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Intestinalinflammation is a burdening disease that mayiodce toan aberrative immune
response to certain drugs, infections, genetics, or unknown environmental factors. Inflammatory
bowel disease (IBD) is of special concernasy-standingchronicintestinalinflammation may
increase the risk focolitis-associatedcolorectal cancer (CAC) development due to cellular
transformation to neoplastic lesions. Both the inflamed and tumor microenvironments are complex
in nature and are characterized by an acidic enviemimBacterial byproducts, leukocytes
respiratory bursts, and tissue ischeama glycolysisare the main sources of protons produced in
the inflamed environment, which cause local tissue acidosis. Tissue acidosis may alter both the
immune and vasculaturesponses and subsequent cytokines and chemokines production. The pH
sensing Gorotein coupled receptors (GPCRs), GPR4, GPR65 (TDAGS8), GPR68 (OGR1), and
GPR132 (G2A) have emerged as a new class of proton sensing receptors that are expressed by
immune and arrimmune cells. GPR65 is mainly expressed in immune cellssaingictionally
critical for intestinal homeostasias identified byGenomeWide AssociationStudy(GWAS), for
being a genetic risk factar patients with IBD. We and others observed aniaffammatory role
for GPR65 in preclinical mousemodels, possibly through modulating the innate immune response
towards a less inflammatory phenotype. GPR4, on the other hand, is mainly expressed in

endothelial cells and confers a proinflammatory thhe our group had previously uncovered the



mechanism for. Upon acidic activation of GPR4, a proinflammatory program in the endothelium

is activated, upregulating cytokines, chemokines, adhesion molecules, and ER stress responses.
This activation is particutly crucial in the process of immune cell extravasation to the site of
inflammation which is a critical step in IBD pH homeostasis and chronic inflammation. We and
others observed reduced inflammatory response in IBD preclimoakemodels using both

geretic and pharmacological inhibition for GPR4. Additionally, a biologicd well as a
pathological proangiogenic role for GPRds been previously described. Therefore, based on the
differential roles observed for GPR65 and GPR4 in inhibiting and meglidtitestinal

inflammation, respectively, we sought to investigate their functional roles in CAC development.

To this end, we utilized the wedistablishedazoxymethane/dextran sodiusulfate
(AOM/DSS) CAC mouse model, using GPR@AII, and GPR4ull mice,to study their functional
roles in CAC. Our observations indicate an -amffiammatory role during chronic intestinal
inflammation and an antumoral roleof GPR65 leading to less tumor development in CAC mice.
Thus, we propose that the use of GPR65 agonist will be of therapeutic benefit in IBD treatment
and CAC prophylaxis. Conversely, our results indicate a proinflammatory role for GPR4 during
intestinal inflamm#on in addition to protumorigenic and proangiogenic roles, contributing to
CAC development. Hence, we propose the use of Gitfgonim as a strategy for IBD and
CAC treatment. Finally, we observed that abolishing GPR4 alleviates another type of colitis,
immune checkpoininhibitorsmediated colitis (IMC). This type of colitis occurs as a side effect
for the use of immunotherapy treatment in cancer patients. Using an IMC mouse model, our results
indicate that abolishing GPR4 reduces disease activity, aplagge clustersand fibrosis,

suggesting that inhibiting GPR4 may provide an effective treatment for IMC.



Collectively, this dissertation work provides new insigimi® the roles of GPR4 and

GPR65 in intestinal inflammation and cancer development.
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Chapter I: Introduction

A. Inflammatory response

The body is protected by innate and adaptive immunity systems. An innate immunity system
is comprised of barrier surface protection (skin and mucous membranes), complement system,
inflammatory response, and innate immune cells such as neutrophils ancgimges An
adaptive immunity system is comprised of immune cells response towards a specific invader
mainly through antibody production and T cell response. These two systems work in harmony to

create a homeostasis and maintain bodily prote¢tipn

Il nfl ammati on is considered part of the body
parasites, foreign bodies, direct tissue injury, tistuess, or disturbances in homeostasis lead to
a physiological inflammatory response that, when the body's homeostasis is maintained, resolves
naturally. Nonetheless, this homeostasis may be disrupted, leading to chronic inflammation if the
insult burderoverweighs the homeostatic balance. If this inflammatory response further persists,

it may lead to tissue damage, autoimmune disease, allergies, fibrosis, andXancer

During the # Century A.D., nearly 2,000 years ago, Celsus described the four cardinal signs
of inflammation: rubor (redness), calor (heat/warmth), tumor (swelling), and dolor (pain), caused
by exudate formation as a resulidflammation[2]. A fif th pillar was added by Rudolph Virchow
"The father of Pathology," in the #@entury, describing the disruption in function as a result of
inflammation[3]. These cardinal signs are loadterations resulting from acute inflammation that

is greatly attributed to alterations in local vasculafdte

Currently, the consensus of the inflammatory immune response describes it as an innate and

adaptive immune response. In this context, a mediator or an insult such as infection or injury is



required, followed by a sensor which is the innate immune resgom®ecells such as
neutrophils, macrophages, dendritic cells, natural killer cells, and/ or mast cells. This is considered
the first response to infection or injury. After cells detect the insult, immune stedlls as the
professional antigen presentinglls (APCs), macrophages and dendritic celég their pathogen
pattern recognition receptors (PPRS) to recognize specific conserved pathogenic structures such as
pathogerassociated molecular patterns (PAMPs) and daraageciated molecular patterns
(DAMPs). In turn APCstravel to nearby lymph nodes to activate CD'4cells via two signals,
they present major histocompatibility complex Il (MHC 1) to bindéll receptor (TCR) on CD4
T cells, they also present costimulatory molecules Cluster of Ditfatiem (CD) 80 or CD86 to
bind CD28 on CDA4T cells and in turn those activated CDO4cells secrete stimulatory cytokines.
Depending on the secreted molecules/inflammatory mediators (cytokines) they produce, they are
able to activate naive CDZ cells dfferentiation into different T helper (Th) cells subsets, for
example{l nt er f er o n agdintereekin (IL)}1R)Mctiyate Thl(Tumor Growth Factor
bet a (adiGtérieukin(l.L.) IL-6) activate Th17(T G FamdIL-2) activateT regulatory (F
reg) and(IL-4 andIL-2) activate Th2 cell subsefh cell subsets can be identified in the inflamed
tissue via their cytokine signature, for example Thl cells secret2 (IL | FNo , Tumor N
Factor (TNFAU or b, a nrdacrgphagencolény stimdiag factor (GMCSF)), Th17
secrete (IE17A, IL-17F, IL-21, and Il-:22), Treg secrete (HLO), and Th2 secrete (L, IL-5 and
IL-13). Moreover, the cytokines and chemokines produced by sensor cells can be detected by
effector cellssuch aghe endotheliuntl, 4, 5] Thesecytokinescan alsaact locally on the tissue
blood vessels causing activation of the endothelial lining that leads to vasodilation to increase the
blood flow to the affected area, which causes redness and heat. They also cause vascular

permeability or leakiness leading to plasma seeping from blosselgeinto the external local



tissue causing edema or swelling. Altogether, these effects cause the site of inflammation to be

painful [4, 6]

The role of endothelial activation is very crucial in this process as ilgads the endothelium
to further produce proinflammatory mediators and become nibwesase to immune cells causing
their extravasation towards the inflamed sEmdothelialleukocytes adhesion is the determining
process for immune extravasation and a determinant of the intensity of the acute inflammatory
response, as initially neutrofdiand monocytes are the first responders to the site of injury or
insult, they extravasate through the endothelium, also later on this process is a major determinant
for the severity of the adaptive immune response. Several molecules are expressethehando
cells are responsible for this processlectins,(e.g. Eselectin and Belectin), are lectilike
adhesion molecules thatediate leukocyte rollingpllowed by mucosal addressin cell adhesion
molecule 1 (MAdCAMYL), intercellular adhesion molelelICAM-1), andvascular cell adhesion
molecule 1 (VCAM1), areimmunoglobulinlike adhesion moleculgkat are responsible féirm

adhesion andnsuingtransendothelial migration of leukocytds 7, 8]

B. Inflammatory boweldisease (IBD) andmmune-checkpointinhibitors mediated

colitis (IMC))

Inflammatory bowel disease (IBD) is comprised of two main subtypes, Ulcerative Colitis (UC)
and Crohn's Disease (CD). This disease is characterized by phases of activity and relapse of
infl ammati on. CD6s infl ammat i o ntract, forms foa of u r i n
inflammation, is not restricted to mucosal inflammation, and can extend to be transmural, whereas
UC's Inflammation is a continuous mucosal inflammation that is restricted to the colon, most

severe in the rectum area, with rare ocenice of terminal ileum inflammation. IBD symptoms



include diarrhea, blood in stool, constipation, body weight loss, bloating, cramatogrice and

bleeding ulcer$o-11].

The etiology of IBD is yet to be uncovered; nonetheless, it is widely accepted that IBD
inflammation results from a defect in mucosal barrier response or immune response to luminal
flora [12-15]. The interplay of several factors contributes to these defects, such as diet,
environmental factors, genetic susceptibility, host microbiome, or infecfils Microbial
dysbiosis is a key player in promoting IBD, where a decrease in the beneficial microbiome is
overweighed by an increase in a pathogenic one, activating an inflammegponse in the gut of
both UC and CD patientd7]. Microbial dysbiosis is one of the hallmarks observed in IBD
patients, however, It is debatable whetimécrobial dysbiosis is a cause or a consequence of IBD

[18].

Pathogenesis of IBD is attributed to imbalances in one or more afoth@onents of the
mucosal immune systersuch agnteginal epithelial cells(IEC), innate lymphoid cell¢ILC),
components ofnnate (monocyteghacrophages, neutrophilsatural killer cells,and dendritic
cells) and adaptive (Tells andigA producingB-cells) immune system, and theissociated
mediators ¢ytokines and chemokinef)9, 20] When bacterial antigens come inntact with
mucosal componentan activation of the innate immune respomsay beattained through the
activation of immune sensor receptors, also known as PRRs, stalhld® receptos (TLRS),
Nod-like receptors (NLRs)eucinerich repeat (LRR) receptorsi§pe lectin receptors (CLRS),
and retinoic acidnducible gene 1 (RI&)-like receptors (RLRs)21]. Antigenpresenting cells
such as macrophages and dendritic cells then orchestrate the differentiation @wiecells
into T-reg andeffector Th cells, such as Thl, Th2, and Th1l7, consequeatiyrolling gut

homeostasis andepanding on the cytokine profiles presented possiotymoting IBD[22-24].



GenomeWide Association Studies (GWAS)udies have identified over 200 genetic risk foci
for IBD, such as NOD2, TLR2, GPR6®,23R, JAK2 CDH1, or HLA geneq25-29]. Mutations
in CDH1 orClorfl06genes cause the disruption of IEC tight junctions via downregulating E
cadherin29, 30} allowing luminal bacterial content to seep into the lamina propria and its immune
componentf§31, 32] In turn, this activates an innate immune response in IBD patients where PRRs
such as TLR4, NOD1, and NOD2 expression levels are increased in resident macrophages and
dendritic cells. Which activates downstream pathwaydear factor kapa light chain enhancer
of activated B cell§NF-a B ) NDD-tike receptor (NLR) familyof proteins, respectiveljd3-
35]. In turn, further monocytic and neutrophilic recruitment occurs to the lamina propria, which
produces arpathogenic reactive oxygen species (R{E®). Consequentlyproinflammatory
effectorcytokines such as b, IL-6, IL-18,tumor necrosis factof(NF), IL-12, IL-23, and IFN
O are secr et ed][33 37, 38]dt1h activaie<BD4A Thl cel3[39], while IL-1 b
activate IL-17A-secreting ILCs which recruitD4" Th17 cells[40, 41] CD4 effector Tcells
upregulate the chemokines CCL3 and CQ&8, 43] Thus recruitingd 4 b 7 i exgresging i n
circulating T cellswhich infiltrate intestinal tissuesia binding vascular MAdJCAML (mucosal
addressircell adhesion molecule Expressedn colonendothelial cell§44]. Although previous
reports have linked C» Th1l and UC to Th2 cell cytokines profiles, current knowledge identified
a link toThl andTh17 cells for both dease subtypgd5-47]. In addition, both activated CD4
T-helper cells and cytotoxic CD8l-cells are detected in the peripheral blood of IBD human

patients and associated with disease actj¢iy51].

The vast contributions of -Cell activation in colitis pathogenesis are linked to Immune
checkpoint inhibitors mediated Colitis (IM@92], which presents with clinical and pathologic

resemblance to IB[563, 54] IMC occurs as a side effect of immualeeckpoint inhibitors (IG&)



cancer therapies. Monoclonal aptogrammed cell death (PD-1), antiprogrammed cell death
ligand1 (PDL1), and anticytotoxic T-lymphocyte antige (CTLA-4), antibodiesare termed
immune checkpoint inhibitors. Currently, they are considered the treatment of choice for
advanceebtage cancer patients, such as metastatic melanoma;smati cell lung cancer
(NSCLC), and colon cancg¢s5-57]. While PD-1, PDL-1, and CTLA4 are functional immune
brakes expressed oncElls to resolve physiological inflammation, thatquiredexpression on
tumor cells allows them to evade immune surveillance. Thus, the treatment with monoclonal
antibodies that tget these checkpointeendertumor cells detectable to immune cells for
elimination,and may cause averall immune response in the body. In turn, this immune response
can be nosspecific and lead to several toxicities in different organs. These togiargecommonly
termed immuneelated adverse events (irAEs). Common irAEs, such as diarrhea, Colitis,
hepatitis, rashendocriropathy andpneumonitis andrare but fatal ones, such hematologic,
neurologic, anatardiovasculatoxicities, have been reportd88-60]. IrAE severityis clinically
graded usingNat i on al Cancer TermisologytCuiteria fos Adv@rsemEmes n
(CTCAE),whichcategorizes toxicities into five gradesild (grade 1), moderate (grade 2), severe
(grade 3), lifethreatening (grade 4), adeath(grade 5J61]. 90% of patientslevelop one or more
irAEs consequent to their ICI treatmefd®, 63] According toCTCAE, IrAEs range from mild
(50-90%) to severe (:60%).IMC, in most cases, requires treatment cessation and could lead to

3 out of 10 fatal irAE$64, 65]

Similar to IBD patients, amncreasedncidenceof activated CD%4 and CD8 T-cells was
reportedn the peipheralblood ofant-CTLA-4 antibodiedreated patientf66, 67] Moreover, in
concordance with the immune infiltratioh IBD patients]MC patients treated witkombination

therapy (both ariPD-1 and antCTLA-4 antibodies)show increased neutrophili€D4", and



CD8' cells in thecolonic mucos§0, 6870]. Animbalance between Treg/ Th17 subsets is another
hallmark of IBD and given that ICI treatment will dampen the-snflammatory role of Treg,
evidently, Tregaltered profiles were observed in IMC patients receiving combination thgi@py

71]. The close resemblance in clinical and immune profiles between IMC and IBD reinforces the

use of similar diagnostic and treatment modalite}.

C. Acidic microenvironment and the immune response in IBD and tumorigenesis

An acidic microenvironment plays a role in immune homeostasis. Studies have shown that
chronically inflamed tissue is associated with acidosis which consgygleads to immune and
cytokine production modulatiofv2]. Extracellular acidification has been linked to neutrophil
chemotaxis. Neutrophilgunction as the first responders toflammatory stimuli. The main
inflammatory stimulus is the accumulation of bacterialpbgducts of shorthain fatty acids
creatingan acidic environment at the site of inflammatjié8, 74] Neutrophils ad macrophages
can attempt to eliminate these harmful bacteria through respiratory bursts, which can further
acidify the microenvironmen75]. Interestingly, varying reports find that the colon lumen of
patients with IBDis more acidic than the normal colon, although a few results are conflicting [36
40]. The expected source of acidity in the inflammatory microenvironment of IBD patients is
bicarbonate loss in the colon, as IBD patients commonly suffer from didi®e@7] Increased
immune infiltrates quickly deplete available @nd switch from aerobic to anaerobic glycolysis.
This metabolic switch is driven by Hypoxiaducible factor dalpha (HIFLU) si nce it
tissue homeostasis in response tpdxya which includes increased vascularization in those areas
in an attempt to increase>({78]. Hypoxia is another major factor contributing to the acidic
environment atsites of inflammation. This hypoxic environment favors a highly glycolytic

phenotype producing large amounts of lactic acid into the inflammatory loci to further acidification
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[79]. Small vessel damage, as well as metabolic activity resulting fropira&sy bursts
infiltrating leukocytes at the site of inflammation, promote hypoxic conditionsreqtoduction

of reactive oxygen species (ROS). ROS are highly reactive smaltlisteortoxygenproducing
molecules that contribute to cell damage or esathdeati{80]. In normal cells, ROS production
functions as aensorfor cell damage and initiates a signal transduction cascade before ROS
elimination [81]. ROS in low to moderate levebstivates fpysiological functions such as cell
angiogenesis, proliferation, migration, and invadi82]. In contrast, ROS in high levels cause
oxidative damage to cellular DNAndmay be cytotoxigit also plays a role in the initiation and
progression of cancéB2, 83] In tumorigenesis, increased ROS production is neededittaina

the rapid proliferative nature of these cells and their high metabolic turf@sNeOxidative stress
occursas a result of a disturbance in the homeostasis of ROS production and elimif&&jon

When ROS production rate supersedes its elimination, cells develop a resistance mechanism by
which they shift their metabolic pathway producing lactic acid rather than employing aerobic
mitochondrial respiration, rendering the environment adqiglg. Both inflammatory and tumor
environments are infamous for being acidic, whichniseasential driver of tumor progression.
Chronic inflammation in IBD promotes colitesssociated colorectal cancer (CAC) initiation
through the stimulation of oxidative stresdated mutationf86, 87} Tumor formation occurs in

a stepwise fashion starting from initiationrgmotion, and progression. A singtell mutation

may or may not lead to neoplastic shifts, depending on the type of that genetic alteration.
Nevertheless, the microenvironment is a major determinant of the progression rate and clinical
phenotype of neopsda [88]. The extracellular pH fathe tumor is renounced for being acidic,
mainly due to the production of lactic acid throwggrobicg | ycol ysi s swi tch, k nc

Ef f 88, 80p Recently, the attribution of cancer stem cells (CSS) to drug resistance and disease



reemissionhascalgt r esear chersé attention. The acidic
that contribute to the positive selection of cancer stem cell growth, leading to changes in the
phenotype and genetics of the turf@it]. Lactic acid production cders an immune suppressive

role through inhibition of cytotoxic T cells proliferation and function, via disrupting their
metabolism[92]. Lactate suppresses dendritic cell activation during anggeunific autologous

T-cell stimulation[93]. It also enhances the motility of tumorliseand inhibits monocyte

migration and cytokine releag@4]. Elevated lactic acid production has been linked to many
malignancie$95-97]. Tumorderived lactate exacerba@sgiogenesishflammation and immune

deficiency of tumor cellsLactate enhances the expressiowadgcular endothelial growth factor

(VEGF), which promote tumor angiogened®8]. Lactate increases interleukin (HLYA

production by Fcells and macrophages, giving rise to the promotion of chronic inflammation in

tumor microenvironmen{®9]. Moreover, initial environmental acidosis in the tumor site is linked

to avasculam situ carcinoma (localized)L00]. It is expected that this increase in acidity results

in tumor vascularization and i nv a[80l]oThisstiitt e t o t
occurs as a coping mechanism to overcome extreme acidic conditions, hypoxia, and nutrient
deprivation[102]. Even after cells have been provided sources of oxygen and nutrients, it
continues produconmetabolic acids. @rotein coupled receptors and Addnsing ion channels

(ASIC) have a pivotal role in sensing pH changes and cellular adaptation to these ftaBlges

D. Carcinogenesispromoting-inflammation: Colitis Associated Colorectal Cancer

(CAC): (Inflammation -carcinoma axis)

Chronic inflammation resulting from bacterial, or viral infectioasyironmental irritants or

autoimmune diseasdes been connected to promoting cafité4]. Inflammation resulting from



infections, such as Helicobacter pylori (H.@y), Hepatitis Bvirus (HBV) and Hepatitis Grirus

(HCV), Schistosoma Bacteroides, have been linked to gastric, liver, and bladder cancer,
respectively{105, 106] The inflammatory response towards pathogens is considered part of the
normal host defense mechanism to eradicate pathogens. However tumorigenic pathogens may alter
this response and develop low grade chronic inflammatory response that resaiteanil107].
Environmental irritants and obesity are other factors that contribute teyrise chronic
inflammation [108, 109] Tumorassociated inflammation concords with tumor development

[110]

Leukocyte infiltration has been linked to turramsociated inflammation. The first observation
of leukocytes in the tumor microenvironment occurred in the 19th century by RuddiioWirc
[111, 112] This immuneinflammatory response can enhance genomic instability, promote tumor
progression, invasion, angiogenesis, and immunosuppression in the tumor microenvironment
(TME) [113, 114] Anticancer agents may initiate a prdlammatory response through inducing
trauma, tissue injury and necrosis, that cause tumor resistance. Irbasatetherapies induce a
specific type of inflammation which enhances tumor antigen presentation and, hencet 6 s
eradication by host immune respoifis@4]. These different types of inflammation complicate the
tumor microenvironment cellular content. TME contains differsgit types including, innate
immune cells (macrophages, neutrophils, mast cells, myd&ryiged suppressor cells, dendritic
cells, and natural killer cells) and adaptive immune cells (T and B lymphocytes) in addition to the
transformed epithelial cellscéncer cells) and their surrounding stroma (which consists of
fibroblasts, endothelial cells, pericytes, and mesenchymal l) These various types of cells
communicate with one another through cytokine and chemokine production or through direct

contact. They act in autocrine and paracrine fashion to direct tumor growth paiteéhs
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Cytokines are the major means of communication amongst cells in the inflammatory milieu, they
can also act as drivers or inhibitors of turassociated inflamation. Neoplastic cells produce
proinflammatory mediators including proteases, eicosanoids, cytokines, and chemokines. Several
cytokines such as macrophage migratory inhibitory factor (MIF), ., -0 ,N-B|Il-17, IL-
12,1L-23,1L-10,and TGFb  h a enelinitaky and experimentally linked to either the promotion

or inhibition of tumor developmeifit13, 117]

IBD may be the result of immune overaction from the host against commensal microbiota.
Normally a localized acute inflammatory immune reaction is warranted as a host defense
mechanism to remove all harrhfbacteria. The first line of defense is the innate immune cells
including neutrophils, macrophages, and dendritic cells. The engulfment of harmful pathogens is
sufficient to protect the host against harmful bacteria, yet anfigegenting cells such as
macrophages and dendritic cells may be needed to adjust the interplay between innate and adaptive
immunity that has the ability to eradicate the infection and inflammtion]. The failure to
resolve this localized immuraflammatory reaction results in legrade chronic inflammation,
which leads to IBD. Chronic inflammation associated with IBD is a key player in modulating the
intestinal microenvironment, leading to coloréctncer initiation through oxidative stress caused
mutations. These mutations enable transformed cells to resist apoptosis and acquire oncogenic
characteristics[118-120]. Meanwhile, breaching the intestinal epithelial barrier causes
microorganism invasion which creates a more acidic environment furthering inflamnvatcn
create an environmestitable for cancer progressifiP1, 122] Intestinal inflammation drives
both initiation and promadn of transformed cells leading them to be malign@nior formation
inthe case of CACisrefede t o as; fdyspladsiblcaeammd tnioaoma 06 pat hway.

is a description of the progression of lgnade dysplasia that results from intestinal inflammation
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then advance into highrade dysplasia then carcinoifd®3]. The biology behind IBElerived
colorectal cancer is supported by thé-fold higher risk of IBD patients for developing colorectal
cancer than the general populatj@@4]. Like other cancer types driven by chronic inflammation,
CAC progression involves many diverse key players starting from genetic mutations and ending
with cytokines delivering prinflammatory queues. ROS initiates CAC through P53 mutations,
reduced DNA epair machinery efficiency, increased TNF, i n c repirceased IL17A,

increased Ik1 b -RAR mutations, and Adenomatous polyposis coli (APC) mutafiits127].

E. IBD therapeutic landscape

Genetic saceptibility, gut dysbiosis, aninvironmental factorsare factors that overlap and
lead to inappropriate immune response in IBD patigh®8]. Current treatments such as
corticosteroids, immune modulators, aadt-TNF-U biologics are used to induce clinical
improvementhrough modulating the immune respoirsiBD patientd129, 130] Corticosteroids
are successful in inducing quick remission, nonetheless, they are not suitable for long term
remission induction. For IBD patients that are refractorgarticosteroids,ri-TNF-U t r e at men't
are the current biologics most widely used. Although they have shown great success in inducing
disease remission, inducing mucosal healing, and reducing hospitalizatior{ LZ@¢snon
responsive IBD patients have been repofteil]. Moreover, in respaters, there is no clear
agreement on these treatmentsd efficateyn i n r e
use safety132, 133] Adverse events of arliNFs, such asmfectionsand cancer development
have been reportdd34]. Moreover, immune modulators, such as methotrexate and thiopurines,
are used mainly to maintain remission as a second line treatment, as they are sigw3adtim
CD patientsthiopurines are effective in maintaining remission, while they are used to maintain

remission in UC patients who were resistantdaicosteroids, or irresponsive teABAs [135].
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Nonetheless, they are not suitable for kbaigm use as they can carry a risk of cancer development,

as wdl [136].

Additionally, 5-Aminosalicylic acid (5ASA), andantibiotics,are used in less severe cases of
IBD. For mildto-moderate UC only, but not severe UC and G{ASAs areeffective and well
toleraed[137, 138] Moreover ciprofloxacin, metronidazol@®r the combination of botlare used
to modulate the gut microbiome, that is believed to caumsaberrant immune response to gut
bacteria in genetically susceptilgatients. They are more benefidiai disease activity involving
the colon and modest activity in active luminal CD. They @&y a role in maintenance of
remission and prevention of post operative recurrence of TOBIr efficacy has not yet been
proven in UC. Antibiotics are not reconemded for long term use as they may cause bacterial

antibiotic resistancfl39].

While the previously mentioned line of therapy targets the inappropriate immune response,
adhesion molecuson the other hand, modulate immune trafficking aspect, via blocking homing
of leukocytes to the inflammation sit@ategories of this class are, integribs4 b 1, U4p7 or
mainly expressed on lymphocytesldressingICAM-1 and MAdCAM1) mainly expressed on
endothelial cells, and trehemokine receptor-@PCR. Especially, blocking thé 4 BMAJCAM -
linteraction is effective in IBD. Despite these advances in IBD therapeuticsesioonsive cases
have been reported to corticosteroids, TMF a nt i b o d-adeesiprireatment§140h Eor

the aforementioreeefficacy and safety concerns, it is of crucial value to explore more drug targets.

F. pH-sensing G protein-coupled receptors
The occurrence of physiological events in a living organism begins with chemical or
biochemical signals initiating a response. The signal starts at the cell surface and is sensed through

a receptor and translated within milliseconds to hours to its spéddfiogical function. Those
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biological functions are processes that a living organism undergoes to change its environment;
examples are cellular growth, cellular differentiation, wound healing, muscle contraction,
secretory functions, sensory functionsgaeural communicatiof$41]. The process of receiving

and translating a biological signal is termed signal transduction. Membrane receptors or cell
surface recdprs are transmembrane proteins that contain an extracellular domain that senses
stimuli and is activated by ligand binding and an intracellular domaicdnedtivate intracellular
proteinsto initiate a biological response.-@otein Coupled Receptof&PCRSs), lon channel
receptors, and Enzymmked receptors are three main types of cell surface receptors that are
activated amid ligands binding; examples of ligands are hormones, lipids, neurotransmitters, and
enzymeg141]. GPCRs are the largest and most diverse known family of receptors to transduce
extracellular stimuli into intracellular queues. They argansmembrane receptors with an
extracellular Nterminus and an intracellular@rminus, where the intracellular doms interact

with heterotrimeric Groteins to transduce signlst2]. The variety of these receptors lies in the
diverse stimuli they respond to and signals they transduce, such as neurotransmitters, light, odors,
proteins, biogenic amines, lipids, erm acids, hormones, and chemokines, amongst many others.
There are about 18 different human[143Ul44pr ot e t
Theser &GtUeipn subunits form complexes with Gb a
types have been discovered, respectijyBhd]. In recent years, more than 800 GPCRs have been
identified in the human genonj#&45]. pH-sensing GPCRs are a novel class of these receptors,
capable of sensing acidic extracellular environments through the protonation of several histidine
residues on their extracellular binding domgin6-153]. Upon activation, these receaignal

through Gproteins to modulate cellular function in response to their environment. Family

members of pksensing GPCRs include GPR4, TDAG8 (GPR6&%HJ OGR1 (GPR68)which
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evolve from the same ancestor, GPRIB26, 147, 150, 15458]. Although, previousstudies
showedthe pHsensing properties €PR132[148, 159] structural modeling and mutagenesis
studies show thatGPR132 does not contain thenservedkey protonsensing residudsund in
GPR4, GPR65, and GPREES].

GPR4, GPR65, and GPR&& capable of activation within the physiological pH range (7.32
7.42). Howeverthepeak activation of these receptorursat pH range of(6.4-7.0) [146]. Their
activation facilitates the downstream signaling through the Gqg/11, Gs, and G12/13 pathways.
GPR65, GPR4, and GPR68 ledveerdescribedo couple to the Gs and G12/13 while GPR4 and
GPR68 caralsocouple to Gg/11 (Figerl.1).

The great body of evidence suggest B&R4 receptor is expressed predominately in the
vasculaturewhile GPR65GPR68and GPR132are expressegredominantly in leukocyteld 60-

166]. More recently, a wider range of cellular expression of GPR4 is observed in histiocytes
(macrophaged)161] fibroblasts[167], chondrocyte$168], neurond169], and kidney epithelial
cells[152]. Similarly, GPR68 expression was observed in airway epithelial and myofibroblast cells
[170], fibroblastg[170, 171] osteoblast§l72], and vascular endothelial ce]ls73]. This family

of receptorsadjust cellular functions in response to acidosis (increadedri¢entration) in many
diseases associated with improper pH homeostsih as IBD, cancer, aimgthemic disease of

the hindlimb, brain, heart, and kidngy 7, 27, 147, 152, 160, 163, 1186].

Each of these receptors is implicated in regulating the inflammatory response upon pH sensing
through immune cell or nemmune cell functionsGPR68 and GPR6%re predominantly
expressed in immune celld87]. GPR68acid sensing role has beealescribed in immune
(leukocytes autoimmune responsegrdiovascular (cardiomyocyte viabilitgnd endothelium

mechanesensing, renal (acid/base homeostasis), respiratory (inflammatory airway remodeling),
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gastrointestinal (intestinal homeostasis), skeletal (bone acid sensing), and endocrine (insulin
secretion) systemand in cancer (progression and cell proliferatiff§8-194]. (Fig. 1.1.)

The roles of GPR65 has been studieth the immune (leukocytefunctional responge
respiratory (asthma), nervous (nociception and panic disordard)skeletal (bone density)
systemd188]. (Fig.1.1.).In an acidic microenvironment, expressionGRPR65by immune cells
regulates the inflammatory m@snse bya myriad of differential mechanisms, such as its role in
Th1/Th17 differentiation of CD4T-cells [195], decreasing leukocyte infiltration to the site of
inflammation in IBD and colitis associated colorectal canceouse modeld166]. GPR65
expression showed a protective role in many systems, such as the brain, heart, aadrugnor
responsg182, 196198]. The tme-dependent expression &PR65during cerebraischemia
reduces the volume of the infarctionisthemic stroke and reduces neurological defit88]. In
Immunoglobulin A nephropathy (IgANjatients, a type of glomerulonephritis GPR65 expression
on macrophages was negatively correlated to disease sg266fy Under acidic environment,
microglia cells show impaired phagocytic fulct associated with a decrease in cyclic AMP
(cAMP) and protein kinas A (PKA) associated with a decrease in GPR65 exprEa3ign
Expression ofGPR65in cardiovascular disease confers a protective action agaywstardial
infarction through transcriptional downregulation of the chemokine CCI20 expression in
macrophages which in turn downregulates the proinflammatory IL17A produ2i&h It has
been reported that rs8005161 polymorphism GPRR65 may alter the response of human
monocytes towards acidic pH activation, leading to increased severity of IBD in human patients
[203]. GPR65 polymorphism where a substitutionsaileucine to leucine at codon 23ias also
identified as a risk factor in colitidle231LeuGPR65knockin mice were challenged with

bacterial and Icell mediated colitis showed increasagsceptibity to colitis [204]. Decreased
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expression ofGPR65 led to impaired bacterial phagocytosis and increased proinflammatory
signaling via the NLRP3 inflammasome in macrophagesG12/13 pathwaj205]. The lack of
GPR65 expression in macrophages resulted in the increase of mMRNA expression of
proinflammatory cytokines such as IFEN, T Nokand iNQS in murineolonic tissues, leading

to a heightened course of IB[206]. However, there are also some studies suggestipgp
inflammaory role forGPR65in an asthma mouse modakough increasing eosinophil viability
[207]. Furthermore, GPR6%as been found tancrease the severity in the experimental
autoimmune encephalomyelitis (EAE) mouse maetelincreasing’ h1l7 pathogenicityn addition

to increasingGM-CSF production in CD4 T cell208, 209] Differential roles of GPR65
expression on CD4T-cells have been described, where in one studydbptive transfer afaive

CD4' T-cells isolated from GPR@5did notshow increased disease severityhiacolitis clinical

score in the DS&odel, while in a different study, the conditional knockouGRPR65"in CD4*

T-cells conferred their polarization towards the proinflammatory Th1/Th17 pher{@8pe206]
Altogether, GIR65 is predominantly expressed in both the myeloid and lymphoid immune systems
and showing differential roles that appear to be context dependent, thus further investigations into
its role are warranted.

GPR46s proinfl ammat or yn sewralergarhsysms sueheas thee st a b |
nervous (CO2 chemosensing and neuronal cell deatigiovascular (coronary artery disease and
endothelium physiologyyespiratory (COPD and COVHDR9),renal (acidbase balancegkeletal
system (cartilage damage arslepphyte formationskin (endothelium integrity)gastrointestinal
tract (endotheliurdeukocyte interaction) systems and cancer (angiogenesis and prolifef@tion)
7,161, 177,188, 21P15]. (Fig. 1.1.).Upon acidic activation, GPR4 mediates its function through

to GIcAMP, G12/13/Rhao, and Gq/1APLC pathwayq216, 217] In vitro acidic activation oGPR4
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leads to endotheliumctivation regulating their adhesiveness and leukocyte extravasation through
G protein pathways including tli&(s)/cAMP/Epac pathwalB]. This activation further augments

the endothelium proinflammatory gene expression of IL8, CCL20, TNF, -20ahd IL1A,
adhesion moleculegCAM-1, andE-selectin[162], and ER stress response geiisRK, ATF6,

and IRE1[218]. Moreover,GPR4 also functions throudby 1 2 /Rhe® GTPaseathways leading to
vascular leakiness due to induced actin stress fibers fornj@fiddnder acitt conditionsGPR4

was found to bémplicatedin increasing the expression of RANK/RANKL/OPG in osteoblastic
cells[219]. Additionally, GPR4 overexpression promotes the development of osteoarthritis (OA),
and the pharmacological inhibition of GPR4 protects the mice against OA via regulating
CXCR7/CXCL12 pathway. GPR4 expression was upregulated -BB3lactivated human mast
cells, and pharacological inhibition of GPR4 countered the proinflammatory action «#3lby
downregulating I L 17, | FN {220]. @RR4 wa3 Wso associated lwincreased
nociception of dorsal root ganglion[221], and cAMP mediated upregulation of the
RANK/RANKL/OPG system and neurotrophins by nucleus pulposus, diliss promoting
Intervertebral disc (IVD) degeneratid@22]. Transcriptomewvide association study (TWAS)
identified GPR4 as patiantd223h 8othplearmadolagica inhdbitian orme r 6 s
geneticknockoutof GPR4protects against neuronal cell detthough the modulation of PIP2
degradatiormediated calcium signalinghereéby protectingagainstneurodegenerative disorders
such as Parkinson's dised224]. Moreover, mice Lacking GPR4 showed enlahglucose
tolerance and insulin sensitivitj225], and lover blood pressurg226]. Most recently, a
proinflammatory role for GPRHAas been proposed in COAI® [214, 215] whereGPR4 gene
expressiorwas found to bep-regulated irthe lung and colo@OVID-19 patient sampldsy 2.3

fold (p = 3.04E06) and 3.9old (p = 0.0074), respective[213, 214] Additionally, Kochbecket
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al. described aorreltion between GPRRNA expressiorobtained from patient test nasal swab
at test timeand COVID-19 severity aa later stagg¢215].

In addition,it wasobserved that GPR4 expressiomgegulated in the colons of UC and CD
patients[161, 163] Recently, GPR4 has been positively correlated to increased fibrosis in CD
patient§167]. We and others have shown the proinflammatory role of GPRdute ad chronic
IBD mouse modeld7, 161, 227] GPR4 confers groinflammatory role in IBD through
modulating chemokines, cytokines, and adhesion molecules, sudtCAdI -1 and Eselectin
expression on endothelial cells, regulating leukocyte infiltration into intestinal tissues of IBD
mouse model§161]. Pharmacologicainhibition of GPR4 mitigates IBD in mouse models and
downregulates the cytokines such as TMF  a-A0d as well as adhesion molecules, such as
VCAM-1, SELE, MAdCAM1 [7]. Additionally, pharmacologically antagonizing GPR4 confers
antinociceptive, antfibrotic, anttangiogenic, as well as astiflammatory role§167, 228, 229]
Moreover, GPR4 is essential to maintain duéde homeostasis in kidney in which GPR4 KO mice
show bwer plasma bicarbonate concentratiah steady state and increaskgpercalciuria
associated metabolic acidosis response taacid challenge (oral administration dH4CI),
compared to WT micfl52].

GPRA4 role in physiological and pathological angiogenesis has been estaglilgsheds, 230,
231].

Moreover, protumorgenicand proangiogenic roles for GPR4 were demonstrated in orthotopic
breast and colorectal cancer mouse mod2B2]. Furthermore, GPR4 was found to be
overexpressed in tumor tiss of CRC patients compared to normal tissue i@ralerexpression
wascorrelated with poor CR@rognosis in those patients33]. Additionally, GPR4 was highly

expressed in malignant liver tumors and its espign was positively correlated to angiogenesis
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in hepatocellular carcinoma human specim@38]. Its proangiogenic role has also been proved

in the gjluamous cell carcinoma of the head and neck (SC@dIN)nes[185].

G. Rational for evaluating therole of pH sensing GPR65 and GPR4 in inflammation

and CAC

The aim of the work done in this dissertation is to evaluate the functional roles of the proton
(H")/pH sensing GPR65 and GPR4 in the development of the inflammation driven CAC. In
addition, an evaiation of the functional role of GPR4 in IMC, is presented in this dissertation.
GPR65 and GPR4 were previously shown to have abundant expression levels in the intestine and
that their activation functionally modulates intestinal inflammatAdthough, GRR65 and GPR4
are both acid sensing GPCRs, they are distinctive in their cellular expression and show differential

functions at organ level. Hence, their exact roles are warranted for further investigations.

We previously investigated the functional rote IGPR6E5 in IBD, in reducing intestinal
inflammation, a role that has been shown by others as well. GPR65 expression in intestinal immune
cells was found to modulate the inflammatory response and show protection against inflammation
in the DSSIBD mouse mdel [166, 180, 181, 234]However, its role in spontaneous
inflammationrmediated cancer development has not yet been investigated. We hypothesized that
GPR65 will confer an rtiinflmmatory role during chronic IBD and protects against CAC
development. In this dissertation work we provide an insight on the functional role for GPR65 in
the development dAC development under the setting of the mutagen (Azoxymethane) (AOM)
and tre intestinal irritantdextransodiumsulfate) (DSS) to mimic human CAC development.

OQur group also demonstrated GPR406s role in
leukocyteendothelium interaction, which serves as the main mechanistic pathwapydisease

models including IBD. Where acidic activation of GPR4 on endothelial cells, upregulates
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chemokines and the adhesion molecules, SELE, I€AINd VCAM1, thereby allowing
leukocytes extravasation into the inflamed tigdigd ]. (Fig.1.2.)

Given GPR46s proinflammatory role in |1BD,
activation in light of chronic inflammation represents a high risk for CAC Idpugent.
Additionally, GPR4 has been described as a proangiogenic in many systems. None of which,
directly shows its role in spontaneous cancer development. Herein in the work preséhni®d in
dissertation, we study the functional role of GPR4 in inflationadriven cancer development
using the spontaneous cancer model AOM/DSS.

Finally, based on the role of GPR4 in mediating immune cell extravasation in the intestine
that directly contributes to IBD inflammation. We hypothesized that inhibiting GPR4sskpne
will reduce other forms of colitis similar to its role in IBD, based on our previous observations.
We previously observed that both gendtimckoutand pharmacological inhibition of GPR4
reduced IBD inflammation in DSBiouse modelf7, 161] In this dissertation work, we explore
the potential role for GPR4 genekicockoutin protecting against intestinal inflammation induced
by the use of immune checkpoint inhibitors, thus we will use a@ muse model to test this

hypothesis.
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Figure 11. Roles of proton sensing GPCRs in different systems

Adapted and modified from Cell Health and Cytoskeleton 2015:7.
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Figure 12. A graphical illustration of GPR4mediated leukocytes extravsation

Adapted from Biochimica et Biophysica Acta 1863 (2017)i &4.
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Chapter Il : Materials and Methods

A. Summary

The functional roles of GPR65 and GPR4 in the developmennhflammation driven
colorectal cancewas assessed by chemically inducing CAC. GPR65 Knockout (KO), and GPR4
KO mice were compared to Wild Type (WT). We used the-esthblisheddOM/DSS model to
induce mutagenesis and intestinal irritation to assess the tumor burden in conjunction with clinical
disease activity, and macroscopic inflammatory paramgi@s. We also used histopathological
evaluation of dysplastic, adenocarcinoma lesions and immundmestocal analysis for distinct

inflammatory or angiogenic tumor features.

Furthermore, the functional role of GPR4immmune mediated colitiwas assessed using an
IMC mouse model by administering the immune checkpoint inhibitors (I@Is};CTLA4
(cytotaxic T-lymphocyteassociated protein)4nd antPD-1 (Programmed death) antibodies
or control isotype in conjunction with DSS to induce colitisasAE [236, 237] GPR4 KO mice
were compared to WT. Clinical disease activity, inflammatory indicators, and histopathological
evaluation of cellular inflammatory and fibrotic markers were evaluated to comprehensively assess

the role of GPR4 in this model.

The methods employed in this dissertation work will provide a new insight on the contributions
of the proton sensing GPCR family members, GPR65 and GPRA4 to colorectal cancer development,
driven by chronic intestinal inflammation. It willsa reveal a new role for GPR4 in immune

checkpoint inhibitorsmediated colitis using an experimental IMC mouse model.



B. Materials and Methods used for the investigation of CAC development and IMC

B.1. AOM and DSSinduced colitis associated @orectal cancer mouse model

Experiments were performed usiegual number dd to 12 weeks oldf male and female
WT, GPR& KO, and GPR4KO mice. Mice were backcrossed 9 and 10 generations into the
C57BL/6 background. Colitiassociated colorectal camaeas induced in mice using a single
injection (10mg/kg) of azoxymethane (AOM, product# A5486, Sigdarich, Saint Louis, MO)
followed by 4% (w/v) DSS (Lot# Q5229 and S0948, MP Biomedical, Solon, OH) in drinking
water. The treatment schedule was rfiedifrom Thaker, et a[235] 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 1314" week. Mouse body gight was measured each day for the first 14 days of each cycle.

All animal experiments were performed according to the randomized block experimental design.

B.2. Immune checkpoint inhbitorsmediated colitis (IMC) mouse model

9 to 12 weeks oldf equal number ainale and female WT and GPR4 KO mice were used in
the experiments. GPR4 deficient mice were generated as previously described and were
backcrossed into the C57BL/6 background for 11 generafit81d. Animals were maintained
under specific pathogeinee conditions and were free frddelicobacter Citrobacter rodentium
andnorovirus Colitis was induced using three i.p. injections of 100 mg/mi@mtiA4 and 250
mg/ml anttPD-1 antibodies or the corresponding isotypes on d&y9( and 3). 2% (w/v) colitis
grade dextran sulfate sodium (DSS) with molecular weight 36500000 KD (Lot# Q1408, MP
Biomedical, Solon, OH) was added within the drinking water of mice on day O till day 10 when
mice were euthanized for tissue collectjp86, 237] The 2% DSS solution or water was provided

to micead libitum as previously describgd66]. Mouse body weight and clinical phenotype
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scores were measured each d#6]. The mouse experiments wegpeoved by the Institutional
Animal Care and Use Committee of East Carolina University in accordance wiidhe for the

Care and Use of Laboratory AnimgBhe National Academies Press).

B.3. Clinical phenotype scoring

Assessment of colitis seviriwas determined using the clinical parameters of body weight
loss and fecal scof&61]. Disease activity index represented by body weightdessentage, fecal
score, spleen weight, colon shortening, and lymph node expansion, was measured to assess
inflammation in WT and GPR65 mice treatethWAOM/DSS. Feces was collected from mice and
assessed for presence of blood and consistency. Fecalgssgsiem 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= naolonic fecal content and bloody mucus upon necropsy. Presence of micro
blood content was measured using the Hemoccult Single Slides screening test (Beckman Coulter,

Brea, CA).

B.4. Tissue collection, evaluation, and processing

Upon the study endpoint, ioe 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
alongthe antimesenteric 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 analysishendolume was assessed with
a caliper using the formula (length x wiéth ~ / 6 . Lymph nodes and col or

with 10% formalin for histological analysis. Mouse spleens were also collected and weighed.
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B.5. Histopathological analysis

Five um sections of distal, middle, and proximal colon tissue segments were obtained from
WT, GPR65 KQand GRR4 KO mice treated with DSS or AOM/DSS and stained with hematoxylin
and eosin (H&E) for histological analysis. Sample identification was concealedgdu
histopathological analysis for unbiased evaluation. Board certified medical pathei@gstti
Satturvar, Heng Hong,Deepak Donthi, and Ying Sun, MD)evaluated dysplasia and
adenocarcinoma features in the colons of WT, GPR65 KO and GPR4 KO AOM/[28Samdl
(Ahmed Younes, MD) evaluaterblitis histopathological featuraa WT, and GPR4 KO mice
treated withDSS, or ICI/DSScolon segments including inflammation, crypt damage, edema,
architectural distortion, and leukocyte infiltration in a blinded maasereviously describdd,
161, 238] a score macrophage clusters, and their percent involvement was added to the previous
parametersEach parameter was scored and multiplied by a factor corresponding to total disease
involvement. Additional scoring criteria of colonic fibrosis were evadats previously
described. BrieflyWT, GPR4 KO, GPR65 KO miceeated withDSS, ICI/DSS oiAOM/DSS
colon segments were stained with picrosirius red for fibrosis analysis and graded in a blinded

manner for pathological fibrosj239]. The sample identification was concealed during scoring.

B.6. Immunohistochemistry

Colon tissues and mesenteric lymph nodes were embedded in paraffin and serial five um
sections were evaluated for immunohistochemical anafssigreviously describgd 61, 166]
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 stained withant-Green Florescence Protein (GFP) (ab6673, Abcam, Cambridge aviid\),

Caspase83 (#9664S Cell Signaling Technology, Danvers, MA antrCD31 (#7769%, Cell

29



Signaling Technology, Danvers, MA antiKi67 (#ab15580 Abcam, Waltham, MA), antk
VEGFR2 #9698S Cell SignalingTechnology, Danvers, MA ant-CD45 (ab25386, Abcam,
Cambridge, MA)anti-F4/80 70076 Cell SignalingTechnologyDanvers, MA, and antiU S M A
(#ab5694 Abcam, Cambridge, MA) primary antibodiesThe IHC detection system
VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Rabbit IgG) (Vector laboratories, California,
CA), and VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Goat IgG) (Vector laboratories,
California, CA) were used. Following addition of secondary antibo®AB (3,3-
diaminobenzidine)ImmPACT® DAB Substrate Kit, Peroxidase (HRPJSK-4105, Vector
laboratories, California, CA) incubation was performed for HRP deted®iotures were taken

using the Zeiss Axio Imagéil or M2 microscope.

B.7.Leukocyte and myofibroblast quantification

Distal colon tissue segments were randomly selected from WT and GER6tice treated
with AOM/DSS (n=21). Slides from WT and GPR65 KO AOM/D&&ated mouse colons were
stained for the pan | eukocyte m8MAKRicture@®del 5 and
taken (=8-12) sequentially starting from the anus of the distal segment of the cokfi)at
magnification. Positively stained immune cells and myofibroblasts were manually quantified using
ImageJ1.53k software per high power field ofiew (FOV) and then averaged per mouse. The

sample identification was concealed during cell counting and scoring.

B.8. Tumor necrotic area quantification

Hematoxylin and Eosin (H&E) stain was performed on formalin fixed, paraffin embedded
tumor sectiondo assess necrosis in WT and GPR4 KO AOM/DSS mouse colons. Percent of
necrotic area per field of view (FOV) was measured using Imagak software, in a blinded

manner. Briefly, 200X magnification images were taken for every tumor to capture thartaial t
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area using (Axio Imager M2, Zeiss Inc.). Percent of necrosis per FOV was calculated using the

following equation: % necrotic area = (sum of necrotic areas / total area of FOV) * 100.

B.9. Microvessel density quantification

CD31" immunohistochemistry stain was used as a marker for endothelial cells forming blood
vessels in the WT and GPR4 KO AOM/DSS colon tumor sections. Imadgeksoftware was
used for manual quantification of individual blood vessels/ FQ¥ irfhages were cajred using
200X magnification/ polyp and blood vessel numbers were averaged. Images were analyzed in a
blinded manner. Data is represented as the averaged FOV/ polyp for the two groups WT and GPR4

KO AOM/DSS.

B.10. Tumor proliferation quantification

Ki67* immunohistochemistry stain was used as a proliferation marker in the WT and GPR4
KO AOM/DSS colon tumor sections. Fii.53t software was used for analysis, as previously
described[240] with some modications. Briefly, 48 Images were captured using0X0
magnification/ polyp. Images were analyzed in a blinded manner. Percent positive cells were
guantified, by dividing number of positive cells by the total number of cells/ FOV multiplied by

100 and agraged to produce one percentage per polyp.

B.11. Statistical analysis

All statistical analysis was performed using the GraphPad Pisoftware. The unpaired t
test and MamWhitney U test were used to compare differences between two gidpsand
GPR65 KO),(WT andGPR4 KO) (WT-ICI DSS andWT-DSS), (WFICI DSS and GPR4 KO
ICI DSS), (WTFDSS and GPR4 KSS), and (GPR4 KOCI DSS and GR4-DSS)mice Chi-
square test was used to compare the differences between (WT and GPR65 KW et

GPR4 KO)tumor lesionsP < 0.05 is considered statically significant.
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Chapter Ill : The Role of GPR65 in ColitisAssociated Colorectal cancer
(CAC)

Portions of this chapter are modified and reprinted from Biochimica et Biophysica Acta
Molecular Basis of Disease, Volume 1868, Issue 1, 166288 (2022).

A. Summary

GPR65 (also known as-dell deathassociated gene 8, TDAGS) is a progansing GPCR
predominantly expressed in immune cells. GWAS have identified GPR65 gene polymorphisms as
an emerging risk factor for the development of IBD. Patients with IBD have an elevated risk of
developing colorectal cancer when compared to the general populationndMatheers have
previously shown an aniinflammatory role of GPR65 in IBD. To determine the functional role
of GPR65 in inflammatiomriven carcinogenesis, we developed a CAC mouse model. CAC was
induced in GPR65 KO and WT mice usihg wellestablished ®M/DSS murine modeClinical
parameters observations show an increase of inflammation in GPR65 KO mice colons compared
to WT, as reflected by body weight loss, splenomegaly, mesenteric lymph node (MLN) expansion,
leukocyte infiltration, intestinal fibrosiand colon shortening. Moreover, tumor burden as reflected
by tumor number and volume, was higher in GPR65 KO mice colons compared to WT mice
colons. Altogether, our data demonstrate that GPR65 suppresses intestinal inflammation and
colitis-associated tuor development ithemurine CAC model, suggesting potentiation of GPR65
with agonists may have a therapeutic -amlammatory effect in IBD and reduce the risk of

developing colitisassociated colorectal cancer.



B. Introduction
Extraeellular acidification in inflammatory milieu activates fénsing GPCRs, such as

GPR65. GPR65 has been genetically linked to several inflammatory disease such as multiple
sclerosis, rheumatoid arthritis, ankylosing spondylitis, and IBD (both CD an{PtdGp45]. IBD
is a broad term covering botbD and UC[246]. Murine bone marrow derived macrophages
lacking GPR65 as well as Hela cells encoding the genetic v&RR65 1231Llinked to IBD,
show impaired lysosomal functid@47]. In line with these observations, Mercier et al. showed
that decreased GPR65 expression on human macrophages impaired their phagocytic function and
increased their proinflammatory response via activating the inflammasome pathway [RZRP3
Lysosomal disruption of specialized macrophages responsible for autophagy, explained the
impaired bacterial clearance obseriedhe mice lacking GPR63BD-bacterial mode]247]. In
addition, the lack of GPR65 expression on CD<4ellsdid not confer a proinflammatory role in
an IBD mouse model. In this studye adoptive transfer of naive CDA -cells isolated from
GPR65" did not affect theeverity of olitis clinical score irmurine DSS induced IB[206]. 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 progr€ssaric inflammation
associated with IBD is a key player in modulating the intestinal microenvironesmhtg to
colorectal cancattevelopmenfl18-120]. CAC can develop from repeated damage to the intestinal
epithelium and exposure to the inflammatory microenvironm&sitsuch,IBD patientshave a

higher risk ofdeveloping colorectal cancer than the general populfiti.
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As aberrant GPR65 function is associated with liBpatients[27, 203, 248, 249]we
sought to utilize the AOM/DS$iduced CAOmouse model tevaluate the role of GPR65GAC
developmentThroughout the study, GPR65 KO mice showeddased inflammation compared
to WT, as reflected by increased body weight loss data. This observation was also evident at
endpoint where GPR65 KO mice gained less body weight than WT mice. In addition, GPR65 KO
mice showed enlarged spleens and mesentgmph nodes compared to WT, reflecting an
increase in inflammation caused by the lack of GPR65 expression in immune cells in those mice.
Moreover, a significant increase in inflammation was reflected by the increased number of immune
cells in GPR65 KO in aoparison to WT mice colons. In line with these observations of increased
inflammation in GPR65 KO colons versus WT, intestinal fibrosis, increasedsipbath muscle
cells number and consequently, colon shortening were intensified in GPR65 KO miceiolons
comparison to WT. The heightened inflammation and fibrosis in GPR65 KO colons were also
reflected on tumor development, as GPR65 KO mice developed more tumors with larger volumes
compared to WT mice.

Our results demonstratkat GPR65 is protective agat colonic inflammationandIBD

associated complicatiossich as fibrosiasnd CACdevelopment
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C. Results

C.1. GPR65 KO mice show ggravated intestinal inflammation in the CAC mouse model
Inflammation is a driving force for tumorigenesis in the AOM/DSS cediisociated
colorectal cancer modg50, 251] We assessed the role of GPR65 in the development of CAC
using the AOM/DSS mouse model. WT and GPR65 KO mice were injected\®ivh followed
by DSS administration for the development of inflammatssociated colorectal cancer in the
colon.Lymph node expansion, spleen enlargement, colon shortening, body weight loss and fecal
blood score can be used as parameters to assess inflammation in colitis and colitis associated
colorectal cancelr52-255]. Body weight loss perog¢ was calculated in reference to initial body
weight for each mouse and normalized to untreated mice body weight gain. Generally, GPR65 KO
mice treated with AOM/DSS showed increased bodgt loss percentage in comparison to WT
mice, signifying an incr@se in disease progression. On the second and third day of the first cycle
of DSS administration, a statistically significant body weight percent loss in WT in comparison to
GPR65 KOAOM/DSS mice was observed, whereas there was no observable differeneeibet
them for the remainder of cycle one. Starting on tHed2§, GPR65 KOAOM/DSSshow a steady
trend in body weight loss (average range of ~17.6%) compared to WT AOM/DSS (average range
of ~14.6%) (Fig.3.1.A)Interestingly, fecal blood and diarrhea seaid not show significant
differences between GPR65 AOM/DSS and WT AOM/DSS mice (Fig.3.1.B.). Moreover, at the
terminal point of the experiment, macroscopic disease indicators were evaluated spigems
size,mesenteric lymph node expansi@amd colon shorteningSpleen size corresponding to the
extent of inflammation has been assessdtere GPR65 KQAOM/DSS mice spleens were
significantly larger in comparison to WT AOM/DSS mi@eg.3.1.C).Furthermore, spleen sizes

were normalized to correspdng mice weights, and thteendstood with GPR65 K@AOM/DSS
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spleen2.5fold larger than WT AOM/DSS miceF{g.3.1.0D. MLN volume was significantly
increased in GPR65 KABOM/DSS treated migemean ~ 53 mmcompared to WT AOM/DSS
with mean ~24 mrf) showing2.2 -fold expansionindicating the inflammation of GPR65 KO
AOM/DSS was more seve(€ig.3.1.E).Finally, colon length was measured to assess the degree
of shortening, which corresponds to heightened inflammation. GPR6BMIA'DSS mice had
significant colonshorteningimean ~7.6 cA) in comparison to WT AOM/DSS miggnean ~8.1
cm?) (Fig.3.2.AB). Colon shortening, mainly due to tissue fibrosis secondary to intestinal
inflammation, was consistent with collagen staining by picrosirius red (PSR). PSR pasitise a
(red color) demonstrated that the levels of fibrosis were higher in the col@PRBb5 KO
AOM/DSS mice in comparison to WT AOM/DSS mice throughout the distal, mid and proximal
colon (Fig.3.2.GD). These observations are in concordance with myofibstblaxpansion
observed vid}SMA* cells (Fig.3.2.E).U-SMA* cells in the distal area were observed to have
increased by ~2 folds in GPR65 KO AOM/DSS mice than WT (Fig.3.Zd-assess leukocyte
infiltration throughout the colon, tissue sections were sthiior CD45, a pateukocyte marker.
Significant increase of leukocyte infiltration in the distal, middle, and proximal colon of GPR65
KO-AOM/DSS mice was observed when compared toAOM/DSS mice (Fig3.3.A-B).

Altogether, these results suggest th&tstinal inflammation is aggravatedthe GPR65 KO

AOM/DSS mice.
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Figure 31. Macroscopic parameters of colitis in WT and GPR65 KO AOM/DSS mice.

GPR65 KO AOM/DSS mice hawdevated inflammation parameters compared to WT AOM/DSS
mice. Macrosopic colitis indicators include (A) body weight loss, (B) fecal blood and diarrhea
score, (C) pleen size, D) spleen/body weight ratiand (E) mesenteric lymph node (MLN)
expansionData are presented as the mean + SEWM21 WT and N=21 GPR65 KO micejth

11 males and 10 females for epeimd statistical significamcwas determined using the Mann

WhitneyU ted betweerWT and GPR65 K@roups (*P < 0.05, **P < 0.01)
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Figure 32. Colon shortening, fibrosis, and myofibroblagpansion in AOM/DSS mice.

The colons of GPR65 KOAOM/DSS mice show reduced length, increased fibrosis, and
heightened myofibroblast expansion compared to WT AOM/B&®. (A B) Colon length, (C)
representative images of pathologicddrdsis by Picrosirius Red stainingblue arrowheads
indicate fibrotic areas)D) fibrosis score of severifN=21WT andN=21 GPR& KO mice,with

11 males and 10 females for epctE) immunohistochemistry otFSMA* myofibroblasts in
mousecolontissues, and (F) graphical presentatiod-8MA* myofibroblasts Scale bar is 100pm
for microscopic imagesScale bar is 1cm for macroscopic representafd@ta are presented as
the mean £ SEM and statistical significangas determined using the Mahvhitney U test

betweenVT AOM/DSSandGPR65 KOGAOM/DSSmice ¢P < 0.05,***P < 0.001).
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Figure 33. Leukocyte infiltration in colons of AOM/DSRice.

Leukocyte infiltration in colon tissues is increased in GPR65AKMA/DSS mice when compared

to WT AOM/DSS mice. CD45+ immunohistochemistry of leukocytdge arrow headsh (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

with 11 males and 10 females foreach Scal e bar i sentedad themeantDat a
SEM and statistical significance was determined using the unpdaestdetween WT and GPR65

KO AOM/DSS mice (*P < 0.05, **P < 0.01).
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C.2. Geneticknockout of GPR65 increases intestinal tumorigenesis in the AOM/DSSAC
modd

Chronic intestinal inflammation is associated with a higher risk of developing colorectal
cancer in IBD patient®256-261]. Using the previously discussed AOM/DSS CAC mouse model,
we assesseditnor burdenn GPR65 KO AOM/DSS compared to WT AOM/DSS. Tumor burden
was represented by both polyp/tumor incidence and tumor volume in the mouse colon. A
significant increasef ~2-fold in polyp/tumor numbers were observed in GPR65AMM/DSS
when compared to WWAOM/DSS mouse colon tissues. The majority of tumor polyps were
observed in the distal colon with decreasing tumor numbers in middle and proximal colon
segmentgFig.3.4.A, C-D). Similarly, the total volume of tumor polyps in GPR65 KOM/DSS
mice were elevated by -fdld when compared to WAOM/DSS mice (average total volume of
~ 66 mni/colon vs. 31 mrficolon, respectively) (Fi§.4.B). Histological analyses of the colo
sections harboring tumor polyps revealed colon dysplasia and adenocarcinoma were induced in
both WT AOM/DSS and GPR65 K@AOM/DSS mice (Fig3.4.EF). While the total number of
lesions observed was higher in GPR65 KO AOM/DSS mouse colons, the relatilitigst of
colon dysplasia and adenocarcinoma was similar between WT and GPRABDKIIDSS mice

(Fig.3.4.1)
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Figure 34. Effects of GPR65 on tumorigenesis in the 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 WADM/DSS mice (N = 21, with 11 males and Hirfales). Red
arrows indicate polyps and tumors. (A) Polyp/tumor number, (B) polyp/tumor volumB) (C
representative pictures of distal colons bearing polyps/tumors in (C) WT and (D) GPR65 KO, (E
H) histopathological representation of dysplasia and adecinoana(bluearrow headsin (E, G)

WT and (F, H) GPR65 KO AOM/DSS mouse colons, and (1) Distribution of dysplasia (Dys) and
adenocarcinoma in situ (AIS) in GPR65 KO and WT AOM/DSS mouse colons. Data are presented
as the mean + SEM and statistical sigrafice was determined using the unpairgst and chi

square between WT and GPR65 KO AOM/DSS mice. (*P < 0.05).
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D. Discussion

In this study wednvestigated the functional role of GPR65 in the AOM/BiB&uced colitis
associated colorectal cancer mouse model. Our results indicate that GPR65 provides a protective
roleagainsiCAC developmentOur observations of GPR65 function acmcordant with previous
studies that demonstrate an anflammatory role of GPR65 in a variety of inflammatory diseases

[197, 249, 262, 263 nd provide new insights into the function of GPR6EALC development.

GPRG65 is expressed predominately in leukocytes and can regulate the inflammatory response of
immune cells[264-267]. Downstream effectors of the GPR6%0 u p | ££AMP @dinonstrate
antinflammatory effects in a diverse set of proce$268]. {BAMP/PKA/CREB pathway has

been shown to reduce granulocyte, macrophage, and monocyte inflammatory pr@$eins
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, micraghiautrophils, and T cellR64-267,

270]. Additionally, the antinflammatory role of GPR65 was demonstrated in imrameelated

murine disease models such as arthritis, lipopolysaccharide -(bé8)ed acute lung injury,
myocardial infraction, ischemic stroke, and intestinal inflammai®7, 249, 262, 263, 271]
However, there are also some studies suggesting GPR65 expression in eosinophils promotes
inflammation through incasing eosinophil viability in an asthma mouse mo{207].
Furthermorerecent studies found GPR65 is a regulator for Th17 pathogenicity and increases the
severity in the EAE mouse model as well as increasesOSM production in CD4 T cel[208,

209]. Pertaining to Th17 cell pathogenicity, reports have provided evidence for both protective
and pathogenic roles in the context of intestinal inflammdt®d, 272] Lin et al. reported a

proinflammatory role of GPR65 itBD, where ectopic expression of GPR65 6B4 T-cells
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obtained from peripheral blood of IBD patients and healthy controls promotegdtheiization

towards Th1/Th1l7 phenotypg$95]. Moreover, Lin et al shows thaidoptive transfer of the
conditional GPR65 CD4 knockout protect againistitrobenzene sutiic acid(TNBS)-induced

colitis in RAGT" mice[195]. In addition to thesin vitro andin vivoanimal studies, recent GWAS

have identified single nucleotide polymorphisms (SNPs) of GPR65 associated with several human
inflammatory diseases such as multiple sclerosis, asthma, hephuoed thrombocytopenia,
spondyloarthritis, and IB[208, 248, 2777]. As previously mentioned, IBRs®ciated GPR65

genetic variant (I231Lyvas investigatedithin a bacterianduced colitis mouse model and found

that this GPR65 gene variant confers reduced GPR65 activity as well as impaired lysosomal
function [249]. Our study focuses on the functional role of GPR65 in the regulation of
inflammationassociated carcinogenesis in a chemically induced chronic colitis mouse model
which further proides evidence that GPR65 functions to inhibit inflammation in colitishee
previouslydemonstrated that GPR65 is expressed in infiltrated leukocytes within the colon of
inflamed intestinal tissues using GFP as a surrogate marker in GPR65 KQL &6 e here is a
discernibé 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
norrinflamed intestinal tissug466]. Consistently, GPR65 gene expression is increased inthuma
colitis and Crohnods i nibflarset intesanhl tissugdbs6). dt is kkelyc o mp a r
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 previousy reportedthat pathological fibrosis was increased in GPR65B&b5 mice
compared to WTDSS mice in the chronic colitis mouse mod§gl66]. Fibrosis is a serious

consequence of recurrent intestinal inflammation and can lead to complications such as intestinal
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strictures and obaiction [278-280]. Collagen can be produced by several cellular constituents
within the intestinal tissues. Some such cells include fibroblastsemthelial myofibroblas,
smooth muscle cells, and pericytes. Additionally, fibroblasts, smooth muscle cells, fibrocytes,
endothelial cells, pericytes can undergo epithelial/lendotheli@senchymal transition into
myofibroblasts for wound healing functiofs78-280]. Myofibroblasts are described as a major
contributor of pathological extracellular matrix deposition within the inflamed intd2&280].

As such, GPR65 KO micshowed an increase in tmeimber of SMA myofibroblasts in the
mucosa than WT micef AOM/DSS CAC moel. which issupporéd bythe observed increased
fibrotic deposition in thechronic DSStreated GPR65 KO colaen[166]. It remains to be
determined how GPRG65 regulates fibrosis in the chronic colitis maddkICAC Interestingly,
however, a recent study demonstrates that GPRpbire at es macr ophage CCL20

cell infiltration, and fibrosis in a myocardial infarction mouse ma¢dier].

IBD patients have a higher risk of developing colorectal cancer than the general population.
The cumulative incidence of colorectal cancer i$ 2.8% and 7.618.0% in IBD patients with 20
and 30years of disease duration, respectivil@l]. It has been well demonstrated that the
inflamed intestinal microenvironment is a driving force for colon epithelial transformabén
261, 282] In the inflamed milieu, inflammatory cells generate reactive oxygen species (ROS),
cytokines, chemokines, and paogiogent factors that induce gene mutations, promote cell
proliferation and survival, and stimulate angiogenesis. Chronic intestinal inflammation drives
tumor initiation and progressiasf CAC,a process ef err ed t o asdyspldsi@ Ai nf |
carcinomao pathway. Tpeeviotisuesultsh showingb GPR65ddampgn® n o U
intestinal inflammation, we iized the AOM/DSS mouse model to assess the role of GPR65 in

CAC developmeni283, 284] We observed the DSS insult induced elevated disease activity scores
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in the GPR65 KO mice when compared to WT mice in the ACB&ihduced CAC mouse model.
Several macroscopic and microscopic disease indicators were aggravated in the GPR65 KO mice
when compared to the WT in the AOM/D&®luced CAC model. Consistent with heightened
intestinal inflammation scores, colonic polyp andhor formation was elevated in the AOM/DSS
treated GPR65 KO mice than when compared to WT. Chronic, unresolved intestinal inflammation
driven by leukocyte infiltration in the colon tissues can drive dysplasia from preneoplastic lesions
[285]. We observed increased leukocyte infiltration in femoral areas of GPR65 KO
AOM/DSS mice when compared to WT. Our results demonstrate tbatots of GPR65
expression in AOM/DSS mice elevates 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 degson the duration and severity of intestinal
inflammation[286]. This makes surveillance colonoscopy as a preventative measwial for
IBD patients to detect dysplastasions. Our study provides support for an-amftammatory role
of GPRG65 in colitis and suggests GPR65 could be a potential target for therapeutic intervention
for CAC prevention. Currently, IBD treatment options are limited and predominately consist of
steroids, aniTf NFU monoc !l onal -mtegrin rbonodlonal antibodid®87]. Then t i
efficacy of these aninflammatory treatments against CAC development in IBD patients are
inconclusive[288]. However, earlier epidemiological studies suggest thatstenoidal anti
inflammatory treatments could have a protective role for CAC develod&&ht290] Similarly,
T N Fibhibitors were found to reduce tumor burden of CAC and associated inflammation in
experimental muse model$291]. This warrants the development of more effective approaches

for IBD treatments. The GPR65 agonist BTB09089 has beeelaped and recently investigated
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for antrinflammatory properties. BTB09089 was shown to activate GRRGBro but provided
weak activityin vivoaccording to one stud267]. An additional study has shoumvivoefficacy

of BTB09089 using an ischemic stroke murine disease nipdg]. Further studies must be done

to develop highly efficacious GPR65 agonists for potential use in IBD treatment and CAC

prevention.
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Chapter IV : The Role of GPRIin colitis-associatedcolorectal cancer (CAC)

A. Summary

GPRA4 is a protossensing G proteksoupled receptor expressed in endothelial cells and other
cell types GPR4 functions as a gate keeper for transendothelial leukocyte extravasation into local
inflamed tissueGPR4 expression is upregulated in the intestiissues of IBD and colorectal
cancer patients and is associated with a worse prognosis. Herein, we studied the role of GPR4 in
CAC developmenby inducing CAC in GPR4 KO and WT mice usif@M/DSS.Disease activity
was reduced in GPR4 KO AOM/DSS compat@evVT AOM/DSS micesignifying dampening of
inflammation in GPR4 KO mice colons compared to WT, as reflected by body weight loss, fecal
blood and diarrhea score, and MLN expansion dataaddition, reduced tumor burden was
observed in the GPR4 KO AOM/DS$&ce compared to WT AOM/DSS. Angiogenesis and tumor
proliferation were significantly reduced within GPR4 KO AOM/DSS compared to WT AOM/DSS
tumors. Consequently, necrogiasincreased in GPR4 KO tumors compared to WT tumors. Our
data demonstrate thalhe lack of GPR4 KO alleviates intestinal inflammation and reduces

angiogenesigndtumor development in the CAC mouse model.



B. Introduction

GPR4 is a proton seimg GPCR, activated by protonation of several histidine residues on its
extracellular and transmembrane domains. GPR4 is mainly expressed on endothelial cells amongst
other cell typesWe and others observed that GPR4 expression is upregulated in the colons of UC
and CD patient$161]. A proinflammatory rolefor GPR4was also established IBD mouse
models[7, 227] GPR4 confershis role inIBD throughendothelium activation bynodulating
chemokines, ytokines, and adhesion molecules, on endothelial dblls,regulating leukocyte
trafficking andinfiltration into intestinal tissues of IBD mouse modpgis 161] Our group ha
demonstrated that GPR4 activation by acidic microenvironment increases the expression of
endothelial proinflammatory molecules, such as3JUL-1A, COX-2, VCAM-1 and Eselectin
[162]. Moreove, intestinal fibrosis is a serious complication in IRIY9, 292, 293]and GPR4
expression is positively correlated to fibrogenic genes expressed in highly fibrotic lesions obtained
from terminal ileums of CD patien{467]. In addition to its proinflammatory, profibrotic and
endothelial cell activation roles, GPR4 has been implicated in both physiological and pathological
angiogenesifl67, 185, 230, 231Wyder et alshowed a role fo&EPR4in promoing angiogenesis
and tumor growth[232]. Its expression has been associated with increased angiogenesis in
hepatocellular, head and neck, breast and colorectal cd@8&s233, 294] Increased GPR4
expression was observed in colorectal cancer patients tumors compared to adjacent normal tissue
and was associated with decreased overall sury\&8d]. Therefore, GPR4 may contribute to
tumorigenesis in the colon through reinforcing the inflammatory and angiogenesis processes in
IBD. Herein, using WT and GPR4 KO mouse CAC models, we investigated the role ofiGPR4

inflammation driven colorectal cancer.
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C. Results

C.1.Geneticknockout of GPR4 reducss intestinal inflammation in the AOM/DSS- CAC
mouse model

To studythe role of GPR4 on the development@AC, we used the wellestablished
AOM/DSS murine mode[235, 253] Disease severityndicators were measured during the
experment by monitoring body weight loss, and fecal bleod diarrheacore. WT AOM/DSS
mice showed more significant body weight loss when compared to GPR4 KO AOM/DSS mice
startingat the end of the first cycle, and throughout the second and third cyclds\VBbtand
GPR4 KO AOM/DSS mice reached an average body weight loss of ~17% by day 9 during the first
cycle, followed by gartial recoveryn that body weight loss. This body weight loss rescue was
more significant in the GPR4 KO mice than WT (Bid.A). The severity of fecal bloodnd
diarrheascore was also significantly higher in WT AOM/DSS in comparison to GPR4 KO AOM/
DSS mice starting mid cycle in the first, second and third cyEigs4.1.B) Upon terminapoint
of the experiment, macroscopic disedadicators were evaluated such as final body weight,
mesenteric lymph node expansion and colon length shorteGR&4 KO AOM/DSS mice
showed a significant increase (~2.5 fold) in body weight recovery compared to WT (Fig.4.1.C).
Mesentericlymph node vaime of WT mice were ~2 fold larger théimat of GPR4 KO mice
indicating a more severe inflammationWAT mice (Fig.4.1.D) No significant differences were

observed in colon length between WT and GPR4 KO AOMAD&&ed mice (Fig.4.1.E)
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Figure4.1. Clinical indicators of intestinal inflammation in théT and GPR4 KAGCAC mice

WT AOM/DSS (n=16) and GPR4 KO AOM/DSS (n=16)jith 8 males and females for each,

were used for this analysis. WTAOM/DSS show increased body weight loss and fecadrdood
diarrheascore throughout treatment cycles when compared to GPRA®I@/'DSS mice. (A)
Percentage ofdadly weight change, and (B) fecal bloaad diarrheacore. At the endpoint, disease
parameters such gsercentage ofinal body weight change, colon lengtimdalymph node
expansion were measured. WT AOM/DSS show less body weight gain and increased lymph node
expansion when compared to GPR4 KO AOM/DSS mice. (C) final body weight change percent,
(D) colon shortening, and (E) lymph node size Data are presentieel m®an + SEM. Statistical
significance was determined using the unpairéest between WT AOM/DSS and GPR4 KO

AOM/DSS mice. (*P<0.05¢*P < 0.01, ***P < 0.(01, and*** *P < 0.0001).
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C.2. GPR4 deficiency reduces tumor burden in the CAGnouse model

A significant increase in colotumor number was observed in WT mice when compared to
GPR4 KO mice suggesting GPR4 promotes CAC development. WT mice has an average tumor
number of 7.4 whereas GPR4 KO mice had an average of 5.1, demonstriféoancrease in
tumor burden in the WT over GPR4 KO AOM/DSS mice @ig.A-B). Moreover, the volume of
the detected observed polyps was 115°imWT mice and 55 mmin GPR4 KO AOM/DSS
mice, respectivelyshowing a ~2 fold increase in the WT m{€&g.4.2.C). Histological analyses
of the colon tissue sections revealed colon dysplasia and adenocarcinoma in situ (AIS) were
induced in both WT and GPR4 KO AOM/DSS mice. Interestingly, the distribution of dysplasia
and adenocarcinoma in WT and GPR4 KO AOM/DS8fe showed a 9% decrease in
adenocarcinomas in GPR4 KO mice compared to WT4Fi&). These data suggest absence of
GPR4 delays progression from low grade dysplasia to adenocarcinoma in the inflamed colon
tissues. Moreover, minimal residual inflammatwas observed in the colons of both experimental

groups, indicating the resolution of active inflammation at this experimental time point.
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Figure4.2. Effects of GPR4 on tumorigenesis in the CAC mouse model.

Tumor burden was evaluated using clinical observatidnrabrnumber and volume at endpoint
for WT AOM/DSS (n=16) mouse colons compared to GPR4 KO AOM/DSS, iwitle 8 males
and8 females for each use@umor burden was found to be increased in WT AOM/DSS mouse
colons compared to GPR4 KO AOM/DSS (n=16) mice. (A) Representative pictures of distal
colons bearing tumorgblue arrow heads)(B) tumor volume, (C) tuor number, (D)
histopathological representation of adenocarcingyediow arrowheads)n AOM/DSS mouse
colons, and (E) distribution of adenocarcinoma in situ anddmae dysplasia in the WT
AOM/DSS and GPR4 KO AOM/DSS mouse tumors. Data are presentied aeean + SEM and
statistical significance was determined using the unpaitest and chsquared test between WT
AOM/DSS and GPR4 KO AOM/DSS mice. (*P<0.09)00 puM scale bar used for histology

representation. 1 cm scale bar used for macroscopic egpaégon.
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C.3.GPR4 is highly expressed in the tumor blood vessels of AOM/DSS mice

We next characterized the expression profile of GPR4 in the AOM/DSS mouse model. Due to
the lack of a reliable antibody for GPR4,tthan be validatedsingGPR4KO mouse tissuedVe
performed immunohistochemistry for green fluorescence protein (GFP) which functions as a
surrogate marker for GPR4 expression. GPR4 KO mice were generated by replacing the GPR4
coding region with an internal ribosome entry site (IRE&P cassette under the control of the

endogenous GPR4 gene promoter as previously des¢2iBel

We were able to detect GFP signal in GPR4 KO AOM/DSS, budMioAOM/DSS colon
tissues. In line with our previous observatifit®l, 179] we obsered higher levels of
expression of GFP in vascular endothelial cells &8A) and lower levels in macrophages.
Furthermore, using a double fluorescent stain with CD31 and GFP, GFP expression was
predominately detected in the endothelial cells (ECs)amfblessels in the tisstief GPR4 KO

AOM/DSS colons (Figt.3B).
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Figure4.3. GFP signal and double labeling with CD31 in the colon tumor tissues of the CAC mou:t

model.

GFP knockin signal under the control of GPR4 promoter serves as a surrogate marker for
endogenous GPR4 expression in GPR4riCe. GFP signal could be detected in GPR4 KO mice

(A) GFP signal in GPR4 KO AOM/DSS versus negative signal in WT AOM/DSS tumors, and (B)
double labeling of GFP and CD31. Blood vessels show a double positive signal of GFP and CD31

in GPR4 KO AOM/DSS versusnly CD31 positive signal in the WT AOM/DSS tumors. Scale

bar is 100pum.
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C.4. GPR4 knockout decreases angiogenic blood vessel formation in the tumors of

AOM/DSS mice

During tumorigenesis, angiogenesis is a fundamental process in the tumor cherdland
progressior295]. We analyzed the blood vessel density in the tumors of WT AOM/DSS and
GPR4 KO AOM/DSS using the endothelial marker CD31. The deficiency of GPR4 in the GPR4
KO AOM/DSS mice caused a sidicant reduction in blood vessel density in the tumors of these

mice by ~2.6 fold when compared to WT AOM/DSS (#i4.A-B).

Vascular Endothelial Growth Factor Receptor 2 (VEGFR?2) is a cell membrane tyrosine kinase
receptor that regulates and potensatagiogenesis in both physiological and pathological settings
[296]. VEGFR2 protein levels were decreasedhia lung tissues dEPR4 deficient mic§232].

We soudpt to compare the protein expression levels of VEGFR2 in the blood vessels of tumor
tissue sections obtained from WT AOM/DSS and GPR4 KO AOM/DSS mice colons using IHC
(Fig.4.4.Q. Our semiquantitative analysis show a 30% decrease in VEGFR2 signal inténsity

blood vessels in GPR4 KO AOM/DSS tumors compared to WT AOM/DSSAEi).
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Figure4.4. Micro-vessel density andBGFR2 proteinexpression assessment in the blood

vessels of CAC mge.

Using CD31 Immunohistochemistry (IHC) stain, blood vessels numbers in WT AOM/DSS (n=20
tumorg 16 micg and GPR4 KO AOM/DSS (n=1@morg 16 micg of CAC mice tumors. WT
AOM/DSS showed increased nbar of blood vessels compared to GPR4 KO AOM/DSS tumors.
(A) Representative pictures of WT and GPR4 KO AOM/DSS tumors Cbgbd vesselgred
arrows) and (B) quantification of number of vessels per averaged field of wemdr. ImageJ

was used for quaification. VEGFRZ endothelial cells protein expression levels using IHC were
assessed in WT AOM/DSS (n=6fhdothelial cells RQland GPR4 KO AOM/DSS (n=90
endothelial cells RQlIof CAC mice tumors. WT AOM/DSS blood vessels showed increased
VEGFRZ proteinexpression compared to GPR4 KO AOM/DSS) Representative images of
VEGFRZ IHC stained tumor tissues for WT AOM/DSS and GPR4 KO AOM/DSS migg, (
guantification of color density/ cell for VEGFR2ndothelial cells per field of view for WT
AOM/DSS and GR4 AOM/DSS mice tumors. Datar VEGFR2was quantified using Fiji using
region of interest (ROI) method. Data are presented as the mean £ SEM and statistical significance

was determined using the unpaired studeest (****P<0.0001). Scale bar B00um.
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C.5.GPR4KO increases necrosis and cell death in the tumors of AOM/DSS mice

Tumor necrosis is considered as a common feature of solid tumors which occurs as a
consequence of nutrient and oxygen deprivati@d7]. Areas in the tumors where tissue was
identified to be morphologically necrotic with H&E stain or there were apparent gaps formed from
transformed crypts loss were identified as necrotic and were asgegséd.A). The percentage
area of tumor necrosis between WT and GPR4 KO AOM/DSS tumors andetbseP.4 fold
increase in tumor necrosis area in GPR4 KO AOM/DSS compared to GPR4 WT AOM/DSS
tumors (Figd.5.B). Next, we used Ki67 as a proliferation marker to assess tumor proliferation in
the WT and GPR4 KO AOM/DSS mic&Ve quantified Ki67 positive tuor cells using
immunohistochemistry between WT and GPR4 KO AOM/DSS mice. WT AOM/DSS tumors
show a more proliferative phenotype when compared to GPR4 KO AOM(BBS!.5.C)
Quantification of Ki67 positive cells revealed a 2 fold decrease in proliferatmgrtcells when
compared GPR4 KO AOM/DSS mice (Fd.D). Using immunohistochemistry, we assessed the
protein expression of cleaved caspase 3 in WT and GPR4 KO AOM/DSS tumors. The expression
of cleaved caspase 3 was predominantly detected in the neégneticarea in addition to positive

epithelial cells scattered within the tumor (Bi¢.E).
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Figure4.5. Tumor necrosis anckell death in the tumor tissues of the CAC mouse model.

H&E stain was used to assess the morphology of necrotic areas in WT AOM/DSS (n=20 polyps)
and GPR4 KO AOM/DSS (n=19 polyps) of CAC mice tumors. WT AOM/DSS showed decreased
percent of tumor necrosighen compared with GPR4 KO AOM/DSS. (A) Representative images
of H&E-stained tumor tissueshowing areas of necrosis (blue arrow hedos)VT AOM/DSS

and GPR4 KO AOM/DSS mice, and (B) quantification of percent of tumor necrosis per averaged
field of view/ polyp for WT AOM/DSS and GPR4 AOM/DSS mice tumo@ell death was
assessed usingleavedcaspase IHC in the tumor tissues of WT AOM/DSS and GPR4 KO
AOM/DSS, (C) Representative images dtavedcaspase* cells (red arrowsin WT AOM/DSS

and GPR4 AOM/DSS mice tumor tissdeimor poliferationwas assessed usikgg7 IHC in the

tumor tissues of WT AOM/DSS and GPR4 KO AOM/D%$B) Representative images of Ki67

cells (blue arrows) inHC stained tumor tissues for WT AOM/DSSdaGPR4 KO AOM/DSS

mice, and E) quantification of percent of tumor proliferation per averaged field of view/polyp for
WT AOM/DSS and GPR4 AOM/DSS mice tumorknageJ was used for quantification.
Proliferation assessment in the tumor tissues of the (CAlljscassociated colorectal cancer
(CAC) mouse model. Ki67IHC was used to assess proliferation in WT AOM/DSS (n=20 polyps)
and GPR4 KO AOM/DSS (n=19 polyps) of CAC mice tumors. WT AOM/DSS showed increased
percent of proliferative cells when compared weRPR4 KO AOM/DSS. Data was quantified
usinglmage J &Fiji as described in materials and methd@tsa are presented as the mean + SEM
and statistical significance was determined using the unpaired stadsh{t**P<0.0001). Scale

bar is 100um.
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D. Discussion

In this study we demonstrate the proinflammatamyd pro-tumorigenic roles of GPR4 in
colitis associated colorectal cancer (CAQsing the AOM/DSSCAC murine model.Our
observations are in line with previous reports establisBilgR 4 6 s pr oi nf | ammat or vy
systems such as the brain, heart, kidhewyg, bone, skin, and the gastrointestinal tfact, 161,
177, 216212]. In addition, GPR4 has a protumorigenic rolehgpatocellular, head and neck,

breast and colorectal canc§282, 233, 294]

GPRA4 is expressed mainly in endothelial cells, and other cell types such as some macrophages,
chondrocytes, neurons, epithelial kidney cells, smootitlawlls, and fibroblas{$, 152, 161,
167, 168, 227, 298,98]. GPR4is activatedhrough the protonation severahistidine residues
which leads taunmupling Gs and activating cAMP downstream path\{2dy/]. GPR4 regulate
transendothelial leukocyte extravasation by increasing the adhesivenessiathelial ceff
through the G(s)/cAMP/Epac pathwgj. Moreover, acidotic activation of GPR4 cause vascular
leakiness througl®Gy 1 2 /[Rhe® GTPaseinduced actin stress fibers formatif#]. In addition to
increased endothelial adhesiveness, and leakiness, GPR4 activation confers a proinflammatory
role through endothelial activation of inflammatory genes such as IL8, CCL20, TNF2CaxX
IL1A [162]. Moreover, its activation by acidis induces ER stress response in endothelial cells
by activatingPERK, ATF6, and IREJ218]. Recently, GPR4 has be@ositively correlated to
fibrogenesis genefACTA2, COL1A1andCOL3AL in fibrotic terminal ileum lesions obtained
from CD patients[167]. Finally, a significant body of evidence have implicated GPR4 in
angiogenesig167, 185, 230, 231]All of the previously mentioned proinflammatory and
profibrogenic roles for GPR4 are directly implicated in disease severity of UC af2i/@D292,

293, 300] representig a highrisk factor for developing CAJ301-304] GPR4 mRNA
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overexpression is significantly increased in inflamed intestinal tissue of both IBD patiénts an
colitis mice when compared to normal tiss[ié1, 163] Similarly, GPR4 expression is
upregulated in colorectal cancer patients tumor samples compared to adjacent normal tissue, and
correlated to poor disease outcorfl&3]. Thus abrogating GPR4 expression or activation reduces
IBD disease activity and hence reduces the risk for developing CAC, consistendndvothers

have previously obseed a reduced disease activity in the acute and chronic DSS murine colitis
model, where inflammation was significantly alleviated in the genetic k@gtkGPR4 DSS mice

[161, 163] Similarly, pharmacological inhibition of GPR4 confers a reduction in mucosal
inflammation via downregulating the expression of disease mediators, proangiogenic,
profibrogenic and adhesion molecules such as-UNFEGF, procollagen, MAdCAML, VCAM-

1, and SELE[7, 167] In line with these observations, we observe reduced disease activity,
repregented in body weight loss, fecal blood and diarrhea scores, in addition to decreased
mesenteric lymph node expansion in the GPR4 KO AOM/DSS mice compared to WT. This
reduced inflammatory response in the GPR4 KO mice led to decreased tumor developraset in th
mice, as reflected by the tumor burden observed in the GPR4 KO AOM/DSS colons when
compared to WT. Hence, revoking the previously mentioned proinflammatory as well as
proangiogenic roles for GPR4 as anticipated, indeed forestalled malignant transfoimate

GPR4 AOM/DSS mice. This is especially reflected by the reduced number of adenocarcinoma in
situ lesions versus dysplastic lesions in the GPR4 KO AOM/DSS colons versus WT \ivyides,

et al showed halted orthotopic breast and colon tumor griowdPR4 KO mic§l84]. In addition

Yu et al, observed a significant reduction in the proliferatio®sBR4 knock down colorectal
cancer cell lines via regulating the YAP1/ hippo pathya83]. Consistently, we observe

decreased tumor proliferation in the GPR4 KO mice tumors associated with increased cell death
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whereas in WT mice increased tumor proliferation and reduced cell death was evident. This further

demonstrates the protumorigenic role of GPR4 in CAC.

Using GFP as a surrogate marker for GPR4, Sanderlin et al, observed the endogenous
expression of GPR4 on endothelial cells of arteries, veins, and microvessels of the cecum and
colon in the GPR4 KO untreated mifk61]. Herein, using GFP as a surrogate marker double
stained with the endothelial marker CD31, we observed GPR4 is mainly expressed on endothelial
cells in the AOM/ DSS mouse colon tumosggnifying that expression of GPR4 on endothelial

cells is the major contributor to this disease phenotype of CAC in the AOM/DSS mouse model.

IntheWyder et al study, GPR4 proangiogenic role was directly linked to vascular VEGFR2
expression, so when VEGFR2 reampactivity was inhibited using tyrosine kinase inhibitors,
tumor growth in WT mice was reduced to that same level of GPR4 KO[1#4¢ In thegrowth
factor implant angiogenesis modé&PR4 KO mice pathological angiogenic formation was
resistant to vascular endothelial growth factor treatment compared to WT [G8d¢
Interestingly, acidic activation ofijsamous cell carcinoma of the head and neck (SC&ERR4
overexpression systeimcreasd the expression and secretiontioé proangiogenidl6, IL8 and
VEGFA [185]. Tube formation assayhewed longer blood vessels in human microvessel
endothelial cells (HMEE) treated with conditioned media obtained from the SCdFMR4
overexpression system, this effect was inhibited upon IL6, IL8 and VEGFA inhibition, further
indicating the proangiogenimle of GPR4[185]. Dong et al, previously showed increased
expression of IL6|L8, and VEGFA in human umbilical vein endothelial cells (HUVEERR4
overexpression system upon acidic activafiié®]. This evidence indicates a possible activation
of pararine andautocrineproangiogenic pathwayin endothelial cells in which GPR4 maybe

implicated[305, 306} Herein, we observed decreased blood vessel density in the tumors of GPR4
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KO AOM/DSS mice compared to WT, reflecting reducadgiogenesis in these mice.
Consequently, larger necrotic areas in GPR4 KO AOM/DSS tumors were obSdreedduction

in angiogenesis could be attributed to the downregulation of VEGFR2 protein expression on
endothelial cells in the tumors of GPR4 KO A&S mice. Cns i st ent with Wyde
findings, that VEGFR2 protein expression was reduced in GPR4 KO tissue and in GPR4
knockdown on HUVEC cell$184]. Other pathwaygshat may contribute to this reduction in
angiogenesis are CXCR7, Notch, and/ or CXCL1 (the functional homologue of hum480dE-8)

311] In one study,CXCR7 conferred a proangiogeniole in HUVEC cells via VEGFR2
upregulation[312]. Both pharmacologic and genetic abolishment of GPR4 enhanced chondrocyte
differentiation and amelrated osteoarthritis via downregulating the CXCR7/CXCL12 pathway

[212]. Moreover, Ren et al., identified Notchl pathway activation to be resplendor
angiogenesis in HMEQ cells overexpressing GPR311]. Also, acidic activation of GPR4
promoted angiogenesi s i n coronary artery pat
activating the iginal transducer and activator of transcription 3 (STAYBGFA pathway[211].

Given thepreviously disassedpotential targets, further investigation is warranted to identify

downstream signaling contributing to GPR4 induced angiogenesis in the CAC mouse model.

Effective disease management of IBD can confine the symptoms and reduce the risk of
developing olitis associated colorectal cancer. Despite the vast advancement in IBD therapies
starting from aminsalicylates, corticosteroids, immune modulators and reaching to biologics
targeting TNFU, interl eukins, ancdaisanddagrginon mo
younger individuald313]. While impedirg inflammation has a major role for halting tumor
development, more targets are needed to protect against carcinogenic development due to chronic

inflammations. Targeting angiogenesis is an additive attractive therapeutic approach, nonetheless
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using antiagiogenic therapy causes the risk of tumor progression due to increased h$fpdkia
Thus, normalizing the angiogenic process in tumors is believed to be an effective strategy to further

reduce tumor development, and hence more drug targets should be explored in this area.

Collectively, GPR4 knockout halts cancer development via alleviating chronic
inflammation, in addition to interluding colitis associated colorectal cancer (CAC) progression via
reducing angiogenesi3.he therapeutic benefit for GPR4 allosteric modulation has been described
in reducing pai, inflammation,and angiogenesigR28, 229] We and others have shown the
therapeutic value for GPR4 antagonism in IBD-gieical mouse modelg, 167} Therefore, w
propose GPR4 as an attractive target to be inhibited for the treatmi@&i @ind duringearly-
stage CACwhich may serve asmophylactic against CAC development in IBD patients through
alleviating chronic intestinal inflammatioand reducing pathological angiogenesis those

patients.
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Chapter V: The Role of GPR} in Immune-checkpoint Inhibitors Mediated
Colitis (IMC)

A. Summary

Immunecheckpoint inhibitors (ICI) have revolutionized cancer therapeutimswever,
systemic immuastimul&ion by ICIs may lead toonmune related adverse events (irAlBs3ome
patientsthat range from mild to fatal. Colitis is one such IrAE that coulesent as mild,
nonetheless causing treatment cessation if not resolved. More severe forms of colitis, on the other
hand, may result in fatal intestinal perforation. The pathology of IMC and IBD overlap, so do
treatment modalities. We and others have preshipidentified GPR4 as a candidate drug target
for IBD treatment. In both human and mouse IBD, GPR4 is overexpressed in inflamed tissues,
signifying its involvement in intestinal inflammation. Using a GPR4 antagonist, we previously
observed a reduced dase activity of IBD in the DSS experimental mouse model. Hence, we
proposed that GPR4 knock out would have similar effects in IMC. We employed an IMC pre
clinical mouse model, where GPR4 KO and WT mice treated with ICI or the isotype control in
addition toDSS, were used to assess the role of GPR4 in intestinal inflammation mediated by ICI.
We observed a significant reduction in clinical disease activity in the GPR4 KO mice reflected in
reduced body weight loss, and fecal blood and diarrhea scores. Atrentgmropsy, we observed
a decrease in mesenteric lymph node volume and spleen sizes of the GARABES mice
compared WTICI DSS. Additionally, GPR4 KACI DSS colons had reduced fibrotic and
histopathological scores compared to AICT DSS. Interestigly, ICI treated mice show increased
histiocytic (macrophages) clusters in distal, mid and proximal segments. These clusters were less

observed in the W-DSS, GPR4 KACI DSS or GPR4 KE&DSS mice.



B. Introduction

Immune checkpaot inhibitors have advanced cancer therapies in hematologic and solid
cancers such as melanomrman-small cell lung cancer, and many othef815]. Cytotoxic T
lymphocyteassociated antigeth (CTLA-4), programmed cell death protein (PD1), and
programmed cell death ligarfidd(PD-L1), are checkpoints that cancer hijackriduce immune
tolerance and therebgvadeT-cells attacks in favor of cancer proliferatiofi-cell proliferation
and activation requires two main signals, the first one is antigen presentation through MHC
receptorspresented byAPCs to bind a TCR expressed oncélls, and the second one is a co
stimulatory signal, wher€D80 or CD86, presented on APCs bind the costimulatory CD28,
presented on-Eells. BothCTLA-4and PD1 are inhibitory receptors and the homologu€as,
all typicdly expressed by -Eells, can block the second-@imulatory signalCTLA-4 competes
with CD28ligands, CD80 and CD8&nd produceo-inhibitory responsejpon bindingPD-1, on
the other hand bind to its ligand PELL typically expressed by APCs and blsdkcell activation.
ICls are monoclonal antibodies used to inhibit these checkpoint patims@gy cancer cellsy
either blocking ligands oreceptors which would lead t@nti-cancer host immunity activation

and proliferatiorallowing T cells to demiesh cancer cell§315].

This T-cell activation is sysimic thus allowirg for nonspecific immune resporissa many
organ systems which mediates d€lated adverse events, also call&Es [316]. ICl-mediated
adverse events are commonly endocrine, dermatological, and gastroin{€tifat addition to
further less common effects in other orgé®%5]. G.I. side effects represent 30% of all irAEs
reported in patients using CTEAantibodies and 20% of PDPDL-1 antibodie$317]. Diarrhea

and colitis are among the side effects commonly reported which depending on their grade may
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result in treatment interruption or a fa@nsequence due to intestinal perforatidh8-321].
Clinically, IMC and IBD appear similar in endoscopy, showing featuwie&JC [320-322].
Additionally, nonpathologic lymph node enlargement in a patient with IMC was associated with
diarhea, and increase intestinal wall thickness, consistent with features dfil1B[323325]
Microscopically, IMC histopathological characteristics may overlap with IBD in which
neutrophilicinflammation, increased intraepithelial leukocytes, and crypts architectural distortion
were evidenf326]. On a cellular level, CD&nd CD4 T-cell intestinal infiltration was described

in IMC as well as UC and CD patierj827]. Macrophage tissue infiltration was described in IMC
and IBD colon biopsief328, 329] In addition, several reports reported that mi@bbysbiosis

is associated to pathogenesis of both IBD and [BBD, 331] Thus,similar treatment modalities

are used for both IMC and IBD. Corticosteroid@riinosalicylic acid, immunosuppressants,-anti
adhesion molecules and antibodies targeting-TNFar e t he cur r e[hlt332]r eat me
Where corticosteroids are the first line of treatments for [B®3, 333336], followed by TNF-U
monoclonal antibodies if resistant or recurrent to preserve long term renj&28&nin addition
antirmobility therapy is used formmune checkpoinmediated diarrhe$323]. Anti-adhesion
therapy is subcategorized to integrits4 b 1 , U 4 | addressinglCAVb17and MAJCAM

1), and the GPCRhe chemokine receptor, & used in IBD to blocks homing of lymphocytes.
Especially, blocking th&) 4 BMAdCAM -1 interaction is effective in IBD, and already indicated
for | MC patientsd r[83,r3387¢338Singethé mucasal addressowls t er o i
adhesion moleculd (MAdCAM-1) ligand, expressed in the endothelial venules in the small
intestine, in the Peyer's patches and the coliemacts with4 b 7 i rthatésgxpresased on the

lymphocytes coloning the gut and guéssociated lymphoid tissug339, 340] Despte these
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advances in IBD therapeutics, amsponsive IMC cases have been reported to corticosteroids,

TNF-U ant i b o d-adbesigrireamenit$140h t i

GPR4 increased expression has been detected in both UC and CD patients as well as in colitis
mice [161, 163] Acidic activation of GPR4 on endothelial cells increased adhesion molecules
VCAM-1, Intracellular adhesion moleculés (ICAM-1), and Eselectin (CD62 or SELE)
expressiori8]. We previously proposed GPR4 antagonism as an attractive treatment for IBD, that
reduced disease activity, histopathology of IBD, and decreasedUrNFa MAHCAM-1
expression in the colons of colitis migd. Moreover, both pharmacological inhibition and GPR4
genetic knockout show reduced adhesion molecules (VaAdd ESELE) protein expression
in colitis miee colons[7, 161] and in the hindlimb ischemia reperfusion mouse mdéll
Collectively, knocking out GPR4 alleviateatéstinal inflammation in experimental mouse models
[161, 163] Thus, we proposed GPR4 as an attractive target, and employed an IMC mouse model
to study the role of GPR4 in colitis aside effect of immune checkpoint inhibitors, using GPR4

KO and WT mice, injected with ICI in conjunction to the administration of [236, 237]
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C. Results

C.1. GPR4 genetic knockoutdecreases disease severity indexthe IMC mouse model

To study the role of GPR4 in remediating intestinal inflammation side effects of the immune
checkpoint inhibitors, antPD1 and antCTLA4, we employedan IMC mouse model using WT
and GPR4 KO micf36, 237] as described in the materials and methods section. WT and GPR4
KO mice received a total of three iipjections of a combination of aA@D1 and antiCTLA4 (ICl)
or the corresponding isotype control, mice also received 2%DSS in the drinking water three days
after the first injection of either ICI or isotype control. Disease severity indicators were ateasur
during the experiment by monitoring body weight loss, and fecal blood and diarrhea scere. WT
ICI DSS mice showed more body weight loss (meaB.8%) when compared to GPR4 KOI
DSS (mean ~2%), WT-DSS (mean ~3%), and GPR4K&DSS (mean ~2.2%), micestarting
day 8, and the trend persisted till the end of the experiment. On the last day of the experiment, a
statistically significant body weight loss in AITI DSS (mean ~7.1%) compared to GPR4 kO
ICI DSS (mean ~2.7%), similarly in WFDSS (mean -5.3%), and GPR4K&DSS (mean ~
2.4%) (Fig.5.1.AC). Interestingly, fecal blood and diarrhea score in the ICI treated group was
significantly increased after the first ICI injectiand prior to DSS administration both WT-ICI
DSS (mean ~ 1) compared to GRB-ICI DSS (mean ~ 0.2). In contrast, the isotype injection for
WT-DSS (mean ~ zero) compared GPR4-RSS (mean ~zero) did not increase the score of
severity for fecal blood and diarrhea. Throughout the experiment, we observed a statistically
significant dfference in the score of severity for fecal blood and diarrhea betweefCWOSS
and GPR4 KGACI DSS group and a similar between VWES and GPR4 K@SS groups. On
the last day of the experiment, the score of severity for fecal blood and diarrhea i@ W

DSS (mean ~3.4) compared to GPR4 -K©) DSS (mean ~3), and WIDSS (mean ~2.8),
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compared to GPR4KMSS (mean ~2.3]Fig.5.1.BD). At terminal necropsy, we measured
mesenteric lymph node (MLN) expansion, colon length and spleen weights. We obse®ed a ~
fold increase in MLN expansion of WICI DSS in comparison with to GPR4 KICI DSS, and
consistently, a ~1.33 fold increase in WBS MLNs, compared to GPR4KDSS (Fig.5.1.E)
Moreover, we measured colon length for all four treatment groups and didbeetve a
statistically significant difference between groups, although there was a trend f#6€IMIDES

and GPR4 KACI DSS mice having shorter colons than WSS and GPR4 K@SS,

respectively(Fig.5.1.F)

In addition, spleen weights of WICI DSS were 4.5 fold heavier than GPR4 k{@I| DSS
spleens. Interestingly, but not surprisingly WOl DSS spleens showed a significant increase
(~1.4 fold) in weight compared to WIDSS. Moreover, WADSS spleens showed a trend of

increase compared to GPR4 HIBS(Fig.5.1.G).
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Figure5.1. Clinical indicators of intestinal inflammation in IMC mouse model.

WT-ICI DSS (n=12), WT-Isotypecontrol IgG DSS (WIDSS) (n=12), GPR4CI DSS (n=12),
and GPR4 K@&sotype control IgG DSS (GPR4 KDSS)(n=12), with 6 males and 6 females for
each,were used for this analysi/T-ICl DSSshow increased body weight loss and fecal blood
and diarrheacores compared to GPR4 K@CI DSSmice.WT-DSSshow increased body weight
loss and fecal bloodnd diarrheacores compared to GPR4 KDSSmice. (A-C) Body weight
change percent, and {B) fecal bloodand diarrheacores. At the endpoint, disease parameters
such asviesenteric Lymph Node volume (MLNgolon length andpleen weightvere measured.
WT-ICI DSSshow increasetYLN and spleen sizeshen comparedtWT-DSS andGPR4 KOG

ICI DSSmice. €) MLN, (F) colon shortening, ands] spleen sizeData are presented as the mean
+ SEM. Statistical significance was determined using the unpatesd betweereach pair of the
following: (WT-ICI DSSandWT-DSS), (WFICI DSS and GPR4 K@CI DSS), (WTFDSS and
GPR4 KODSS), and (GPR4 K@CI DSS and GPRDSS)mice. (*P<0.05}*P < 0.01, ***P <

0.001, and*** *P < 0.(001).
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C.2.Lack of GPR4 expression reducglmmune checkpointinhibitors mediated colitis

histopathological inflammation

We further assessd the role of GPR4 in immune checkpoinhibitors induced intestinal
inflammation using histopathological analysigiven the close resemblance of histopathologic
features of IBD and IM@326], we used a prestablished scoring criterias previously described
[7, 161, 238]with one modification of adding macrophage aggregates (clusters) score and percent
involvement as a unique histopathologic feature observed in our IMC mouse Wedglantified
the degree of histological features of colitis between WT and GPR4 KO natedtkeith immune
checkpoint inhibitors (ICI) or isotype control in conjunction with DSS treatment. Distal, middle,
and proximal segments of the colon were examined for histopathological features of colitis, such
asinflammationmacrophageaggregates (chters), area of infiltration, edema, crypt damage, and
architectural distortion. Our observations indicate a trend of ~1.4, 1.5, andelaé fold increase
in histopathological score in ICI DSS treated WT mice compared to the DSS group in distal, mid
andproximal colon segments, respectively. Whereas distal, mid and proximal colon segments of
GPR4 KOICI DSS colons showed ~ 6, 6, andrBean fold reduction in the inflammation as
reflected by the histopathology score compared tel@TDSS. In addition, a 3, 5, and Sold

decrease in GPR4 KDSS score was observed in comparison toDES (Fig.5.2.AF). .

Upon histopathological analysis, immune clusters that form foci like aggregates were observed
in the ICI treated colons with higher prevalence comptrddSS treated ones. Those aggregate
showed histiocytic (macrophage) like morphology. To confirm that the agg@edgateune
subtype,we usedmmunohistohemistrjor antibody-based identification. F4/80nacrophages
were indeed the main immune cell comeonhof those aggregates. This feature was independently

analyzed by a trained pathologist based on number of clusters as well as percent involvement in
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each segment. Interestingly, the YW1 DSS group had a ~2 fold increase in the score of severity

compaed to WFDSS, GPR4 KACI-DSS and GPR4 KADSS groupgFig.5.3.AF). .

Fibrosis is common pathological feature of both forms of IBD, o h n 6 sanddicesmtve a e
colitis. Fibrosis occurs as result of scar tissue formation due recurrent inflammationoahich
lead to lifethreatening complications in IBD patients. We stained colon segments with picrosirius
red (PSR) to assess the accumulation of collagen fibers in mice colons to reflect the degree of
fibrosis. WT-ICI DSS treated group colons showed a ~2.2Z, and 1.2 fold increase in fibrosis
score compared to WIDSS group for the distal, mid and proximal segments. GPRAOSS
colons had a reduced fibrosis score of ~3.3, 2.8, and 1.5 fold when comparedi@ WSS
colons for all three segments, respively. Moreover, a trend of decreased fibrosis in the distal
area GPR4 K&bDSS colons compared to WOSS colons was observed. Whereas a ~2.8 fold
decrease in fibrosis score for both mid and proximal segments was observed in the GBR& KO

mice colonqFig.5.4.AF). .
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Figure5.2. Histopathological analysis of IMC mice colons.

Histological features of colitis were examined to further assess the degree of disease activity in the
mice byan independent traingathologist usinghe following criteria for scoring colitis severity;
Inflammation,macrophageaggregates (clusters),ear of infiltration, edema, crypt damage, and
architectural distortionOverall, GPR4 KeDSS and GPR4 K@ACI DSS mice had reduced
histopathological scoredistal, mid, and proximatolon segmentsvhen compared to WDSS
and WT-ICI DSSmice. (AC-E) Represetative images of Hematoxylin and Eosin (H&E) stained
sections of distal, mid, and proximal colons for WO DSS(n=12),WT-DSS(n=12), GPR4 KO

IClI DSS(n=12), andGPR4 KODSS (n=12),with 6 males and 6 females for eaaking a 2&
microscope objectiveand (B, D, F) Pathologist assessment of colbistopathology Data are
presented as mean + SEM and analyzed for statistical signifisgaimgghe ManaWhitneyU test
betweereach pair of the followingWT-ICI DSSandWT-DSS), (WFICI DSS and GPR4 KO
ICI DSS), (WT-DSS and GPR4 K@SS), and (GPR4 K@CI DSS and GPR4ADSS) mice.

(*P<0.05,**P < 0.01, ***P < 0.001, and*** *P < 0.(001). Scale bar is 100 uM.
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Figure5.3. Pathological histiocytic (macrophage) clusters analydigl@ mice colons.

The score of severity for macrophage aggregates (clusters) replacing crypts structures, as indicated
by blue stars was assessed by an independent trained pathologist as an indication of disease
severity Overall, WT-DSS,GPR4 KODSSand GPR4 KACI DSS mice had reducetibrosis

scoredn distal, mid, and proximatolon segmentsvhen compared t@/T-ICI DSSmice. (A-C-

E) Representative images of PSR stained sections of distal, mid, and proximal colonslfor WT
DSS(n=12), WT-DSS (n=12), GPR4 KQICI DSS (n=12), andGPR4 KODSS (n=12), with 6

males and 6 females for eacising a 20X microscope objectiveand(B, D, F) Score of severity
assessment afolon fibrosis Data are presented as mean + SEM and analyzed for statistical
significanceusingthe ManAWhitney U testbetweeneach pair of the following:WT-ICI DSS

and WT-DSS), (WFICI DSS and GPR4 KaCI DSS), (WT-DSS and GPR4 KDSS), and

(GPR4 KQGICI DSS and GPRDSS)mice. (*P<0.05and***P < 0.001). Scale bar is 100 uM.
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