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Abstract

GPR65 (TDAGS) is a proton-sensing G protein-coupled receptor predominantly expressed

in immune cells. Genome-wide association studies (GWAS) have identified GPR65 gene
polymorphisms as an emerging risk factor for the development of inflammatory bowel disease
(IBD). Patients with IBD have an elevated risk of developing colorectal cancer when compared
to the general population. To study the role of GPR65 in intestinal inflammation and colitis-
associated colorectal cancer (CAC), colitis and CAC were induced in GPR65 knockout (KO)
and wild-type (WT) mice using dextran sulfate sodium (DSS) and azoxymethane (AOM)/DSS,
respectively. Disease severity parameters such as fecal score, colon shortening, histopathology,
and mesenteric lymph node enlargement were aggravated in GPR65 KO mice compared to
WT mice treated with DSS. Elevated leukocyte infiltration and fibrosis were observed in the
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inflamed colon of GPR65 KO when compared to WT mice which may represent a cellular
mechanism for the observed exacerbation of intestinal inflammation. In line with high expression
of GPR65 in infiltrated leukocytes, GPR65 gene expression was increased in inflamed intestinal
tissue samples of IBD patients compared to normal intestinal tissues. Moreover, colitis-associated
colorectal cancer development was higher in GPR65 KO mice than WT mice when treated with
AOM/DSS. Altogether, our data demonstrate that GPR65 suppresses intestinal inflammation and
colitis-associated tumor development in murine colitis and CAC models, suggesting potentiation
of GPR65 with agonists may have an anti-inflammatory therapeutic effect in IBD and reduce the
risk of developing colitis-associated colorectal cancer.
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1. Introduction

Genome-wide association studies (GWAS) have discovered numerous genetic risk loci

for chronic inflammatory diseases. Large-scale GWAS studies have identified GPR65

(also known as T-cell death-associated gene 8, TDAGS) as a susceptibility candidate

gene for several human chronic inflammatory diseases such as multiple sclerosis, asthma,
spondylarthritis, and inflammatory bowel disease (IBD) [1-4]. The GPR65 gene locus

is also associated with IBD susceptibility in mice [5]. GPR65-deficient mice are more
susceptible to bacteria-induced colitis and an IBD-associated GPR65 genetic variant (1231L)
confers reduced GPR65 signaling activity as well as impaired lysosomal function [6].
Moreover, GPR65 deficiency increases intestinal inflammation in murine IBD models [7].
These data suggest GPR65 activation could inhibit inflammation in certain diseases such as
IBD.

GPR65 (TDAGS) was initially identified as a gene upregulated during T cell activation

and apoptosis [8, 9]. GPR65 is highly expressed in leukocytes and leukocyte-rich tissues
such as the spleen, lymph nodes, and thymus. Biochemically, GPR65 can be activated

by acidic extracellular pH through the protonation of several histidine residues on the
receptor extracellular domains and transduce downstream signals through the Gg/cAMP and
G12/13/Rho GTPase pathways [10-18].

It has long been observed that the inflammatory loci can be more acidic than non-inflamed
tissues and that acidic pH can alter the function of inflammatory cells, vascular cells, and
other stromal cells [13, 17, 19-26]. The ways in which immune cells sense extracellular
pH within inflamed microenvironments and subsequently alter their phenotypes have

only recently been investigated. The role of GPR65 activation by inflammation-associated
acidosis has been investigated both /n vitroand /n vivo. Functionally, both pro- and anti-
inflammatory effects of GPR65 have been described [3, 6, 10, 12, 16, 27-31]. GPR65 has
been reported to impede proinflammatory profiles of primary murine macrophages, T cells,
and microglia [10, 12, 29, 32]. Investigation of GPR65 in animal models of acute lung
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injury, arthritis, myocardial infarction, and colitis have indicated GPR65 functions to inhibit
inflammation in a variety of inflammatory diseases [6, 16, 30, 31].

IBD is a broad term covering both Crohn’s disease (CrD) and ulcerative colitis (UC) [33].
IBD is characterized by recurrent, aberrant inflammation within the intestinal tissue. These
two disease forms are distinct yet have overlapping clinical and histopathological features.
The exact etiology is unknown; however, a complex interaction between immunologic,
environmental, and genetic constituents is believed to contribute to the disease onset and
progression. Chronic inflammation associated with IBD is a key player in modulating the
intestinal microenvironment leading to colorectal cancer development [34]. As such, IBD
patients have a higher risk of developing colorectal cancer than the general population [35].

As aberrant GPR65 function is associated with IBD in patients [4, 6], we sought to utilize
the dextran sulfate sodium (DSS)-induced colitis mouse model and the azoxymethane
(AOM)/DSS-induced colitis-associated colorectal cancer (CAC) mouse model to evaluate
the role of GPR65 in intestinal inflammation and CAC development. Our results
demonstrate that GPR65 is protective against colonic inflammation, IBD associated
complications, and CAC development.

2. Materials and Methods

2.1. Dextran sulfate sodium (DSS)-induced colitis mouse model

Male and female wild-type (WT) and GPR65 knockout (KO) mice at 9 weeks old

were used in the experiments. GPR65 KO mice were generated as previously described

[36] and backcrossed 9 generations into the C57BL/6J background. Animals were
maintained under specific pathogen-free conditions and were free from exogenous murine
viruses, Helicobacter, ectoparasites, and endoparasites. Mice were housed in an AAALAC-
accredited facility under environmental conditions of a 12:12 light/dark cycle, temperature at
22 + 1 °C and relative humidity range of 30-70%. Mice were group housed in microisolator
cages and provided with autoclaved tap water and pelleted diet (ProLab 2000, St. Louis,
MO) ad libitum. Colitis was induced using 3% (w/v) colitis grade dextran sulfate sodium
(DSS) with molecular weight 36,000-50,000 Da (Lot# Q1408, MP Biomedical, Solon, OH)
within the drinking water of mice [25, 37]. The 3% DSS solution or water was provided to
mice ad libitum. In order to recapitulate human disease relapse and remission, mice were
given 3% DSS for 4 cycles. Each cycle constituted 5 days of 3% DSS followed by 2 days

of water. Following the fourth cycle, water was switched back to 3% DSS for 2 final days.
Mouse body weight and clinical phenotype scores were measured each day. All animal
experiments were performed according to the randomized block experimental design [25].
The mouse experiments were approved by the Institutional Animal Care and Use Committee
of East Carolina University in accordance with the Guide for the Care and Use of Laboratory
Animals (The National Academies Press).
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2.2. Azoxymethane (AOM) and dextran sulfate sodium (DSS)-induced colitis associated
colorectal cancer mouse model

Experiments were performed using 9 to 12 weeks old male and female WT and GPR65

KO mice. Mice were backcrossed 9-10 generations into the C57BL/6J background. Colitis-
associated colorectal cancer was induced in mice using a single Zp. injection (10mg/kg) of
azoxymethane (AOM, product# A5486, Sigma-Aldrich, Saint Louis, MO) followed by 4%
(w/v) DSS (Lot# Q5229 and S0948, MP Biomedical, Solon, OH) in drinking water. The
treatment schedule was adapted from previously described [38] in which mice were given
4% DSS in water for 3 cycles. Each cycle constituted 5 days of 4% DSS followed by 16
days of water. Following the third cycle, mice were given water for the remaining period to
the endpoint on the 13-14™ week. Mouse body weight was measured each day for the first
14 days of each cycle. All animal experiments were performed according to the randomized
block experimental design [25].

2.3. Clinical phenotype scoring

Colitis severity was evaluated using the clinical parameters of body weight loss and

fecal score [25]. Disease activity index represented by body weight loss percentage, fecal
score, colon shortening, lymph node expansion and spleen weight was measured to assess
inflammation in WT and GPR65 mice treated with DSS or AOM/DSS. Feces was collected
from mice and assessed for presence of blood and consistency. Fecal scoring system
consisted of the following: 0= normal, dry, firm pellet; 1= formed soft pellet with negative
hemoccult test, 2= formed soft pellet with positive hemoccult test; 3= formed soft pellet
with visual blood; 4= liquid diarrhea with visual blood; 5= no colonic fecal content and
bloody mucus upon necropsy [25]. Presence of micro blood content was measured using the
Hemoccult Single Slides screening test (Beckman Coulter, Brea, CA).

2.4. Tissue collection, evaluation, and processing

2.5.

Upon the study endpoint, mice were euthanized followed by necropsy. Colon length was
measured from the ileocecal junction to anus. Colon was then removed from cecum and the
colon lumen was cleared of fecal content by washing with phosphate buffer saline (PBS)
and then opened along the anti-mesenteric border. The colon tissue was then fixed with

10% buffered formalin and cut evenly into distal, mid, and proximal sections for histologic
evaluation. The mesenteric lymph node and tumor polyps were collected for histological
analysis and the volume was assessed with a caliper using the formula (length x width?)

1t/6 [25]. Lymph nodes and colon tissues were then fixed with 10% formalin for histological
analysis. Mouse spleens were also collected and weighed.

Histopathological analysis

Five um sections of distal, middle, and proximal colon tissue segments were obtained from
WT and GPR65 KO mice treated with DSS or AOM/DSS and stained with hematoxylin

and eosin (H&E) for histological analysis. Sample identification was concealed during
histopathological analysis for unbiased evaluation. Board certified medical pathologists
(S.S., D.D. & H.H.) evaluated colitis histopathological features including inflammation,
crypt damage, edema, architectural distortion, and leukocyte infiltration in a blinded manner
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as previously described [25, 39, 40]. Each parameter was scored and multiplied by a factor
corresponding to total disease involvement. Additional scoring criteria of colonic fibrosis
were evaluated as previously described [41]. Briefly, colon segments of WT and GPR65
KO mice treated with DSS or AOM/DSS were stained with picrosirius red and Masson’s
Trichrome for fibrosis analysis and graded in a blinded manner for pathological fibrosis.
Severity of fibrosis was included as one of the parameters of the histopathological score.

2.6. Immunohistochemistry

Colon tissues and mesenteric lymph nodes were embedded in paraffin and serial five um
sections were evaluated for immunohistochemical analysis as previously described [25].
Briefly, antigen retrieval was performed of colon and mesenteric lymph node sections
followed by endogenous peroxidase blocking. Tissue segments were blocked with normal
serum and stained with anti-Green Florescence Protein (GFP) (Abcam, ab6673, Cambridge,
MA), anti-F4/80 (Invitrogen, SP115, Waltham, MA), anti-CD3 (Sigma, St. Louis, MO),
anti-CD45 (Abcam, ab25386, Cambridge, MA), and anti-aSMA (Sigma, St. Louis, MO)
primary antibodies. The IHC detection system HRP-DAB Cell and Tissue staining kit (R&D
Systems, Minneapolis, MN) or Superpicture 3'd Gen IHC Detection system (Invitrogen,
Waltham, MA) were used. Following addition of secondary antibody, DAB (3,3’ —
diaminobenzidine) incubation was performed for HRP detection. Pictures were taken using
the Zeiss Axio Imager M2 microscope.

2.7. Isolated lymphoid follicle quantification

Serial tissue sections of the colons were stained with H&E. Distal, middle, and proximal
colon segments were scanned using a light microscope with 4x and 10x objectives in a
blinded manner and isolated lymphoid follicles (ILFs) were counted. Colon segments were
measured using a caliper for length in centimeters. Data are presented as ILFs/centimeter
(cm).

2.8. Leukocyte quantification

Distal colon tissue segments were randomly selected from WT and GPR65 mice treated
with DSS or AOM/DSS. Slides from WT and GPR65 KO DSS-treated mouse colons were
stained for macrophage F4/80 and T cell CD3 markers. Slides from AOM/DSS-treated WT
and GPR65 KO mouse colons were stained for the pan leukocyte marker CD45. Picture
were taken (/7=8-12) sequentially starting from the anus of the distal segment of the colon
at 400x magnification. Positively stained immune cells were manually quantified using
ImageJ software per high power field of view (FOV) and then averaged per mouse. H&E
slides for WT and GPR65 KO DSS mice were used to quantify neutrophils based on

the characteristic polymorphonuclear morphology. The sample identification was concealed
during cell counting and scoring.

2.9. Real-time RT-PCR

Real-time RT-PCR was performed as previously described using the TagMan pre-
designed primer-probe sets for p-actin (Hs01060665_g1), GPR65 (Hs00269247_s1), TNFa
(Hs00174128_m1), and IFNy (Hs00989291_m1) [25]. Crohn’s and colitis cDNA array
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were purchased from Origene Technologies (Catalog #CCRT102, Rockville, MD) to assess
GPR&65 gene expression in human inflammatory bowel disease lesions compared to non-
inflamed intestinal tissues. Intestinal inflammation, including leukocyte infiltration, was
verified by accompanied histopathological analyses of the samples provided by the vendor.
All sample information can be found in a previous report [25].

2.10. Statistical analysis

All statistical analysis was performed using the GraphPad Prism software. The unpaired t-
test and the Mann-Whitney test were used to compare differences between two groups (WT
vs. GPR65 KO). Correlation of gene expression was determined by the linear regression
analysis. £< 0.05 is considered statistically significant.

3. Results

3.1. Genetic deletion of GPR65 exacerbates intestinal inflammation and fibrosis in the
chronic DSS-induced colitis mouse model

To characterize the role of GPR65 in colitis, we utilized the DSS-induced mouse model

for the induction of chronic intestinal inflammation [37]. During the experiment, clinical
parameters such as body weight loss and fecal blood and diarrhea score were assessed.
Interestingly, control GPR65 KO mice gained more weight than control WT mice during

the experiment. Similar trend was observed in both male and female mice (Supplementary
Fig. 1). To uncover the effects of DSS more precisely, WT-DSS and GPR65 KO-DSS

mouse body weight loss was normalized to the control mice. No significant difference in

the normalized body weight loss was observed between WT-DSS and GPR65 KO-DSS
mice during the first cycle; however, GPR65 KO-DSS mice trended more body weight

loss with most significant weight loss occurring at the end of second cycle and third cycle
compared to WT-DSS mice (Fig. 1A). Fecal scores also indicated heightened severity of
GPR65 KO-DSS mice compared to WT-DSS mice (Fig. 1B). Both WT-DSS and GPR65
KO-DSS mice reached an average fecal score of 3 by the end of the first cycle; however,
GPR65 KO-DSS mice maintained a more severe score during the second cycle and the third
cycle compared to WT-DSS mice. Interestingly, during the fourth cycle the GPR65 KO-DSS
mice partially recovered compared to WT-DSS, which could be due in part to elevated body
weight gain in GPR65 KO control mice when compared to WT (Fig. 1A, Supplementary
Fig. 1). Upon the terminal point of the experiment, macroscopic disease indicators were
evaluated such as mesenteric lymph node expansion and colon length shortening. Expansion
of mesenteric lymph nodes (MLN) is a common parameter for colonic inflammation in the
DSS-induced colitis model. Untreated control mice had MLN volumes approximately 5-6
mm3 for WT and GPR65 KO mice. MLN volume was significantly increased in DSS-treated
mice as WT-DSS mice had an average volume of ~20 mm3. Interestingly, GPR65 KO-DSS
MLN expansion (~40 mm3) was almost 2-fold higher than WT-DSS (Fig. 1C), indicating the
inflammation of GPR65 KO-DSS was more severe than WT-DSS. Finally, colon length was
measured to assess the degree of shortening, which corresponds to heightened DSS-induced
inflammation. WT-DSS mice had ~7% shortening compared to WT-untreated mice. GPR65
KO-DSS mice, however, had ~13% colon shortening when compared to KO-untreated mice.
No statistically significant differences existed between WT-DSS and GPR65 KO-DSS mice
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which could be due to slightly longer colon lengths observed in GPR65 KO control mice
when compared to WT mice (Fig. 1D).

To further assess the role of GPR65 in intestinal inflammation, histopathological analysis
was performed to quantify the degree of histological features of colitis between WT and
GPR65 KO mice. Distal, middle, and proximal segments of the colon were examined for
common histopathological features of colitis, such as leukocyte infiltration, inflammation,
edema, crypt damage, architectural distortion, and fibrosis. Untreated control mice had

no colitis histopathological features. The GPR65 KO-DSS mice were more severe than
WT-DSS mice in terms of total histopathology and fibrosis in the distal colon (Fig. 2).

The highest histopathology was observed in the distal colon and is consistent with previous
studies showing DSS model affects distal colon most severely [40, 41].

Isolated lymphoid follicles (ILFs) are tertiary lymphoid tissues which can be induced within
inflamed murine intestinal tissues. We have previously reported that ILFs are increased

in intestinal tissues of mice in the DSS-induced acute colitis model when compared to
untreated control mice [25]. Here we demonstrate that ILF numbers are increased in

areas of heightened colonic inflammation and are further increased in mice deficient

of GPR65 (Supplementary Fig. 2). ILFs were less prevalent in proximal segment when
compared to middle and distal inflamed colon segments in both WT-DSS and GPR65 KO-
DSS mice (Supplementary Fig. 2E). GPR65 KO-DSS mice had increased ILFs/centimeter
within each colon segment and subsequently full-length colon when compared to WT-DSS
(Supplementary Fig. 2E—-F). These data suggest GPR65 reduces inflammation-associated
ILF development.

Fibrosis is another pathological feature of IBD and can lead to life-threatening
complications [42]. Colon segments were stained with picrosirius red and Masson’s
trichrome for the assessment of colonic fibrosis after chronic intestinal inflammation (Fig.
2E-H and Supplementary Fig. 3). The greatest degree of fibrosis was found in DSS

distal colons with a gradual decrease in fibrosis towards proximal colon (Fig. 2J). We
observed an increase in fibrosis within distal colon of GPR65 KO-DSS mice compared to
WT-DSS mice. Severely fibrotic areas of the colon were characterized by increased collagen
deposition within the lamina propria, muscularis mucosa, muscularis externa, and serosa
when compared to control tissues (Fig. 2E—H, Supplementary Fig. 3).

To further investigate why GPR65 KO-DSS mice had heightened fibrosis compared to
WT-DSS mice, we examined myofibroblasts within the inflamed and fibrotic distal colon
mucosa. Myofibroblasts are one of several cellular constituents which can contribute to
intestinal fibrosis [42]. Normal intestinal myofibroblasts exist subjacent to the epithelium
and regulate tissue repair, fibrosis, glandular secretion, and mucosal regeneration. a-

SMA* myofibroblasts within distal colon segments were evaluated (Fig. 3). There was a
discernable increase in sub-epithelial mucosal myofibroblasts between WT-control and WT-
DSS mice and a further increase in GPR65 KO-DSS mice (Fig. 3). Very few myofibroblasts
were observed within the submucosa. Increased myofibroblasts could be detected within
ulcerated areas of the colon when compared to non-ulcerated colon areas. Furthermore,
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during epithelial cell loss within ulcerated regions of the colon, myofibroblasts could be
observed interspersing within disrupted epithelium for mucosal repair (Fig. 3E-F).

3.2. Leukocyte infiltration is increased in the colon of DSS-treated GPR65-null mice

To further characterize colonic inflammation differences between WT-DSS and GPR65 KO-
DSS mice, we examined the populations of inflammatory cell infiltrates. The numbers of
neutrophils, macrophages, and T cells within the distal colon were assessed. In the untreated
control mouse distal colons, very few neutrophils (~3 cells/field), T cells (~6 cells/field)

and some macrophages (~30 cells/field) were observed in the mucosal layer (Supplementary
Fig. 4). No significant difference was observed between control WT and GPR65 KO mice.
There was an increase in polymorphonuclear neutrophil, F4/80" macrophage, and CD3* T
cell numbers in the distal colons between untreated and DSS-treated mice. We observed a
20-30% increase in leukocyte infiltrates within GPR65 KO-DSS tissues when compared to
WT-DSS distal colon tissues (Fig. 4).

3.3. GPRG65 gene expression in the mouse colon is predominantly detected in interstitial

leukocytes

GPR®5 has been reported to be highly expressed in immune cells and leukocyte rich tissues
such as the spleen, lymph nodes, and thymus [8, 9, 36]. Increased GPR65 expression

can also be observed in tissues with higher baseline levels of resident leukocytes such as
the lung and intestinal tissues. GPR65 localization has not yet been investigated within

the colon and mesenteric lymph nodes (MLN), most likely due to the lack of a reliable
antibody. To investigate GPR65 expression within the colon and MLN, we performed
immunohistochemistry for green fluorescence protein (GFP) which functions as a surrogate
marker for GPR65 gene expression within GPR65 KO mice [36]. GPR65 KO mice were
generated by replacing the GPR65 coding region with a promoterless internal ribosomal
entry site (IRES)-GFP cassette [36]. Therefore, GFP expression is under the control of

the endogenous GPR65 promoter. GFP was detected in interstitial leukocytes within colon
mucosa, transverse folds, and intestinal isolated lymphoid follicles (Fig. 5). Additionally,
high GFP expression could be observed in MLN of untreated GPR65 KO mice. Based on
cellular morphology and localization, GFP expression within these colon leukocytes appears
to be predominately macrophages, neutrophils, and lymphocytes. Within the MLN, high
GFP expression was detected in histocytes and lymphocytes within the sinus regions, B cell
follicles/germinal centers, and paracortical/interfollicular T cell zone. GFP expression was
also assessed in DSS-treated GPR65 KO mouse colon and MLN. A discernable increase

of GFP positive leukocytes could be detected within the inflamed colon mucosa and
transverse folds when compared to non-inflamed colon tissues. GFP could also be highly
detected in ILFs and MLNSs as observed in untreated mice. GFP expression is negative in
both untreated and DSS-treated GPR65 KO mouse epithelial cells and mesenchymal cells
such as fibroblasts and smooth muscle cells. Additionally, endothelial cells are negative

for GFP expression. There was also no GFP signal detected in any WT mouse tissues
(Supplementary Fig. 5).
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3.4. GPRG65 gene expression is increased in inflamed intestinal tissues of IBD patients

GPR®65 gene expression was assessed in intestinal tissues from patients with ulcerative
colitis (UC) and Crohn’s disease (CrD) in comparison to normal intestinal tissues. A cDNA
array including 7 non-inflamed intestinal tissue samples, 14 CrD tissue samples, and 26
UC tissue samples was utilized. Intestinal inflammation, such as leukocyte infiltration,

was verified by histopathological analyses of the CrD and UC samples. We observed a
3.2-fold increase of GPR65 gene expression in UC samples and a 5.2-fold increase in CrD
samples compared to normal intestinal samples (Fig. 6A). We next assessed inflammatory
gene expression and observed elevated levels of TNFa and IFN-y mRNA in UC and CrD
samples when compared to control tissues (Fig. 6A). Interestingly, elevated GPR65 mRNA
levels were positively correlated with increases in TNFa and IFN-y gene expression in

IBD intestinal tissues (Fig. 6B). The increase of GPR65 gene expression and the positive
correlation with inflammatory gene expression could be partly due to infiltrated leukocytes
which highly express GPR65 in inflamed intestinal tissues (Figs. 2, 4, and 5).

3.5. Genetic deletion of GPR65 increases intestinal tumorigenesis in the AOM/DSS
mouse colitis-associated colorectal cancer (CAC) model

Chronic intestinal inflammation is associated with a higher risk of developing colorectal
cancer in IBD patients [43-45]. We assessed the role of GPR65 in the development of colitis
associated colorectal cancer (CAC) using the AOM/DSS mouse model. WT and GPR65
KO mice were injected with azoxymethane (AOM) followed by DSS administration for the
development of inflammation-associated colorectal cancer. Tumor burden was represented
by both polyp/tumor incidence and tumor volume in the mouse colon. A significant
increase of ~2-fold in polyp/tumor numbers were observed in GPR65 KO-AOM/DSS when
compared to WT-AOM/DSS mouse colon tissues. The majority of tumor polyps were
observed in the distal colon with decreasing tumor numbers in middle and proximal colon
segments. Similarly, the total volume of tumor polyps in GPR65 KO-AOM/DSS mice were
elevated by ~2-fold when compared to WT-AOM/DSS mice (average total volume of ~

66 mm?3/colon vs. 31 mm?3/colon, respectively) (Fig. 7A-D). Histological analyses of the
colon sections harboring tumor polyps revealed colon dysplasia and adenocarcinoma were
induced in both WT-AOM/DSS and GPR65 KO-AOM/DSS mice (Fig. 7E-H). While the
total number of lesions observed was higher in GPR65 KO-AOM/DSS mouse colons, the
relative distribution of colon dysplasia and adenocarcinoma was similar between WT- and
GPR65 KO-AOM/DSS mice.

3.6. Aggravated intestinal inflammation is associated with increased tumorigenesis in the
CAC mouse model

Inflammation is a driving force for tumorigenesis in the AOM/DSS colitis-associated
colorectal cancer model [46, 47]. Consistent with the phenotype observed in the DSS-
induced colitis mouse model (Figs. 1-4), colon shortening, body weight loss, spleen
enlargement, and mesenteric lymph node expansion were more severe in the GPR65 KO-
AOM/DSS mice than the WT-AOM/DSS mice (Fig. 8A-B and Supplementary Fig. 6).
Histological analyses revealed higher levels of fibrosis and myofibroblast expansion in the
colon of GPR65 KO-AOM/DSS mice when compared to WT-AOM/DSS mice (Fig. 8C-
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E). To assess leukocyte infiltration throughout the colon, tissue sections were stained for
CD45, a pan-leukocyte marker. A significant increase of leukocyte infiltration in the distal,
middle, and proximal colon of GPR65 KO-AOM/DSS mice was observed when compared to
WT-AOM/DSS mice (Fig. 9). Altogether, these results suggest that the aggravated intestinal
inflammation is associated with the increased polyp and tumor formation in the GPR65
KO-AOM/DSS mice.

4. Discussion

In this study we investigated the functional role of GPR65 in the DSS-induced colitis mouse
model and the AOM/DSS-induced colitis associated colorectal cancer mouse model. Our
results indicate that GPR65 provides a protective role in intestinal inflammation and colitis
associated colorectal cancer (CAC). The results are concordant with previous studies that
demonstrate an anti-inflammatory role of GPR65 in a variety of inflammatory diseases

[6, 16, 30, 31] and provide new insights into the function of GPR65 in colitis and CAC
development.

GPR®5 is expressed predominantly in leukocytes and can regulate the inflammatory
response of immune cells [10, 12, 29, 32]. Downstream effectors of the GPR65-coupled
Gas/cAMP demonstrate anti-inflammatory effects in a diverse set of processes [48]. Gag/
cAMP/PKA/CREB pathway has been shown to reduce granulocyte, macrophage, and
monocyte inflammatory programs [49]. Additionally, cAMP can reduce dendritic cell
function in lymph nodes, T cell activation, and can increase T regulatory cell activity. These
data are consistent with reports that GPR65 activation can inhibit inflammatory profiles

in macrophages, microglia, neutrophils, and T cells [10, 12, 29, 32, 50]. Additionally, the
anti-inflammatory role of GPR65 was demonstrated in immune-mediated murine disease
models such as arthritis, lipopolysaccharide (LPS)-induced acute lung injury, myocardial
infraction, ischemic stroke, and intestinal inflammation [6, 7, 16, 30, 31, 51]. However, there
are also some studies suggesting GPR65 expression in eosinophils promotes inflammation
through increasing eosinophil viability in an asthma mouse model [28]. Furthermore, recent
studies found GPR65 is a regulator for Th17 pathogenicity and increases the severity in

the experimental autoimmune encephalomyelitis (EAE) mouse model as well as increases
GM-CSF production in CD4 T cells [3, 27]. Pertaining to Th17 cell pathogenicity, reports
have provided evidence for both protective and pathogenic roles in the context of intestinal
inflammation [52]. In addition to these /n vitro and in vivo animal studies, recent genome
wide association studies (GWAS) have identified single nucleotide polymorphisms (SNPs)
of GPR65 associated with several human inflammatory diseases such as multiple sclerosis,
asthma, heparin-induced thrombocytopenia, spondyloarthritis, and IBD [1-4, 53-55]. As
previously mentioned, a recent study investigated an IBD-associated GPR65 genetic variant
(1231L) within a bacteria-induced colitis mouse model and found that this GPR65 gene
variant confers reduced GPR65 activity as well as impaired lysosomal function [6]. Our
study focuses on the functional role of GPR65 in the regulation of inflammation and
inflammation-associated carcinogenesis in a chemically induced chronic colitis mouse
model which further provides evidence that GPR65 functions to inhibit inflammation in
colitis. We demonstrated that GPR65 is expressed in infiltrated leukocytes within the colon
of inflamed intestinal tissues using GFP as a surrogate marker in GPR65 KO mice. There
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is a discernible increase in GFP positive leukocytes in the DSS treated mouse colon tissues
compared to the untreated tissues indicating GPR65 expression is increased in inflamed
tissues compared to non-inflamed intestinal tissues. Consistently, GPR65 gene expression
is increased in human colitis and Crohn’s intestinal lesions compared to non-inflamed
intestinal tissues. It is likely the increased expression of GPR65 in IBD intestinal samples
is partly due to the increase of infiltrated leukocytes, which have high endogenous GPR65
expression.

We also found that pathological fibrosis was increased in GPR65 KO-DSS mice compared
to WT-DSS mice. Fibrosis is a serious consequence of recurrent intestinal inflammation

and can lead to complications such as intestinal strictures and obstruction [42, 56, 57].
Collagen can be produced by several cellular constituents within the intestinal tissues.

Some such cells include fibroblasts, sub-epithelial myofibroblasts, smooth muscle cells,

and pericytes. Additionally, fibroblasts, smooth muscle cells, fibrocytes, endothelial cells,
pericytes can undergo epithelial/endothelial- mesenchymal transition into myofibroblasts for
wound healing functions [42, 56, 57]. Myofibroblasts are described as a major contributor
of pathological extracellular matrix deposition within the inflamed intestine [42, 56, 57].
We observed GPR65 KO mice had more SMA* myofibroblasts than WT mice, supporting
the observed increased fibrotic deposition in the DSS-treated GPR65 KO colon. It remains
to be determined how GPR65 regulates fibrosis in the chronic colitis model. Interestingly,
however, a recent study demonstrates that GPR65 regulates macrophage CCL20 expression,
v8T cell infiltration, and fibrosis in a myocardial infarction mouse model [31]. Possibly, the
increase of fibrosis is secondary to the aggravated inflammation in the DSS-treated GPR65
KO colon.

IBD patients have a higher risk of developing colorectal cancer than the general
population. The cumulative incidence of colorectal cancer is 2.5-8.0% and 7.5-18.0%

in IBD patients with 20 and 30 years of disease duration, respectively [43]. It has

been well demonstrated that the inflamed intestinal microenvironment is a driving force
for colon epithelial transformation [44]. In the inflamed milieu, inflammatory cells
generate reactive oxygen species (ROS), cytokines, chemokines, and pro-angiogenic
factors that induce gene mutations, promote cell proliferation and survival, and stimulate
angiogenesis. Chronic intestinal inflammation drives tumor initiation and progression in
colitis-associated colorectal cancer (CAC) development, referred to as the “inflammation-
dysplasia-carcinoma” pathway. To further build upon our results showing GPR65 dampens
intestinal inflammation, we utilized the AOM/DSS mouse model to assess the role of
GPR65 in CAC development [38]. We observed the DSS insult induced elevated disease
activity scores in the GPR65 KO mice when compared to WT mice in the AOM/DSS-
induced CAC mouse model. Several macroscopic and microscopic disease indicators were
aggravated in the GPR65 KO mice when compared to the WT in the AOM/DSS-induced
CAC model. Consistent with heightened intestinal inflammation scores, colonic polyp and
tumor formation was elevated in the AOM/DSS-treated GPR65 KO mice when compared
to WT. Chronic, unresolved intestinal inflammation driven by leukocyte infiltration in

the colon tissues can drive dysplasia from preneoplastic lesions [58]. We observed
increased leukocyte infiltration in GPR65 KO AOM/DSS mice when compared to WT.
Our results demonstrate that the loss of GPR65 expression in AOM/DSS mice elevates
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leukocyte infiltration in the colon and suggests activation of GPR65 can suppress intestinal
inflammation and colitis associated colorectal cancer development.

The development of CAC in IBD patients depends on the duration and severity of intestinal
inflammation [43-45]. This makes surveillance colonoscopy as a preventative measure
crucial for IBD patients to detect dysplastic lesions. Our study provides support for an
anti-inflammatory role of GPR65 in colitis and suggests GPR65 could be a potential target
for therapeutic intervention for IBD and CAC prevention. Currently, IBD treatment options
are limited and predominantly consist of aminosalicylates (5-ASA), steroids, anti-TNFa
monoclonal antibodies, and anti-integrin monoclonal antibodies [59]. The efficacy of these
anti-inflammatory treatments against CAC development in IBD patients are inconclusive
[60, 61]. This warrants the development of more effective approaches for IBD treatment
and CAC prevention. The GPR65 agonist BTB09089 has been developed and recently
investigated for anti-inflammatory properties. BTB09089 was shown to activate GPR65 /n
vitrobut provided weak activity /7 vivo according to a previous study [29]. Another study
has shown in vivo efficacy of BTB09089 using an ischemic stroke murine disease model
[51]. Further studies must be done to develop highly efficacious GPR65 modulators, such as
positive allosteric modulators, for potential use in IBD treatment and CAC prevention.
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Highlights
. GPR65 is highly expressed in leukocytes and overexpressed in inflamed
intestines.
. GPR65 knockout exacerbates intestinal inflammation in the mouse colitis
model.
. GPR65 knockout aggravates colitis-associated colorectal tumorigenesis in
mice.
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Figure 1.

Disease indicators of chronic colitis induction in wild-type (WT) and GPR65 knockout (KO)
mice. The extent of DSS-induced intestinal inflammation was assessed in WT-DSS and
GPR65 KO-DSS mice. WT and GPR65 KO mice given regular water served as the control.
GPR65 KO-DSS mice presented elevated disease parameters compared to WT-DSS mice.
Clinical phenotypes of intestinal inflammation such as (A) body weight loss normalized to
control mice and (B) fecal blood and diarrhea were assessed. Macroscopic disease indicators
such as (C) mesenteric lymph node expansion and (D) colon shortening were also recorded.
Data are presented as the mean + SEM and statistical significance was determined using the
unpaired #test between WT-DSS and GPR65 KO-DSS groups. WT control (N=10, with 5
males and 5 females), WT-DSS (N=13, with 6 males and 7 females), GPR65 KO control
(N=11, with 5 males and 6 females), and GPR65 KO-DSS (N=13, with 6 males and 7
females) mice were used for experiments. (*£< 0.05, **P< 0.01).
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Figure 2.
Histopathological analysis of proximal, middle, and distal colon. Characteristic

histopathological features of colitis were assessed to further characterize the degree of
intestinal inflammation. GPR65 KO-DSS mice presented elevated disease parameters
compared to WT-DSS mice. Representative H&E pictures were taken for (A) WT control,
(B) WT-DSS, (C) GPR65 KO control, and (D) GPR65 KO-DSS mice. Representative
pictures of Picrosirius red stained tissue sections for fibrosis assessment were taken of

(E) WT control, (F) WT-DSS, (G) GPR65 KO control, and (H) GPR65 KO-DSS mice.
Graphical representation of (I) total histopathological scores and (J) colonic fibrosis are
presented. WT control (N=10), WT-DSS (N=13), GPR65 KO control (N=11), and GPR65
KO-DSS (N=13) mouse tissues were used for histopathological analysis. Scale bar is
100um. Data are presented as the mean + SEM and statistical significance was determined
using the unpaired #test between WT-DSS and GPR65 KO-DSS groups. (*£< 0.05).
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Figure 3.
Myofibroblast expansion in distal colon mucosa. SMA* myofibroblasts were evaluated in

distal colon as a cellular basis for increased colonic fibrosis. Representative pictures of (A)
WT control, (B) GPR65 KO-control, (C,E) WT-DSS, and (D,F) GPR65 KO-DSS. Scale bar
is 100um.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Marie et al.

Page 21

Distal Colon PMN Neutrophils

50- ke
—

No. Neutrophils/Field

GPR65 KO-DSS

F

Distal Colon F4/80* Macrophages

e

1004

80+

60+

40+

204

No. Macrophages/Field

0-

WT-DSS GPR65 KO-DSS

Distal Colon CD3" T Cells

*
—

$

&

w
e

»n
(=]
1

-
°
1

No. of CD3* T Cells/Field

GPR65 KO-DSS

Figure 4.
Leukocyte infiltrates in distal colon. Polymorphonuclear (PMN) neutrophils, F4/80*

macrophages, and CD3™* T cells were counted in the distal colon. GPR65 KO-DSS mice
had increased neutrophils, macrophages, and T cells in distal colon when compared to
WT-DSS mice. (A) Representative pictures of WT-DSS (left) and GPR65 KO-DSS (right)
mouse (A-B) neutrophils, (D-E) macrophages, and (G-H) T cells, respectively. Graphical
representation of (C) neutrophils, (F) macrophages, (1) and T cells. Scale bar is 100um.
Data are presented as the mean + SEM and statistical significance was determined using the
unpaired ~test between WT-DSS and GPR65 KO-DSS groups. (*P < 0.05, **P<0.01).
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Figure 5.
GFP signal in the intestine and intestinal associated lymphoid tissues. GFP knock-in signal

under the control of GPR65 promoter serves as a surrogate marker for endogenous GPR65
expression in GPR65 KO mice. GFP signal could be detected in GPR65 KO mouse (A)
distal colon mucosa, (C) proximal colon transverse folds, (E) isolated lymphoid follicles
(ILFs), and (G) mesenteric lymph nodes (MLNSs). GFP signal could be detected in DSS-
treated GPR65 KO (B) intestinal mucosa, (D) transverse folds, (F) ILFs, and (H) MLNs.
Based on cellular morphology and localization, GFP signal was observed in intestinal and
MLN macrophages, lymphocytes, and neutrophils. Scale bar is 100um.
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Figure 6.
GPR65 and inflammatory gene expression in human ulcerative colitis and Crohn’s disease.

GPR65 mRNA is increased in ulcerative colitis (UC) and Crohn’s disease (CrD) compared
to non-inflamed intestinal tissues and positively correlates with TNFa and IFN-y gene
expression. (A) GPR65, TNFa and IFNy mRNA levels in UC and CrD intestinal tissues.
(B) Correlation of GPR65 mRNA expression with TNFa and IFN-y mRNA levels. Data

are presented as the mean = SEM and statistical significance was determined using the
Mann-Whitney test between control and diseased intestinal tissues. Correlation of gene
expression was determined by the linear regression analysis. (*£< 0.05, **P< 0.01, ***P<
0.001, ****p< (0.0001).
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Figure 7.
Effects of GPR65 on tumorigenesis in the colitis associated colorectal cancer (CAC) mouse

model. Tumor burden is increased in the colons of GPR65 KO-AOM/DSS mice (N=21,
with 11 males and 10 females) compared to WT-AOM/DSS mice (N=21, with 11 males

and 10 females). Red arrows indicate polyps and tumors. (A) Polyp/tumor number, (B)
polyp/tumor volume, (C-D) representative pictures of distal colons bearing polyps/tumors in
(C) WT and (D) GPR65 KO, and (E-H) histopathological representation of dysplasia and
adenocarcinoma in (E, G) WT and (F, H) GPR65 KO AOM/DSS mouse colons. Data are
presented as the mean + SEM and statistical significance was determined using the unpaired
ttest between WT and GPR65 KO AOM/DSS mice. (*£<0.05).
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Figure 8.
Colon shortening, fibrosis, and myofibroblast expansion in AOM/DSS mice. The colons

of GPR65 KO-AOM/DSS mice show reduced length, increased fibrosis, and heightened
myofibroblast expansion compared to WT AOM/DSS mice. (A, B) Colon length, (C)
representative images of pathological fibrosis by Picrosirius Red staining, (D) fibrosis score
of severity (WT N=21 and GPR65 KO N=21), and (E) immunohistochemistry of a-SMA™
myofibroblasts in mouse colon tissues. Scale bar is 100um. Data are presented as the mean
+ SEM and statistical significance was determined using the unpaired #test between WT
AOM/DSS and GPR65 KO-AOM/DSS mice (*P< 0.05, ***P< 0.001).
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Figure 9.
Leukocyte infiltration in colons of AOM/DSS mice. Leukocyte infiltration in colon tissues is

increased in GPR65 KO-AOM/DSS mice when compared to WT AOM/DSS mice. CD45*
immunohistochemistry of leukocytes in (A) WT and (B) GPR65 KO AOM/DSS mouse
colon sections, and (C) cell count of leukocyte infiltration in distal, middle, and proximal
colon segments (WT N=21 and GPR65 KO N=21). Scale bar is 100um. Data are presented
as the mean £ SEM and statistical significance was determined using the unpaired #test
between WT and GPR65 KO AOM/DSS mice (*£< 0.05, **£< 0.01).
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