 

C57BL/6 for 2 generations before use in experiments.

Citrobacter rodentium infection model

C. rodentium were grown overnight at 37°C in LB with kanamycin before being harvested 

and resuspended in PBS. Mice were fasted for 4h and then orally gavaged with 100μl 

suspension containing 1–2×109 colony-forming units (CFUs) of bacteria. Feces were 

collected on days 3, 6, 9 and 12 after infection, and colonic tissue was harvested on 

day 12. CFUs from feces and tissue were determined by plating homogenized suspension 

on LB agar with kanamycin. Distal colon (1cm) was harvested for histopathology. For 

Citrobacter-induced colitis after adoptive T cell transfer, splenic CD4+ T cells were purified 

with the EasySep Mouse CD4+ T Cell Isolation Kit (STEMCELL). 2×106 CD4+ T cells 
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were intravenously injected per Rag1 KO recipient. Citrobacter infection followed at day 1 

after adoptive transfer, and phenotyping was performed as above.

Immunophenotyping

Mouse colons were harvested with fat and mesenterium removed, then opened 

longitudinally, washed with HBSS and cut into 1cm pieces. Tissue was treated with 

epithelial strip buffer [5mM EDTA (Invitrogen), 1mM DTT (Sigma), 15mM HEPES (pH 

7.2–7.5, Gibco) and 5% FBS (Gibco) in HBSS buffer, calcium- and magnesium-free] at 

37°C for 30min with stirring, washed with HBSS and digested with enzyme digestion buffer 

[0.167mg/ml Liberase TL (Roche), 0.1mg/ml DNase I (Sigma) and 15mM HEPES (pH 

7.2–7.5) and 5% FBS in HBSS buffer] at 37°C for 30min with stirring. The supernatant 

was filtered into ice-cold collection buffer (HBSS with 5% FBS and 5 mM EDTA) and 

harvested by centrifuge. Cell pellets were resuspended in 44% Percoll (diluted with HBSS 

from 100% Percoll) with carefully underlaid 67% Percoll. 50ml 100% Percoll contains 

45ml Percoll (GE Healthcare), 4.48ml HBSS (10x, without calcium, magnesium or sodium 

bicarbonate, Sigma), 0.5 ml 1M HEPES (pH 7.2–7.5) and 0.23ml 1N HCl (Sigma). The 

lymphoid fractions at the Percoll interphase were collected after centrifuge at 600xg for 

20min, washed with HBSS and resuspended with full RPMI 1640 medium and kept on ice. 

For myeloid cell analysis, cells were blocked with anti-CD16/CD32 antibody (1:100) and 

stained with myeloid cell panel antibodies and cell viability dye (1:1000), fixed with 2% 

PFA [diluted with PBS from 4% PFA (Thermo)]. For cytokine-producing cell analysis, cells 

were treated with 50ng/ml PMA (Sigma), 1μg/ml ionomycin (Sigma) and GolgiPlug (BD) 

at 37°C for 2–3h, then stained with cell viability dye and Th cell panel antibodies using 

Fixation/Permeabilization Solution Kit (BD) according to the manufacturer’s protocol. All 

staining was performed in MACS buffer (PBS with 2.5mM EDTA, 2% FBS) or PBS. All 

flow cytometry samples were detected by NovoCyte Flow Cytometer with NovoExpress 

(v1.4.1) (Agilent). Data were analyzed using FlowJo (v10.7.1). Antibody information is 

available in Supplementary Table 1.

IL-17A ELISPOT

MultiScreen-IP Filter Plates (Millipore) were coated with mouse IL-17A capture antibody 

(1:200 dilution in PBS, BioLegend, 432504) overnight, washed with PBS and blocked with 

2% BSA in PBS for 30min at 21°C. Cells were harvested from mesenteric lymph nodes on 

day 7 after C. rodentium infection, and single cell suspensions were prepared in full RPMI 

1640 medium. Lymph node cells were plated (2.5×105 cells/200μl/well) and Citrobacter 

peptide (AAIAVNPVVSSTTDS) was added to a final concentration of 100nM or 0nM. 

The immunodominant Citrobacter peptide was predicted using the BOTA algorithm56. Cells 

were cultured at 37°C overnight before supernatant was collected for cytokine detection 

by IL-17A or IL-22 ELISA kit (BioLegend). ELISPOT plates were washed with H2O and 

blocked with 2% BSA in PBS for 60min at 21°C. IL-17A detection antibody (1:200 dilution, 

BioLegend, 432504) and detection reagent (AKP Streptavidin 1:1000, BD) in 2% BSA were 

added and incubated for 1–2h at 21°C. Plates were washed with H2O, BCIP/NBT substrate 

(Sigma) was added, and plates were dried for detection by CTL ImmunoSpot analyzer with 

ImmunoSpot 7. Data were analyzed by ImmunoSpot 7.
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In vitro CD4+ T cell differentiation

Mouse splenic naïve CD4+ T cells were isolated by EasySep™ Mouse Naïve CD4+ T Cell 

Isolation Kit (STEMCELL). Naïve CD4+ T cells were cultured in full RPMI 1640 medium 

(10% heat-inactivated fetal bovine serum, GlutaMAX, penicillin-streptomycin, MEM non-

essential amino acids, sodium pyruvate and 2-mercaptoethanol) and stimulated in plates 

coated with 1 or 2μg/ml anti-mouse CD3ε and 2μg/ml anti-mouse CD28 antibodies (1×105 

cells/200μl/well). Cytokines were supplemented for different CD4+ T cell subsets: Th1, 

20ng/ml rmIL-12p70 (Peprotech); Th2, 20ng/ml rmIL-4 (Peprotech); non-pathogenic Th17, 

2.5ng/ml rmTGF-b1 (R&D Systems) and 25ng/ml rmIL-6 (Peprotech); pathogenic Th17, 

20ng/ml rmIL-1b (Peprotech), 25ng/ml rmIL-6 and 20ng/ml rmIL-23 (R&D Systems); 

Th22, 20ng/ml rmIL-1b, 40ng/ml rmIL-6, 20ng/ml rmIL-23 and 400nM FICZ (Sigma); 

iTreg, 10ng/ml rmTGF-b1 and 2ng/ml IL-2. For inhibitor or metabolite treatments, DGAT1 

inhibitor (A922500, Tocris, 1μM), PPARγ inhibitor (T0070907, Selleckchem, 2 μM), 

arachidonic acid (Sigma, 10μM) or linoleic acid (Sigma, 10μM) was added to the Th17 

cell culture on day 1. Cells were harvested on day 3 for analysis by intracellular cytokine 

staining using Fixation/Permeabilization Solution Kit (BD) according to the manufacturer’s 

protocol. For restimulation, cells were stimulated by 50ng/ml PMA (Sigma), 1μg/ml 

ionomycin (Sigma) and GolgiPlug (BD) for 3–4h, then harvested for intracellular cytokine 

staining. For repolarization to Th1-like cells, Th17 or Th22 cells were harvested on day 

3, washed with RPMI 1640 medium, and stimulated by plate-coated anti-mouse CD3ε and 

CD28 antibodies with Th1 condition cytokines (20ng/ml rmIL-12p70 and 20ng/ml rmIL-23) 

for 24h.

T cell nucleofection

DGAT1 expression plasmid was constructed by inserting the murine Dgat1 gene in pMSCV 

backbone with mRFP1 driven by the IRES sequence (#33337, Addgene). Murine caCREB 

expression plasmid was constructed by fusing the VP16 transcription activation domain 

(#42499, Addgene) at the C terminus of murine Creb1 (#154942, Addgene) in the pCMV 

backbone with Flag tag at the N terminus of Creb1 ORF. Purified naïve CD4+ T cells were 

stimulated by Dynabeads Mouse T-Activator CD3/CD28 (Gibco) for 24h, then collected for 

nucleofection with P3 Primary Cell 4D-Nucleofector X Kit (Lonza) and program CM-137. 

Cells were cultured under Th17 polarization conditions for 36–40h followed by intracellular 

IL-17A staining and flow cytometry analysis. mRFP1+ or FLAG+ cells were gated to 

compare IL-17A+ cells between genotypes.

Cytokine detection

For cytokine detection from murine colonic tissue, 1cm distal colon was harvested 

and homogenized in PBS by TissueLyser LT. Supernatant was collected for use with 

LEGENDplex™ Mouse Inflammation Panel (BioLegend) and ELISA MAX™ Deluxe Set 

Mouse IL-22 kit (BioLegend). For T cell cytokine detection at different pH, in vitro 
polarized Th cells were harvested on day 3 and rested for 24h before restimulation by plate-

coated anti-mouse CD3ε and anti-mouse CD28 (2μg/ml each) in full RPMI 1640 medium 

with different pH adjusted by 1N HCl (Sigma). CREB inhibitor (666–15, Selleckchem, 

100nM) was used for inhibition in Th22 cells. Culture supernatants were collected after 
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24h stimulation, and cytokines were detected by Deluxe Set Mouse IL-17A, IFNγ, IL-22 

and TNF ELISA kits (BioLegend). For myeloid cell cytokine detection at different pH, 

BMDCs were harvested on day 7 after 20ng/ml GM-CSF (PeproTech) induction, then 

stimulated by 20ng/ml LPS in full RPMI 1640 medium with different pH adjusted by 1N 

HCl. Culture supernatants were collected after 4h (TNF and IL-12p40) or 24h (IL-10) 

stimulation, and cytokines were detected by Deluxe Set Mouse TNF, IL-12p40 and IL-10 

ELISA kits (BioLegend).

Single-cell RNA-sequencing

In vitro polarized Th17 and Th22 cells were prepared as above. Cells were harvested 

on day 3, validated for effective polarization and submitted for 10x genomics single-cell 

RNA-sequencing. In total, 8 libraries were prepared, with 2 replicates of each combination 

of genotype (KO, WT) and polarization condition (Th17, Th22).

Single-cell data analysis

Data processing and QC: Digital gene expression (DGE) matrices for each individual 

sample were obtained by aligning FASTQ sequence reads to the reference mm10 mouse 

transcriptome using CellRanger v5.0.1 (10x Genomics). Removal of cells with background 

or ambient RNA was done by processing the raw DGE matrix through CellBender (v0.2.0) 

package57. The filtered DGE count matrices of cell X UMI barcodes was processed, and 

poor-quality cells were identified and removed based on the following exclusion criteria: 

1) cells with <200 detected genes; 2) cells having outlier number of unique molecular 

identifiers (UMIs) >10,000; 3) cells having outlier number of identified genes >3000; and 

4) proportion of mitochondrial gene expression >10%. This removed 5.9% of cells, leaving 

104,660 cells for downstream analyses.

Normalization and integration: DGE matrices of each individual sample were merged 

and read-depth normalized using standard logTP10K normalization. Top 500 variable genes 

were identified using a LOESS regression method with the FindVariableFeatures in Seurat 

(v4.1.0). The normalized expression matrix was centered and adjusted for cell cycle scores 

(S phase and G2M phase) + nUMI + % mitochondrial gene expression. Principal component 

analysis was conducted on the residual scaled expression matrix, and top 30 eigenvectors 

explaining a substantial proportion of variance were considered for downstream analysis 

based on inspection of the elbow plot. Integration of sample-specific data was performed 

using the Harmony algorithm58, implemented by the RunHarmony function in Seurat 

(v4.1.0), by considering each individual library as a separate batch.

Clustering and visualization: Harmony-corrected loadings were used for construction 

of a k-NN graph using the FindNeighbors function (nn.method=rann, nn.eps=0.25, 

k.param=130 and dims=1:30). Subsequently the Louvain clustering algorithm was applied 

using FindClusters (method=matrix, n.start=10, resolution=0.4). Resulting clusters were 

visualized in the Uniform Manifold Approximation and Projection (UMAP) embedding 

space.
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Differential expression analysis: We used the MAST method, which fits a hurdle 

model to the normalized expression levels for each gene, to identify differentially expressed 

genes between any two conditions. We compared gene expression levels from cells 

identified in a given cluster with all the set of cells in the complement group (e.g. WT 

Th17 vs. KO Th17 for cluster 3).

Flux balance analysis

We inferred single-cell level metabolic state from single-cell transcriptome profiles 

using Compass (v0.9.10.2)59, a Flux Balance Analysis-based algorithm23 that utilizes 

prior knowledge of the metabolic network consisting of metabolic reactions, enzymes, 

stoichiometry and biochemical constraints. Compass estimates flux through the network 

of metabolic reactions, taking into input the observed expression levels of enzyme-coding 

transcripts in each cell.

We applied Compass to our scRNA-seq data, which was subset to have a maximum 2,500 

cells for each cluster. The total size of the subset data was 24,420 single cells with >2,300 

cells/sample. In total, we estimated scores for 6,410 metabolic reactions in >24,000 cells. 

We compared the difference between metabolic states of cells between any two conditions 

for each cluster by applying Wilcoxon’s rank sum test for estimated reaction scores and 

Cohen’s D test to estimate the effect size.

Lipidomics and metabolomics

In vitro polarized Th17 and Th22 cells were prepared as above. Cells were harvested on 

day 3, washed with PBS and pellets were snap frozen and stored at −80°C before treatment 

for detection. Cell profiling was performed leveraging liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method21. A C8-positive platform, which connected a Nexera 

X2 U-HPLC (Shimadzu Corp) to an Exactive Plus orbitrap mass spectrometer (Thermo 

Fisher Scientific), was used to measure polar and non-polar plasma lipids. Internal standard 

peak areas were monitored for quality control and to ensure system performance throughout 

analyses. Pooled Th17 and Th22 reference samples were inserted every 20 samples as an 

additional quality control. Untargeted data were processed using Progenesis QI software 

(Waters, Milford, MA) and TraceFinder 3.1 (Thermo Fisher Scientific, Waltham, MA) for 

automated LC-MS peak integration.

Dgat1 knockout

Dgat1 knockout in murine CD4+ T cells was performed by CRISPR-Cas9 

ribonucleoproteins (RNPs) transfection60. Briefly, murine Dgat1-targeting guide RNAs 

were designed by IDT and selected (5’-CCACCTGGATAGGATCCACC-3’). crRNA and 

tracrRNA oligos (IDT, 120μM) were annealed at 1:1 mole ratio by heating at 95°C for 5min 

and slowly cooled to 21°C, then gently mixed with Cas9 protein (PNA Bio, 30μM) at equal 

volumes followed by incubation at 37°C for 15min to form RNPs. Purified naïve CD4+ T 

cells were activated by plate-coated anti-CD3ε and anti-CD28 (2μg/ml each) antibodies for 

24h. 4×105 cells were collected and resuspended in 20μl primary cell nucleofection solution 

(P3 primary cell buffer, Lonza) with 2μl RNPs. Nucleofection was performed with program 

CM-137. Cells were rested for 16h, then cultured under Th17 polarization condition for 3 
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days. For intracellular staining of DGAT1 and cytokines, cells were fixed and permeabilized 

with BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit for 20min, blocked with 

2% BSA for 30min, then stained with DGAT1 (Abcam, ab181180, 1:400) and IL-17A 

antibodies (1:150) in Perm/Wash buffer with 2% FBS for 30min followed by Alexa fluor 

647 goat anti-rabbit IgG antibody (1:1000) for 30min. After washing, cells were detected by 

flow cytometry.

cAMP detection

cAMP was detected in T cells using LANCE Ultra cAMP kit (PerkinElmer) according to 

the manufacturer’s protocol. Briefly, T cells were harvested after 24h stimulation by 2μg/ml 

anti-mouse CD3ε/CD28 and resuspended at 2×106 cells/ml in RPMI 1640 medium (20mM 

HEPES, 0.1% BSA and 0.5mM IBMX) with neutral or low (6.8) pH adjusted by 1N HCl. 

Cells were transferred to white opaque 384-well microplates (20μl/well) and stimulated at 

37°C for 30min. 5μl/well Eu-cAMP tracer (1:33) followed by 5μl/well anti-cAMP antibody 

(1:100) was added to each well. The plate was incubated at 21°C in the dark for 1h 

before fluorescence was detected using SpectraMax M5 multi-mode microplate reader with 

SoftMax Pro6 (v6.2.1). Data were analyzed by GraphPad Prism (v8.0.2).

ACC1 activity detection

ACC1 activity was determined using the acetyl-CoA carboxylase microplate assay kit 

(MyBioSource, MBS8303295) according to the manual. Briefly, day 3 polarized Th17 cells 

were harvested, resuspended in assay buffer at 2.5×106 cells/ml, and sonicated with power 

20%, sonication 3s, interval 10s for 25 cycles. Supernatant was collected after centrifuge for 

detection. Absorbance at 635nm was measured by SpectraMax M5 multi-mode microplate 

reader with SoftMax Pro6 (v6.2.1). Data were analyzed by GraphPad Prism (v8.0.2).

CREB phosphorylation detection

For phospho-CREB detection by phospho-flow cytometry, 2×105 in vitro polarized 

Th17 cells were harvested on day 3, then fixed and permeabilized by BD Fixation/

Permeabilization Solution Kit. After washing, cells were stained with phospho-CREB 

(Ser133) (87G3) rabbit antibody (Cell Signaling, 1:400) at 21°C for 1h, then stained with 

AF647 goat anti-rabbit IgG antibody (1:1000) at 21°C in the dark for 1h. After washing, 

cells were resuspended in PBS and detected by flow cytometry. Data were analyzed using 

FlowJo (v10.7.1).

Substrate oxidation detection

Substrate oxidation detection was performed using Agilent Seahorse XFe96 analyzers 

according to the manufacturer’s instructions. Briefly, cells were harvested and treated 

in substrate-limited growth media (Seahorse XF RPMI Medium, pH 6.8 with 1% FBS, 

0.5 mM glucose, 1 mM glutamine and 0.5mM L-carnitine) for 18h, then changed to 

assay medium (Seahorse XF RPMI Medium, pH 7.4 with 2 mM glucose, and 0.5mM 

L-carnitine) and loaded in plates precoated with 0.015% poly-L-lysine at 1×105 cells/

well. Etomoxir (4μM) was added for 20min before palmitate was added for oxidation 

detection. Samples were mixed (3min) and measured (3min). Oligomycin (1.5μM), carbonyl 
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cyanide-4-(trifluoromethoxy) phenylhydrazone (1.5μM), and rotenone/antimycin (0.5μM) 

were injected at the indicated time points. Data were analyzed by Agilent Seahorse 

Analytics (2.6.1.56).

CD45RBhigh CD4+ T cell transfer model

Splenocytes were harvested from donor mice, and CD4+ T cells were enriched using 

EasySep™ Mouse CD4+ T Cell Isolation Kit (STEMCELL). Cells were blocked with anti-

CD16/CD32 antibodies (1:100) and stained with anti-mouse CD4 (1:200) and anti-mouse 

CD45RB (1:150) antibodies in MACS buffer at 4°C for 20min. After washing, cells were 

resuspended in MACS buffer with 7-AAD (BioLegend, 1:50) for sorting by BD FACSAria 

II with FACS Diva 6.1. The highest 40% of CD4+ CD45RB+ cells (CD45RBhigh) were 

sorted and resuspended at 2.5×106 cells/ml in PBS. 5×105 CD45RBhigh T cells were 

intraperitoneally injected per mouse. Mice were monitored weekly by weight and euthanized 

for phenotyping in week 8. Distal colon (1cm) was harvested for histopathology.

Antigen presentation assay

BMDCs were prepared from bone marrow cells by culturing with 20ng/ml GM-CSF 

(Peprotech) for 7 days. OVA-specific naïve CD4+ T cells were purified from splenocytes 

of OT-II mice with EasySep™ Mouse Naïve CD4+ T Cell Isolation Kit (STEMCELL). T 

cells were stained with CellTrace™ Far Red cell proliferation dye (Invitrogen) following 

manufacturer’s instructions. 2.5×104 BMDCs and 5×104 purified CD4+ T cells were 

mixed in full RPMI 1640 medium (200μl/well) with 100nM OVA 323–339 peptide 

(ISQAVHAAHAEINEAGR) or indicated amount of zymosan-conjugated OVA protein and 

1mM aminoguanidine hemisulfate. After 3 days co-culturing, supernatants were assayed 

for IL-17A, IFNγ, IL-22 and IL-2. Cells were harvested for proliferation (T cells) or 

surface expression of CD86 and pMHC-II (BMDCs) analysis by flow cytometry. To 

prepare zymosan-conjugated OVA, 20mg/ml zymosan (InvivoGen) was incubated in 8% 

glutaraldehyde (Sigma) for 1h, then conjugated with 1mg/ml ovalbumin for 1h at 21°C.

Lysosomal pH detection

BMDCs were harvested on day 7 after 20ng/ml GM-CSF induction. Conditions were 

untreated, treated with 20nM bafilomycin A1 or incubated in low (6.8) pH RPMI 1640 

adjusted by 1N HCl for 2h. Cells were then stained with 1μM LysoSensor™ Yellow/Blue 

DND-160 (Invitrogen) in culture medium at 37°C for 5min, washed and resuspended in PBS 

with 7-AAD (1:50) for flow analysis by BD LSR II with FACS Diva 6.1.

DQ-BSA degradation assay

Polybead® Amino Microspheres (3.00μm, Polysciences) were conjugated with DQ-BSA and 

Alexa Fluor 647 by first treating with 8% glutaraldehyde in PBS at 21°C overnight with 

rotation. Polybeads were then incubated with 100μg DQ Red-BSA protein (Invitrogen) for 

3h. After washing, polybeads were conjugated with 2μl Alexa Fluor 647 NHS ester dye 

(10mg/ml) in 200μl 0.1M NaHCO3 buffer at 21°C for 3h. Polybeads were resuspended 

in original volume of PBS for later use. BMDCs were harvested on day 7 after GM-CSF 

induction and seeded at 0.5×105 cells/well in 96-U bottom plates. BMDCs were untreated or 
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treated with 20nM bafilomycin A1 or 20ng/ml LPS in full RPMI 1640 medium with neutral 

or acidic (6.8) pH for 2h. DQ-Red BSA and AF647 conjugated polybeads were then added 

at ratio of 10:1 (beads:cells) for 1h. BMDCs were harvested and stained with cell viability 

dye and anti-mouse CD11c antibody (1:100) for flow cytometry detection.

For microscopy-based detection, BMDCs were treated as above, then 3μg/ml AF647-BSA 

and 3μg/ml DQ-Red BSA were added for 1h. Cells were washed, fixed for DAPI staining, 

imaged with ImageXpress Micro confocal microscope with MetaXpress (v6.2.3), and 

processed and analyzed using Image J (v1.53, NIH, USA) and Image Pro Plus (v6.0, Media 

Cybernetics).

Endo-lysosome fusion assay

BMDCs were harvested on day 7 after GM-CSF induction, seeded in chamber slides 

(Thermo Scientific) and rested overnight. BMDCs were incubated with 50μg/ml AF647-

dextran for 1h or 50μg/ml AF594-BSA for 2h and then untreated or treated with 20ng/ml 

LPS in full RPMI 1640 medium with neutral or acidic (6.8) pH at 37°C for 1–2h. 

After washing, AF647-dextran treated cells were stained with Lysotracker Red DND-99 

(Invitrogen) at 37°C for 10min, fixed in 2% PFA at 21°C for 10min and stained with 

DAPI for imaging. AF594-BSA treated cells were fixed in 4% PFA at 21°C for 20min, 

blocked with 2% BSA in PBS with 0.1% Triton X-100 for 1h then stained with anti-mouse 

LAMP1-AF647 antibody (BioLegend, 1:150) in PBS with 0.1% TritonX-100 for 1h. After 

washing, cells were stained with DAPI. Images were captured with Nikon A1R confocal 

microscope with NIS-Elements AR (v5.21), then processed and analyzed using Image J 

(v1.53) and Image Pro Plus (v6.0).

pMHC-II complex half-life assay

BMDCs were incubated with 100nM OT-II peptide for 2h and biotinylated with 1mM NHS-

Biotin (Sigma) in PBS (pH8.0) at 10×106 cells/ml at 21°C for 30min. Cells were washed 

with 25mM glycine in PBS and kept in full RPMI 1640 medium for 30min. Biotinylated 

BMDCs were unstimulated or stimulated with 20ng/ml LPS in full RPMI 1640 medium 

with low (6.8) pH for 4h. 2×106 cells were harvested and lysed in RIPA buffer on ice 

for 20min. Cell lysis supernatant was used for immunoprecipitation with 40μl protein A/G 

magnetic beads (Millipore) and 4μg anti-mouse MHC-II Y-3P antibody (BioXcell). Beads 

were stained with streptavidin-AF647 and detected by flow cytometry. Data were analyzed 

by FlowJo (v10.7.1).

qPCR

Colonic tissue was homogenized with TissueLyser LT. RNA was extracted from tissue or 

cells using RNeasy Plus Mini Kit (Qiagen) and reverse-transcribed using iScript cDNA 

Synthesis kit (Bio-Rad). Relative mRNA levels were detected using iTaq Universal SYBR 

Green Supermix (Bio-Rad) and quantified with the ΔΔCt method using Gapdh or Actb 
as the internal control. qPCR was run on a CF384 Real-Time system (C1000 Touch 

Thermal Cycler) with Bio-Rad CFX Manager 3.1. qPCR primer sequences are provided 

in Supplementary Table 2.
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Statistics

Data were analyzed in GraphPad Prism 8 (v8.0.2). Data distribution was presumed to be 

normal but this was not formally tested. Statistical analyses were performed as indicated 

in the legends. Sample sizes and P values are provided in the figures. No statistical 

methods were used to pre-determine sample sizes, but our sample sizes are similar to those 

previously reported10, 21, 32 and provided sufficient power for statistical analysis. All error 

bars represent standard error of the mean (SEM), and bars represent mean in all scatter 

plots with bar. No data were excluded from the analyses. Mice were randomly assigned to 

experimental groups where applicable. Data collection and analysis were performed in a 

blinded manner whenever possible. Data analysis was not blinded for experiments grouped 

by genotype due to the experimental design, but unbiased quantification were applied to 

obtain the results. Blinding was performed for lipidomic data collection, and investigators 

were blinded to group allocation.
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Extended Data

Extended Data Figure 1. GPR65 I231L mice generated by CRISPR-Cas9 have no evident colitis-
related phenotypes at steady state.
(a) Design of GPR65 I231L knock-in by the CRISPR-Cas9 system. Gpr65 gene sequence 

from NCBI database is shown with annotated sgRNA target sequences and protospacer 

adjacent motif (PAM) and mutation sites. Mutated alleles are highlighted. (b) Alignment 

of the sequencing data of WT and I231L mice. Mutated alleles are highlighted. (c) Gating 

strategy of immune populations in the small intestinal lamina propria. (d,e) Statistical 

analysis of immune populations in the small intestinal lamina propria (SI LP) and colonic 
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lamina propria (Co LP) of WT (n=3) and I231L (n=3) mice. Data are mean values. P values 

determined by unpaired two-tailed t-test; ns, not significant.

Extended Data Figure 2. GPR65 I231L mice are more susceptible to bacterial infection-induced 
colitis.
(a,b) Colony forming units (CFU) in the stool (a) and body weight changes (b) of mice 

during C. rodentium infection. nWT=6; nI231L=7; nKO=6 mice. (c) H&E-stained sections of 

distal colon from mice on day 3 after Citrobacter infection. Representative images from one 

of two independent experiments. Scale bar, 0.5mm. (d) Statistical analysis of myeloid and 
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CD4+ T cells in the colonic LP on day 12 after C. rodentium infection. nWT=6; nI231L=7; 

nKO=6 mice. (e) Cytokine producing CD4+ T cells in the mLN from WT (n=6), I231L (n=6) 

and KO (n=6) mice on day 12 after infection. (f,g) Cytokine profiles of colonic tissue from 

C. rodentium-infected mice detected by qPCR (f) and multiplex bead-based cytokine assay 

(g). n=4 mice per genotype (f); nWT=6; nI231L=7; nKO=6 mice (g). (h-j) CFU, body weight 

change and colonic H&E histology of WT (n=7), I231L (n=7) or KO (n=7) CD4+ T cell-

transferred mice after Citrobacter infection. CFUs in colon tissue and H&E staining were 

performed on day 12. (k,l) Immunophenotyping of CD4+ T cells and inflammatory innate 

immune cells in the mLN or colon LP on day 12 after infection. n=7 mice per genotype. 

(m) Cytokine profiles of colonic tissue on day 12 were detected by qPCR. n=4 mice per 

genotype. Scale bar, 0.5mm (c,j). Data represent at least two independent experiments. Data 

are mean values (a,b,d-i,k-m) + SEM (a,b,h,i). P values determined by unpaired two-tailed 

t-test; ns, not significant.
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Extended Data Figure 3. GPR65 regulates Th17 differentiation.
(a) Flow profiles of cell viability of CD4+ T cells after 48h and 72h of ex vivo culturing 

without stimulation. (b) Flow profiles of divided CD4+ T cells after 48h and 72h of 

stimulation with anti-CD3/CD28 dynabeads. (c) In vitro polarization of different Th cells 

(Th1, Th2, non-pathogenic Th17, pathogenic Th17) and induced Tregs. (d) Cytokine 

responses to different pH stimulation in Th22 cells polarized in vitro. Intracellular cytokine 

staining and qPCR were performed after restimulation of resting day 3-polarized Th22 cells 

by anti-CD3ε and anti-CD28 antibodies for 24h. (e) Il17a and Rorc expression in polarized 
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Th17 cells and Il22 and Ahr expression in polarized Th22 cells detected by qPCR. Data 

are mean values (c-e). n=4 biological replicates for each group (c-e). P values determined 

by unpaired two-tailed t-test; ns, not significant. Data represent at least two independent 

experiments.

Extended Data Figure 4. Single-cell RNA-seq profiling in in vitro polarized Th17 and Th22 cells.
(a,b) UMAP embeddings of single-cell RNA-sequencing profiles from in vitro polarized 

Th17 and Th22 cells (a). Expression of differential genes across cells reveal the features 
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of different clusters (b). (c) Enrichment of gene ontology metabolic signature scores in 

cluster 2 single-cell transcriptomes for Th17 and Th22. (d) Flux balance analysis to predict 

activity of various metabolic processes. Dots denote single biochemical reactions in different 

metabolisms, and only core biochemical reactions are shown.

Extended Data Figure 5. Differential expression of genes related to metabolic pathways.
(a) Volcano plots show differential expression of genes related 

to oxidative phosphorylation (HALLMARK_OXIDATIVE_PHOSPHORYLATION), 

glycolysis (HALLMARK_GLYCOLYSIS), ATP metabolic process 

(GO_ATP_METABOLIC_PROCESS) and cellular amide metabolic process 

(GO_CELLULAR_AMIDE_METABOLIC_PROCESS) in polarized Th17 and Th22 cells 

(KO versus WT). (b) Dot plot shows the differential expression of genes related to different 

metabolic processes in all single-cell transcriptomes. (c) qPCR validation of differential 

gene expression in I231L Th17 and Th22 cells. Data are mean values from two independent 
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experiments. n=4 biological replicates for each group. P values determined by unpaired 

two-tailed t-test; ns, not significant.

Extended Data Figure 6. Metabolomics analysis in polarized Th17 and Th22 cells.
Heatmap shows all 160 lipid metabolites detected in lipidomics.
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Extended Data Figure 7. GPR65 I231L exacerbates T cell-driven colitis.
(a) Body weight changes of Rag1 KO mice after transfer of Gpr65 WT, I231L or KO (n=6 

per genotype) CD45RBhigh CD4+ T cells. (b) Colon length of mice (n=6 per genotype) 

in (a) after colitis induction. (c) H&E-stained sections of distal colon from mice with T 

cell-driven colitis. Representative images from one of two independent experiments. Scale 

bar, 0.5mm. (d) Proportion analysis of cytokine producing CD4+ T cells in mLN and colonic 

LP of mice (n=6 per genotype) in (a) after colitis induction. (e) Cytokine profiles (IFNγ, 

IL-17A, IL-22) of colonic tissue from mice (n=4 per genotype) with colitis detected by 

multiplex bead-based cytokine assay. (f) Cytokine profiles (IFNγ, IL-17A, IL-22) of colonic 

tissue from mice (n=4 per genotype) with T cell-driven colitis detected by qPCR. One dot 

denotes one biological replicate (d-f). (G) Gating strategy of immune populations in the 

colonic lamina propria. Data are mean values (a,b,d-f) + SEM (a). P values determined 
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by unpaired two-tailed t-test; ns, not significant. Data represent at least two independent 

experiments.

Extended Data Figure 8. GPR65 I231L enhances antigen presentation to CD4+ T cell by 
dendritic cells.
(a,b) BMDC:OT-II T cell co-culturing-based antigen presentation assay. Cell numbers of 

OT-II CD4+ T cells (a) and IL-2 cytokine in the culture supernatant (b) on day 3 after 

co-culturing are shown. n=5 (WT), n=3 (I231L) and n=2 (KO) biological replicates (a); n=4 

for each group (b). (c,d) BMDCs incubated with both DQ-Red BSA and AF647-BSA with 

or without treatment. Cells were treated with LPS (20ng/ml) for 2h and then incubated with 

DQ-Red BSA (3μg/ml) and AF647-BSA (3μg/ml) for 1h before imaging. Representative 

images from one of two independent experiments are shown (c). Scale bar, 10μm. Statistical 

analysis of the ratio of DQ-Red BSA and AF647 fluorescence intensity (d). nWT=39, 

nI231L=28, nKO=24 (NT); nWT=27, nI231L=20, nKO=20 (LPS); nWT=26, nI231L=19, nKO=20 

(LPS+pH6.8); nWT=21, nI231L=18, nKO=14 (Baf A1) cells. Data are mean values (a,b,d) 

+ SEM (a,b). P values determined by unpaired two-tailed t-test; ns, not significant. Data 

represent at least two independent experiments.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPR65 I231L exacerbates bacterial infection-induced colitis.
(a,b) Colony-forming units (CFU) in the colon and stool (a) and colon length (b) on day 12 

after C. rodentium infection. (c) H&E-stained sections of distal colon from infected mice. 

Representative images from one of two independent experiments. (d,e) Immunophenotyping 

of neutrophils (CD11b+Ly6G+) and inflammatory monocytes (CD11b+Ly6C+) in the colonic 

lamina propria (LP). (f, g) Cytokine profiles of CD4+ T cells from the colonic LP on day 

12 after infection. (h) IL-17A ELISPOT profiles of cells isolated from the mesenteric lymph 

node (mLN) on day 7 after infection. (i) IL-17A and IL-22 production from mLN cells with 

or without Citrobacter peptide stimulation as in (h). (j) Cytokine profiles of colonic tissue 

from infected mice. Scale bar, 0.5mm. Data are mean values (a,b,e,g-j). nWT=6; nI231L=7; 
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nKO=6 mice (a,b,e,j). nWT=6; nI231L=5; nKO=5 mice (g,i). nWT=4; nI231L=3; nKO=3 mice 

(h). P values determined by unpaired two-tailed t-test; ns, not significant. Data represent at 

least two independent experiments.
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Figure 2. GPR65 I231L affects Th17 and Th22 polarization and pH-dependent release of IL-22.
(a,b) In vitro polarization of Th17 and Th22 cells from CD4+ T cells. Cytokines from 

culture supernatants were detected. (c) Cytokine profiles of IL-17A- and/or IL-22-producing 

Th cells from the small intestinal LP at homeostasis. (d) GPR65 expression levels by 

GFP mean fluorescence intensity (MFI) in Th subsets as in (c). IRES-EGFP sequences 

replaced exon 2 coding sequence under Gpr65 promoters in KO mice. (e,f) Th17 and Th22 

cell repolarization under Th1 polarization conditions. (g) Cytokine responses to pH and 

prostaglandin E2 (PGE2, 0.5μM) in Th cells polarized in vitro. IL-22, IL-17A, IFNγ, TNF 
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measured from culture supernatants of Th22, Th17, Th1 and Th0 cells, respectively, after 

restimulation. Data are mean values (a-d,f,g). n=4 biological replicates per group (a-d,f,g). 

P values determined by unpaired two-tailed t-test; ns, not significant. Data represent at least 

two independent experiments.
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Figure 3. Single-cell RNA-sequencing reveals cellular metabolism changes in Gpr65-null Th17 
and Th22 cells.
(a) Uniform manifold approximation and projection (UMAP) embeddings of 

single-cell RNA-sequencing profiles from in vitro polarized Th17 (nWT=22,281; 

nKO=29,102) and Th22 (nWT=27,423; nKO=25,854) cells. Expression of Il17a, Il17f 
and Il22 and proportion of different clusters are shown. Hash marks cluster 2. 

(b) Enrichment of gene ontology biological processes signature scores in cluster 

2 transcriptomes. (c) Differential expression (KO versus WT) of genes related 
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to lipid metabolism (REACTOME_METABOLISM_OF_LIPIDS) and amino acid 

metabolism (REACTOME_METABOLISM_OF_AMINO_ACIDS_AND_DERIVATIVES). 

(d) Differential expression of genes related to metabolic processes in cluster 2 

transcriptomes. (e) qPCR validation of differential gene expression. Data are mean values 

representing two independent experiments. n=4 biological replicates for each group. P 

values determined by unpaired two-tailed t-test; ns, not significant.
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Figure 4. Fatty acid composition and triacylglyceride storage changes in Gpr65-null Th17 and 
Th22 cells.
(a) Differential metabolites from lipidomic analysis of in vitro polarized Th17 and Th22 

cells. See Extended Data Fig. 6 for all lipid metabolites. (b) Left, Fatty acid side chain 

distribution in all detected TAGs and TAGs decreased in KO cells. Right, PUFA lipids in 

TAGs decreased in KO cells. (c,d) In vitro polarization of Th22 cells treated with PUFAs 

(10μM arachidonic or linoleic acid, c) or PPARγ inhibitor (2μM PPARγi, d) on day 1. 

Intracellular cytokine analysis, IL-22 detection in culture supernatant and qPCR performed 
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on day 3. (e) IL-22 production 24h after treatment with CREB inhibitor (CREBi, 100nM) at 

low pH. Data are mean values representing at least two independent experiments (c-e). n=3 

(IL-22+ in c) or n=4 biological replicates per group (c-e). P values determined by unpaired 

two-tailed t-test; ns, not significant.
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Figure 5. GPR65 I231L modulates Th17 differentiation through the cAMP-CREB-DGAT1 axis.
(a,b) Th17 polarization with DGAT1 inhibitor (DGAT1i, 1μM) (a) or DGAT1 KO 

(b). Intracellular cytokine or DGAT1 staining profiles (day 3) and culture supernatant 

IL-17A shown. n=4 biological replicates per group. (c) Th17 polarization with DGAT1 

overexpression. Naïve CD4+ T cells transfected (day 1) and stained for intracellular 

cytokines (day 3). Cells pre-gated by DGAT1 expression (mRFP1+). n=3 biological 

replicates per group. (d) Phosphoflow of phospho-CREB (S133) on day 3 of Th17 

polarization. n=4 biological replicates per group. (e,f) cAMP level (e) and CREB 

phosphorylation (f) in Th0 cells under neutral or acidic pH (30min). n=4 (pH 7.4) or n=5 
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(pH 6.8) biological replicates per group (e); n=4 biological replicates per group (f). (g) 
Dgat1 expression by qPCR in Th17 cells under neutral or acidic pH (2h). n=3 biological 

replicates per group. (h) Th17 polarization with constitutively active CREB (caCREB). 

Cells prepared as in (c) and pre-gated by caCREB expression (Flag+). n=3 (vector) or n=4 

(caCREB) biological replicates per group. (i) ACC1 activity in day 3 polarized Th17 cells. 

n=4 biological replicates per group. (j-m) CD4+ T cells stimulated under Th17 polarization 

condition (24h), then treated in substrate-limited growth media (18h). Cells pretreated 

with etomoxir (Eto, 4μM) before palmitate oxidation detection (j). OCRs monitored after 

oligomycin (Oligo, 1.5μM), carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 

1.5μM), and rotenone and antimycin A (Rot/AA, 0.5μM) addition. Basal (k) and maximal 

respiration (l) OCR quantified. Mitochondrial respiration detected in day 2 polarized Th17 

cells without pretreatments (m). n=4 (j,k,m) and n=3 (l) biological replicates per group. (n,o) 
ECAR monitored as in (m), and basal ECAR quantified. n=4 biological replicates per group. 

Data are mean values (a-o) ±SD (j,m,n). P values determined by unpaired two-tailed t-test; 

ns, not significant. Data represent at least two independent experiments.
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Figure 6. GPR65 I231L promotes T cell-driven colitis with elevated inflammatory cytokine 
release.
(a,b) Body weight changes (a) and colon length (b) of WT, I231L and KO mice (Rag1 KO 

background) after transfer of WT CD4+ T cells. (c) H&E-stained sections of distal colon 

from mice with T cell-driven colitis. Representative images from one of two independent 

experiments. Scale bar, 0.5mm. (d) Quantification of myeloid and CD4+ T cells in the 

colonic LP of mice in (a) 8 weeks after colitis induction. (e,f) Cytokine profiles of colonic 

tissue detected by multiplex bead-based cytokine assay (e) and qPCR (f). (g) Cytokine 

responses of WT, I231L and KO BMDCs under different pH and PGE2 (0.5μM) stimulation 

upon activation by LPS (20ng/ml). Data are mean values (a,b,d-g) + SEM (a). nWT=7; 

nI231L=6; nKO=8 mice (a). nWT=7; nI231L=6; nKO=7 mice (b,d,e). nWT=4; nI231L=4; nKO=4 

mice (f,g). P values determined by unpaired two-tailed t-test; ns, not significant. Data 

represent at least two independent experiments.
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Figure 7. GPR65 I231L enhances antigen presentation in dendritic cells by influencing endo-
lysosomal fusion and degradation capacity.
(a) Representative profiles of divided OT-II T cells in a BMDC:OT-II T cell co-culturing-

based antigen presentation assay (day 3). (b,c) Cytokines in culture supernatants (b), 

pMHC-II complex and CD86 expression in BMDCs (c) from assay in (a). n=4 (b) and 

n=3 (c) biological replicates per group. (d) Ratio of dual emissions from pH indicator 

LysoSensor Yellow/Blue. Lower Y/B ratio indicates increased pH. NT, no treatment; Baf 

A1, bafilomycin A1 (20nM, 2h), a specific V-ATPase inhibitor that blocks lysosomal 

acidification, serves as a control. n=4 (WT) and n=3 (I231L, KO) biological replicates 

per condition. (e,f) Endocytosis and protein degradation in BMDCs treated with DQ-Red 

BSA and Alexa Fluor 647 dye conjugated fluorescent beads monitored by flow cytometry. 

Representative flow profiles of BMDCs incubated with beads without other treatment (e). 

Statistical analysis of endocytosis in BMDCs indicated by beads+ percentage and proteolytic 

capacity indicated by ratio of DQ-Red BSA and AF647 fluorescence intensities; n=4 

biological replicates per group (f). (g,h) Endo-lysosome fusion in BMDCs detected by 
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microscopy. Representative images of BMDCs treated with LPS at low pH from one of three 

independent experiments. At least 6 fields were analyzed for each group. nWT=43, nKO=21 

(NT); nWT=40, nI231L=33, nKO=34 (LPS); nWT=34, nI231L=36, nKO=46 (LPS+pH6.8) cells 

(g). nWT=38, nI231L=26, nKO=40 cells (h). Statistical analysis of endosome and lysosome 

colocalization indicated by Pearson correlation coefficient. Scale bar, 4.2μm. Blue, DAPI. 

(i) Half-life of pMHC-II complex monitored by flow cytometry. pMHC-II complex was 

enriched by immunoprecipitation from BMDCs after surface biotinylation with or without 

chase for 4h, then detected with AF647- streptavidin. Data are mean values (b-d,f-h). P 

values determined by unpaired two-tailed t-test; ns, not significant. Representative data from 

at least two independent experiments.
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