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The inflammatory microenvironment in inflammatory bowel disease (IBD) is complex,
replete with microbial byproducts, complement, leukocytes, and resulting inflammatory cytokines.
Parallel to these microenvironmental factors are protons, which are produced in excess due to
altered metabolism of infiltrated leukocytes and local ischemia. Immune cells and intestinal
microvasculature exist in the acidic, inflamed microenvironment and in turn alter their function in
response to the acidic pH. Currently, only little is known how cells sense extracellular acidity and
subsequently alter the inflammatory response. Recently, a class of proton-sensing G protein-
coupled receptors (GPCRs) have emerged as functional pH-sensors, expressed in either leukocytes
or vasculature, and are capable of altering immune cell inflammatory programs in response to
acidic pH. These family members include GPR4, OGR1 (GPR68), TDAG8 (GPR65), and G2A
(GPR132). Our group has uncovered a novel role for GPR4 in mediating endothelial cell (EC)
inflammation in response to acidic pH. GPR4 activation in ECs have resulted in increased vascular
adhesion molecule expression and functionally mediates leukocyte-EC interactions which are
essential for the leukocyte extravasation process. Proton-sensors GPR65 and GPR68, however, are
not expressed in ECs but are highly expressed in myeloid and lymphoid cells. GPR65 and GPR68,
therefore, has been shown to mediate both pro- and anti-inflammatory responses in leukocytes in
response to acidic pH. GPR132, however, has been described as a promiscuous GPCR, capable of

responding to protons, bioactive lipids, and oxidized free fatty acids. Evidence suggests GPR132



is highly expressed in immune cells and plays important roles in immunity and the inflammatory

response.

Several lines of evidence suggest loss of pH homeostasis is associated IBD and could
correspond to the degree of inflammation. For these reasons we sought to investigate the functional
roles of pH- sensors GPR4, GPR65, and GPR132 in the regulation of intestinal inflammation. We
utilized the acute and chronic dextran sulfate sodium (DSS)- induced experimental colitis mouse
model with GPR4-null, GPR65-null, or GPR132-null mice. Our results indicate GPR4 contributes
to intestinal inflammation in both acute and chronic DSS-induced colitis models likely though
mediating leukocyte infiltration into the intestinal mucosa. Furthermore, a novel GPR4 antagonist
was capable of inhibiting acute intestinal inflammation, suggesting GPR4 could be a valuable
therapeutic target in colitis. Conversely, GPR65 reduces intestinal inflammation in the chronic
DSS-induced colitis model. In vitro studies using bone marrow derived macrophages suggest
GPR65 regulates macrophage functions. Lastly, GPR132 genetic deficiency was evaluated in two
generations of GPR132 knockout mice in intestinal inflammation. Our results suggest GPR132
functions to reduce intestinal inflammation in the DSS-induced colitis mouse model. Further
studies need to be performed to fully evaluate the role and mechanism of GPR132 in intestinal

inflammation.

Overall, this dissertation work highlights the emerging roles of pH-sensing GPCRs in the
regulation of intestinal inflammation and implicates these receptors as valuable therapeutic targets

in the remediation of intestinal inflammation.
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Chapter I: Introduction

Portions of this chapter are modified and reprinted from Cell Health and Cytoskeleton, 7, 99-109

(2015)
A. The Inflammatory Response

The inflammatory response is initiated for the removal of an infectious agent, in response
to antigenic stimuli, or when there is injury to tissue. Once the inflammatory stimulus is
recognized by the host, leukocytes are recruited to the site where the pathogenic agent resides
and is subsequently removed. This process of removal is tightly regulated for the resolution of
the inflammatory response followed the repair of damaged tissues and subsequent return of

appropriate tissue functions.

These responses to inflammatory stimuli can be divided into two broad categories,
namely the acute and chronic inflammatory response. The differences between the acute and
chronic inflammatory response is largely due to both the duration and pathological features
displayed during the inflammatory response. Acute inflammation predominately includes
components of the innate immune system. The innate immune system provides a rapid-onset and
nonspecific initial defensive response. These indiscriminate defensive mechanisms broadly
include physical barriers to pathogens such as dermal tissues and mucosal barriers. Biochemical
responses can also be employed such as complement and lysozyme. Vasculature in the
inflammatory loci will also dilate resulting in inflammatory exudate containing soluble factors
such as antibodies and complement for the dilution and removal of pathogens. Cellular
constituents involved in the innate immune response include neutrophils, monocytes,

macrophages, dendritic cells, and natural killer cells. Macrophages and dendritic cells are critical



during the innate immune response. Macrophages and dendritic cells are capable of recognizing
distinct microbial patterns by pattern recognition receptors (PPRS) such as toll-like receptors
(TLRs), NOD-like receptors (NLRs), and C-type lectin receptors (CLRs). TLR4 activation can
result in the NF-«B intracellular signaling pathway which will result in the production of pro-
inflammatory cytokines TNF-a, IL-1, and IL-6 [1, 2]. These pro-inflammatory cytokines initiate
host defense mechanisms for the removal of pathogen. Provided the pathogenic insult is
insufficiently cleared, the innate immune response will have served to mount and augment the
adaptive immune response through the uptake of antigen by antigen presenting cells. In addition
to mediating the innate response, macrophages and dendritic cells can provide the link between
the indiscriminate innate immune response with a specific, highly efficient acquired immune
response. These phagocytes uptake pathogen and process the antigen for the presentation to T-

cells.

Naive T-cells can develop, in part, to type | or type Il CD4+ T helper cells. The T-cell
subsets are characterized by the cytokines produced upon activation and are dependent on the
inflammatory microenvironment during antigen stimulation [3-5]. Activated antigen presenting
cells can secrete 1L-12 and 1L-18 which will progress naive T-cells toward the T helper 1 (Thl)
phenotype which will subsequently increase IFNy and in turn augment macrophage pro-
inflammatory and cytolytic CD8+ T cell function. Furthermore, Th1l cells will activate
neutrophils through lymphotoxin secretion and also promote B cell production of 1gGza which is
involved in microbial complement binding and opsonization. Activated T cells will differentiate
to Th2 cells when stimulated with IL-2 and IL-4 where the predominate effector cells are
eosinophils, mast cells, and B-cells. Th2 cells will produce IL-4 and 1L-13 which is involved in

inhibiting the pro-inflammatory phenotype of macrophages through alternative activation.



Additional studies have provided new and comprehensive insights into CD4* T helper
cell subsets. Studies found that naive CD4" T cells in the presence of TGFp and IL-6 can develop
T cells which produce 1L-17, IL-21, and I1L-22 under the influence of the RORy+ transcription
factor and are subsequently termed Th17 cells [6-9]. Th17 cells have been implicated in many
chronic inflammatory diseases such as rheumatoid arthritis, multiple sclerosis, psoriasis, and
inflammatory bowel disease [9]. Collectively Thl, Th2, and Th17 are termed T effector cells
and are central to the adaptive immune response for the removal of antigen. Furthermore,
additional T cell subsets have been identified and include Th9 which secrete high levels of I1L-9

[10-12].

However, continual inflammatory responses by these discrete inflammatory cell
constitutes presents an unchecked inflammatory response which will result in tissue injury and
subsequently impaired organ function if not regulated [13]. CD4" T cells can also differentiate
into another T cell subset in the presence of TGFf. This T cell subset has been shown to increase
the secretion of IL-10, which has anti-inflammatory functions in adaptive immunity. IL-10 can
downregulate the pro-inflammatory functions of Thl cell activity, NK cells, and macrophages.
Furthermore, IL-10 deficiency in animals has been associated with the development of
autoimmune diseases. Additionally, this T cell subset increases the secretion of regulatory
cytokine TGFp. These cells are known as T regulatory cells and serve to suppress the

inflammatory response for the maintenance of homeostasis [14, 15].

Having observed a rudimentary overview of the cellular basis of the inflammatory
response, one critical step in the inflammatory response is getting the immune cells to the site of
inflammation to exert these described functions. Without this process there will be no “response”

provided by leukocytes to the inflammatory stimulus. This multistep process is critical for the



passage of neutrophils, monocytes, and T-cells to the sites of inflammation for the removal of
pathogen. If host vasculature exists in injured or infected tissues then inflammatory mediators
such as histimine, acidity, pro-inflammatory cytokines (e.g. TNFa), or pathogen associated

molecular patterns such as LPS will activate endothelial cells (ECs) [16].

Activation of endothelial cells results in the movement of P-selectin from intracellular
Weibel-Palade bodies to the luminal membrane surface. P-selectin will interact with the
complementary leukocyte ligand P-selectin glycoprotein 1. P-selectin interaction with ligand will
initiate the capture of the leukocyte to the endothelium and allow the subsequent rolling of the
leukocyte along the venular endothelium. Another molecule expressed on the activated ECs is E-
selectin which will bind to corresponding ligand ESL-1 on leukocytes. E-selectin mediates a
slower rolling of captured leukocytes along the endothelium when compared to P-selectin.
Rolling leukocytes will activate through the interaction of chemokine expression on ECs with the
respective chemokine receptor expressed on the leukocyte. Next, VLA-4 and LFA-1 integrin
expression on the rolling leukocytes will result in the firm adhesion to vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) on ECs, respectively.
Once the interaction occurs, the leukocytes are firmly adhered to the endothelium and will
locomote to the junction between ECs for diapedesis to occur where CD31 (PECAM-1) is
highest expressed. CD31-CD31 interactions between leukocytes and ECs will mediate the
transmigration of the leukocyte between EC-EC junctions. The migrating leukocyte will then
traverse the basal lamina where matrix metalloproteases will resolve the ECM facilitating

leukocyte extravasation into the interstitial space [16-20] (Figure 1.1).

Taken together, the immune system is a tightly regulated and highly complex defense

against infectious agents or damage to tissue. When in homeostasis, the immune response is



capable of both broad and targeted elimination of pathogenic stimuli followed by the appropriate
resolution and the coordination of tissue repair. However, sometimes these processes can be
frustrated, resulting in unchecked chronic inflammation as observed in numerous diseases of

which include inflammatory bowel disease.
B. The Mucosal Immune System and Inflammatory Bowel Disease

The gastrointestinal tract has been described as an immunological wonder. The intestinal
mucosa is the site of tightly regulated “physiologic” inflammation. The intestinal mucosal lumen
comes into contact with antigen from commensal microorganisms and food derived protein. It is
estimated 10'2 commensal bacteria exist per milliliter of colonic content. The mucosal immune
system is therefore involved in the process of distinguishing pathogenic bacteria from
commensal microorganisms and foreign, non-harmful food proteins. The intestinal epithelial
barrier serves as a physical barrier whereby energy-dependent absorption/secretion occurs and
restricted passive movement of intestinal solute from the lumen to intestinal tissues. The
epithelium also serves as a mediator of relative physical barriers which are distinct from cells
and cellular junctions involved in intestinal homeostasis. These relative physical barriers are
predominately developed from a variety of epithelial and subepithelial types [21]. These relative
barriers include mucin secretion, secretory IgA, and HCOzs™ secretion at the luminal surface [22].
Intestinal mucin is involved in the aggregation of luminal bacteria for clearance as well as in the
peristaltic movement of antigen loaded luminal content for removal. Secretory immunoglobulin

IgA is involved in binding to pathogens and pathogenic antigen secretions for elimination.

The intestinal epithelium also serves as a barrier between luminal content and a
compartment for the mucosal immune system. Immune cells are both scattered throughout the

intestinal mucosa as well in highly organized compartments known as the gut-associate



lymphoid tissues (GALT). These secondary and tertiary lymphoid tissues include the mesenteric
lymph nodes, Peyer’s patches, and isolated lymphoid follicles (ILFs) and serve to mount
inflammatory responses. Scattered immune cells are predominately located in the epithelium or
lamina propria of the intestine. The predominate immune cell type in the intestinal epithelium are
the intraepithelial cytotoxic T-cells. The lamina propria contains mostly macrophages, dendritic
cells, mast cells, plasma cells, eosinophils, and high numbers of CD4+ and CD8+ T-cells. These
effector T-cells and innate immune cells scattered throughout the epithelium and lamina propria
are also kept in check through several tolerogenic mechanisms including the generation of T

regulatory cells, lymphocyte anergy, and antigen experienced T-cell apoptosis [22-24].

Taken together, the intestinal epithelium barrier and mucosal immune system work in
concert to prevent pathogenic organism infiltration and to maintain mucosal tolerance to
harmless luminal antigen. However, some of these described functions of the mucosal immune
system can be influenced by alternate environmental conditions, microbiota dysbiosis, and
genetic factors resulting in a pathological intestinal immune response. These attributing factors,
in conjunction with responding mucosal inflammation, have resulted in a chronic inflammatory
disease localized in the gastrointestinal tract tissues which has been termed inflammatory bowel

disease (IBD).

IBD can take two separate, yet distinct forms in the gastrointestinal tract. These two
forms include Crohn’s disease (CrD) and Ulcerative colitis (UC) [25]. CrD and UC can be
distinguished by the localization of aberrant inflammation. CrD can affect any portion of the
gastrointestinal tract from the mouth to rectum discontinuously. Furthermore, CrD is
characterized by transmural inflammation. UC, however, is confined to the colon mucosa with

particular disease activity in the rectum [26]. Clinical manifestations of IBD are based on the



disease severity and localization. Generally, gastrointestinal manifestations include severe
abdominal pain, bloody mucoid stool, diarrhea, body weight loss, anemia, fever, and chronic
fatigue. Currently, in the United States there are approximately 1-1.3 million people with IBD
[27]. The incidence of CrD and UC is rising in prevalence and is higher in westernized countries
as well as those of Caucasian and Ashkenazic Jewish origins [27]. UC is moderately higher in

males, while CrD is slightly more frequent in females.

In addition to the common clinical manifestations from localized intestinal inflammation,
IBD also displays extraintestinal manifestations of inflammation [28, 29]. The mouth, ocular,
hepatobiliary, cutaneous, pancreatic, pulmonary, hematological, genitourinary, and
musculoskeletal systems are sites of associated inflammatory disorders. Furthermore, patients

with IBD are at higher risk for the development of colorectal cancer [30].

The etiology of IBD is currently unclear and the factors involved in disease onset are
complex and multifactorial [31]. Simultaneous interactions between the environment, genetics,
immune system, and microbiome appears to contribute to the development of IBD.
Environmental factors such as diet, smoking, social stresses, and geography are correlated to
disease development. Microbial dysbiosis has also been shown to contribute to the pathogenesis
[25, 27, 32-34]. Pathological immune responses to normal flora or during dysbiosis can result in
IBD. Some of these unchecked inflammatory responses are owing to genetic factors. Genome
wide association studies (GWAS) have associated numerous genetic variants in distinct genomic
loci with the susceptibility for IBD development. The IBD susceptibility gene candidates span a
wide range of cellular and immunological processes. Genetic risk loci are associated with
oxidative stress, ER stress, cell migration, intravesicular trafficking, apoptosis, immunological

tolerance, lymphocyte regulation, epithelial barrier function, and innate mucosal immune cell



function [35-37]. Collectively, influences from environmental changes, genetics, and microbial
diversity can contribute to a pathological inflammatory response from the mucosal immune

system and disrupt the normal mucosal immune cell function equilibrium.

Innate immunity is involved in IBD pathogenesis. First, defects in the mucosal epithelial
barrier can result in heightened permeability of luminal solutes and microbes into the lamina
propria. As mentioned above, GWAS studies have implicated the epithelial barrier in IBD
pathogenesis as genetic variants in genes involved in epithelial junction proteins (e.g E-cadherin
and Zonula occuldens-1). Defective barrier functions have also been demonstrated in colonic
biopsies of IBD patients [22, 38]. Innate immune cells such as macrophages, dendritic cells, and
neutrophils are also involved. Macrophages and dendritic cells have been characterized from
patients with IBD and shown to have heightened expression of pattern-recognition receptors
(PPRs) such as TLRs and NOD-like receptors [32, 39, 40]. Interestingly, and not surprisingly,
genetic risk loci for IBD include PPRs such as NOD2 and TLR4. In line with these observations,
augmented secretion of pro-inflammatory cytokines such as IL-6, TNF-a, IL-12, IL-18, IL-23,
and IL-1p are observed from macrophages and dendritic cells in the mucosa of IBD patients and
can contribute to the stimulation of pathological adaptive immune responses in patients with IBD
[32, 39, 40]. Under these distinct cytokine milieus observed in IBD tissues, antigenic stimulation
of naive T-cells by APCs can result in an imbalance of the Th1-Th2 paradigm. Reports have
indicated patients with CrD have elevated levels of IFNy and IL-2 which are indicative of a Thl
mediated adaptive immune response [41]. The Th1l mediated pro-inflammatory cytokines can
further augment the innate immune cells, such as macrophages, for heightened inflammatory
functions. Conversely, colon tissues from patients with UC have elevated levels of, IL-4, IL-5

and IL-13 which are indicative of a pronounced Th2 response [41]. Mucosal T-cells isolated



from UC patients displayed cytokine profiles associated with the Th2 cells. In line with these
observations, CrD has classically been termed a Th1l mediated disease while UC was categorized
as a Th2 condition [42]. More recent studies have provided further characterizations of effector T
cell contribution to IBD. Elevated Th17 cells have been observed in colon samples from patients
with both CrD and UC. The Th17 associated cytokine production has been reported to stimulate
the inflammatory functions of infiltrated neutrophils as well as the promotion of Thl
differentiation. Some studies claim Th17 cells have an equally involved in both CrD and UC.
However, the majority of studies seem to indicate Th17 mediated immunopathogenesis is more

prominent in CrD and less in UC [6, 8, 9, 40].

As described above, much effort has been given to the investigation of mucosal barrier
function and aberrant immune cell functions in IBD, however, significantly less effort has been
given to the investigation of the intestinal microvascular contribution to the pathology of IBD.
Vascular endothelial cells (ECs) regulate both the type and quantity of leukocytes migrating into
tissues. As described above, a tightly regulated process is involved for the recruitment and
migration of leukocytes into the intestinal tissues for the exertion of dysregulated IBD-associated
characteristic inflammation. Intestinal microvascular endothelial cells (IMECs), therefore, are
not passive participants in the disease progression. Numerous studies have characterized IMECs
isolated from chronically inflamed intestinal tissues from patients with CrD and UC. These ECs
have shown higher expression of cellular adhesion molecules such as VCAM-1 and MAdCAM-1
and subsequently result in enhanced leukocyte adherence in vitro and ex vivo [43-45]. Moreover,
IMEC:s isolated from chronically inflamed intestinal tissues from patients with IBD displayed
heightened expression of chemokine expression following IFNy and TNF-a stimulation when

compared to control IMECs [43-45]. These results have provided the intestinal microvasculature



as a central mediator contributing to intestinal inflammation through the hyper-adhesive
phenotype observed. In addition to leukocyte adhesion aspects, IMECs have been shown to
contribute to IBD pathology through enhanced angiogenesis, disorganized and defective vascular

networks, increased coagulant potential, and vaso-occlusive phenomena [43-45].

In summary, IBD is a chronic inflammatory disease characterized by aberrant
inflammatory responses in the mucosa of the intestine. These pathological inflammatory
responses are owing to distinct cellular constituents involved in the dysregulation of the innate
and adaptive immune system, among others. As our understanding of the immunopathogenesis

of IBD has progressed, so too has our advancement in therapeutic intervention.

C. Therapeutic Landscape of IBD

As the exact etiology of IBD is unknown, there is no singular treatment that can cure
IBD. As such, current therapeutic intervention for IBD predominately focuses on symptomatic
improvement. Currently, conventional therapy for IBD includes 5-aminosalicylates (5-ASAS),
steroids, and immunomodulating drugs [39, 46, 47]. 5-ASAs are front-line therapy for UC
patients, however, CrD patients show a limited response. The mechanism of action of 5-ASAs
are currently unclear, however, in order for 5-ASAs to be effective the agent must come in
contact with the mucosal epithelium of the intestine. Corticosteroids are also utilized to induce
remission of active IBD and have shown high effectiveness. However, corticosteroids are unable
to maintain remission states and also provide adverse side effects during prolonged use such as
life-threatening infection. Immunomodulatory drugs, namely Thiopurines and methotrexate are
effective in both CrD and UC to achieve remission from active disease activity. These drugs,
however, present significant potential for adverse effects as the mechanism of action centers on

the impedance of DNA synthesis. More recently, non-conventional therapy has emerged.
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Biologics, such as anti-TNF and anti-a4p7 antibodies have provided substantial progress in IBD
therapy. Anti-TNF therapy is used for the induction of remission and maintenance for IBD by
targeting a central pro-inflammatory cytokine to the immunopathology of IBD [48]. However,
provided the advancements with this biologic, ~30% of patients do not respond to anti-TNF
therapy and ~50% develop immunogenicity and lose responsiveness [48]. These patients often
are initiated on anti-integrin (04p7) which prevents leukocyte firm adhesion to MAdCAM-1 on

intestinal microvascular endothelial cells.

The current therapeutic landscape is limited in scope and efficacy. Due to advances in our
understanding of the immunopathogenesis of IBD, advanced treatment options have arisen for
patients with IBD. However, these treatment options are not effective for all IBD patients,
present significant adverse effects, and can result in reduced efficacy over treatment course as is
observed in anti-TNF therapy. Additionally, chronic use of anti-TNF therapy has been associated
with increased risk of lymphoma in some patients. Further investigation into the underlying

mechanisms of IBD are warranted for the development of novel IBD therapeutics.
D. Acidosis, Inflammation, and IBD

A common and poorly investigated feature observed within the inflammatory loci and
IBD is a loss of pH homeostasis. Immune cells, vascular endothelial cells, and therapeutic agents
exist and function within the inflamed microenvironment and associated pH homeostasis loss.
Understanding this central feature of the inflammatory microenvironment and implication in IBD
pathogenesis is ideal for the further delineation of immune cell dysfunction and subsequent

therapeutic development in response to acidic pH.
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Cellular metabolism produces acid as a byproduct. Metabolism of each glucose molecule
by glycolysis generates two pyruvate molecules. Under anaerobic conditions the metabolism of
pyruvate results in the production of the glycolytic end product lactic acid, which has a pKa of
3.9. Lactic acid is deprotonated at the carboxyl group and results in one lactate ion and one
proton at physiological pH. Under aerobic conditions pyruvate is converted into acetyl-CoA and
COz2 in the mitochondria. COz in water forms a chemical equilibrium of carbonic acid and
bicarbonate, an important physiological pH buffering system. The body must maintain suitable
pH for proper physiological functions. Some regulatory mechanisms to control systemic pH are
respiration, renal excretion, bone buffering, and metabolism [49-52]. The respiratory system can
buffer the blood by excreting carbonic acid as CO2 while the kidney responds to decreased
circulatory pH by excreting protons and electrolytes to stabilize the physiological pH. Bone
buffering helps maintain systemic pH by Ca?* reabsorption and mineral dissolution. Collectively,
it is clear that several biological systems require tight regulation to maintain pH for normal
physiological functions. Cells utilize vast varieties of acid-base transporters for proper pH
homeostasis within each biological context [53-56]. Some such transporters are H*-ATPase,
Na*/H* exchanger, Na*-dependent HCO3/C1™ exchanger, Na*-independent anion exchanger, and
monocarboxylate transporters. Cells can also maintain short-term pH homeostasis of the
intracellular pH by rapid H* consuming mechanisms. Some such mechanisms utilize metabolic
conversions that move acids from the cytosol into organelles. Despite these cellular mechanisms
that tightly maintain proper pH homeostasis, there are many diseases whereby pH homeostasis is
disrupted. These pathological conditions are characterized by either local or systemic acidosis.
Systemic acidosis can occur from respiratory, renal, and metabolic diseases and septic shock [49-

52, 57]. Additionally, local acidosis is characterized in ischemic tissues, tumors, and chronically
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inflamed conditions such as in asthma, arthritis, and inflammatory bowel disease caused by

deregulated metabolism and hypoxia [58-64].

Acidic pH is a main characteristic of the inflammatory loci as numerous studies have
shown that local tissue pH below 7.0, and sometimes even below 6.0, is detected in
inflammatory diseases and alters cellular functions [63, 65-68]. The acidic microenvironment in
inflamed tissue is predominately due to the increased metabolic demand from infiltrating
immune cells. These immune cells increase oxygen consumption and glucose uptake for
glycolysis and oxidative phosphorylation. When oxygen availability is limited, cells often
undergo anaerobic glycolysis. This process generates increasing amounts of lactic acid, thereby
creating a local acidic microenvironment within the inflammatory loci [63]. However, there are
other factors that can contribute to the acidic inflammatory loci. Neutrophils are often the first
responders to the site of inflammation for the elimination of a pathogen owing to bacterial
overgrowth. These bacteria can acidify the inflammatory microenvironment due to the
accumulation of short chain fatty acids as microbial metabolic by-products [69, 70]. Neutrophils
and macrophages can attempt to eliminate these harmful bacteria through respiratory bursts,
which can further acidify the microenvironment. Indeed, dysregulated local pH is a hallmark of

inflamed tissues.

As mentioned above, loss of pH homeostasis is linked to inflammatory bowel disease. In
addition to the reduced interstitial pH observed in inflamed tissues, reports have indicated the
colonic lumen of patients with IBD are more acidic when compared to the normal bowel. As
patients with IBD commonly suffer from diarrhea, it was proposed patients with IBD would have
reduced ventilation of CO> due to frequent bicarbonate loss. Several groups have investigated the

luminal and peri-mucosal colon pH values from normal and IBD affected patients. The
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radiotelemetric capsule method or oral tube mounted electrodes were used for the measurement
of the luminal pH of the bowel. Normal median luminal pH values for proximal and terminal
small intestine are ~6.7 and ~7.5, respectively. The ascending and descending normal colon
median luminal pH values are ~5.88 and ~6.12, respectively. However, several reports have
found the cecum/ascending colonic luminal pH is reduced during active colitis beyond what is
observed under normal conditions [71-76]. One study showed patients with UC had luminal pH
values as low as 2.3 and 3.4 [72]. Other reports showed a more moderate reduction of luminal
pH between ~4.7 and ~5.5 [74]. These observations suggest the loss of pH homeostasis in IBD
could be an indicator of IBD severity and occurrence. Some reports, however, have provided
conflicting results. One group has reported that patients with active UC have elevated luminal
pH values when compared to control [74, 75]. Further studies have claimed that there is no
alteration in colonic luminal pH during active UC [77]. Regardless, the consensus seems to
indicate loss of pH homeostasis in the intestine exists in IBD and might contribute to disease

activity.

The reduced pH typical of inflamed tissue, and observed in active IBD, highlights a
poorly understood mechanism of how leukocytes and non-immune cells in the inflamed acidic
tissue microenvironment can sense changes in microenvironmental acidity and subsequently
modulate their function. This provides a role for cellular pH sensing mechanisms in the

regulation of intestinal inflammation.

E. Proton-Sensing (PS) GPCR Family Members

Acidosis is a stress for the cell and this stress commonly exists in the inflamed
microenvironment. The ability of the cell to sense and modulate activity for adaptation to the

stressful environment is critical. There are several mechanisms whereby cells sense acidosis and
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modulate cellular functions to facilitate adaptation. Cells can detect extracellular pH changes by
acid sensing ion channels (ASICs) and transient receptor potential (TRP) channels [78]. Apart
from ASIC and TRP channels, extracellular acidic pH was shown to stimulate inositol
polyphosphate formation and calcium efflux [79, 80]. This suggested the presence of an
unknown cell surface receptor that may be activated by a certain functional group, namely the
imidazole of a histidine residue. The identity of the acid-activated receptor was later unmasked
by Ludwig et al as a family of proton-sensing G protein-coupled receptors (GPCRs). This group
identified human ovarian cancer GPCR 1 (OGR1) which upon activation will produce inositol
phosphate and calcium efflux through the Gq pathway [81]. These pH-sensing GPCR family
members include GPR4, GPR65 (TDAGS), and GPR68 (OGR1). The proton-sensing GPCRs
sense extracellular pH by protonation of several histidine residues on their extracellular domain.
These receptors are capable of activation within the physiological pH range (7.32-7.42).
However, peak activation of these receptors can occur between pH 6.4-7.0. The activation of
these proton-sensing GPCRs facilitates the downstream signaling through the Gg11, Gs, and
Gi2/13 pathways. GPR65, GPR4, and GPR68 have been shown to couple to the Gs and Gi2/13

while GPR4 and GPR68 can also couple to Gg11 (Figures 1.2-1.3)[82].

The family of pH-sensing GPCRs have distinct expression profiles. GPR4 is highly
expressed in vascular-rich tissues such as the lung, liver, kidney, and soft tissues. In line with
these observations, GPR4 is predominately expressed in vascular endothelial cells. Recent
studies have shown GPR4 is also expressed in neurons of the retro-trapezoid nucleus (RTN) and
white adipose tissue [82]. GPR65 expression is highest in leukocyte rich tissues like the spleen,
bone marrow, and lymph nodes owing to the predominate expression in immune cells. GPR65 is

expressed in both the myeloid and lymphoid derived cells. Recent studies have also provided a
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role for GPR65 expression in neurons [82]. GPR68 is expressed broadly in various tissues such
as lymph nodes, lung, and spleen. GPR68 has been investigated in the immune system as GPR68
is expressed in dendritic cells, macrophages, neutrophils, and T-cells. However, GPR68 is also
expressed on and has regulatory functions in fibroblasts, dorsal root ganglia, osteoclasts, and

cardiomyocytes [82].

Given the diverse expression of the pH-sensing GPCR family and distinct G-protein
activation status, each member has been implicated in a variety of physiological systems. Studies
have provided roles for GPR65 in respiratory (asthmatic inflammation), nervous (nociception
and panic disorders), skeletal (bone resorption/density) and immune system (leukocyte
inflammatory response). GPR68 has been studied in the cardiovascular (cardiomyocyte
viability), renal (acid/base homeostasis), respiratory (inflammatory airway remodeling),
gastrointestinal (intestinal homeostasis), skeletal (bone acid sensing), and endocrine (insulin
secretion) systems. Furthermore, GPR4 has been investigated in the nervous (CO:
chemosensing), endocrine (insulin sensitivity), renal (acid-base balance), cardiovascular (blood
vessel stability and integrity), and immune system (endothelial inflammation) (Figure 1.3) [82].
As each member of these GPCRs are pH sensitive and are implicated in the immune system, this
presents a role for the pH-sensing GPCR GPR65 (TDAG8) and GPR4 in inflammation and
immune cell function (Figure 1.3). Further analysis of their role in the inflammatory response is

warranted.

Similar, yet distinct from GPR65 and GPR4 is GPR132 (G2A or G2 accumulation).
GPR132 is both highly and broadly expressed on immune cells yet is classified as a weak proton
sensor [83]. This feature has caused many to exclude GPR132 from the pH-sensing GPCR

family. Originally, GPR132 was identified as a DNA damage and stressed- induced GPCR that
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was highly expressed on B cells and thymocytes [84]. Initial studies centered on the evaluation
of GPR132 in tumorigenesis as GPR132 was identified as a BCR-ABL target gene [84]. GPR132
was consequently shown to function as a tumor suppressor though mediating cell cycle arrest and
accumulation in the G2/M phase. Later studies found that aged GPR132 KO mice developed an
autoimmune syndrome characterized by heavy leukocyte infiltration into numerous tissues [85].
Additionally, this study found GPR132 deficient T cells are hyperresponsive to TCR activation
and subsequently had heightened T cell proliferation. Taking these two studies together, it could
be proposed GPR132 regulates inflammation though the inhibition of cellular activation and
proliferation. Even with the subsequent progressive understanding of the role of GPR132 in
several cellular functions, there remains significant controversy over the endogenous ligands for
GPR132. Lysophosphatidylcholine (LPC) was initially reported to have high affinity for the
GPR132 receptor [86]. However, these data could not be reproduced, and the article was
retracted. Additional studies suggested LPC mediates GPR132 signaling not through direct
ligand binding to GPR132, but rather though redistribution of GPR132 membrane localization
and intracellular sequestration [87]. Regardless, numerous studies have shown that there is a link
between LPC and GPR132 activity. Further studies found GPR132 was a pH-sensitive GPCR
after increased intracellular inositol phosphate could be observed when GPR132 was
overexpressed [88]. Later studies, however, suggested GPR132 proton-sensing capabilities were
dispensable when compared to family members GPR65, GPR4, and GPR68 [83]. These studies
concluded GPR132 was an acid sensor, although weak. More recently, additional ligands have
been identified for GPR132 of which include lactate, certain oxidized free fatty acids (9-HODE,

5-,8-,9-,15-HETE), and several bioactive lipids (LPC and commendamide) [89-93]. Many of
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these endogenous ligands are present in the inflammatory loci and implicate GPR132 in the

inflammatory response.

F. PS-GPCRs GPR4, GPR65, GRP68, and GPR132 in Inflammation

Numerous studies have shown GPR132 plays important roles in inflammation. As
mentioned briefly above, an early study suggested GPR132 was involved in the maintenance of
immune homeostasis by observing GPR132 KO mice developed a progressive late-onset
autoimmune syndrome. Following this study, both pro- and anti-inflammatory roles have been
provided for GPR132 in various immune cell populations. For example, GPR132 knockdown
resulted in reduced chemotaxis of T lymphoid cells to LPC [94]. In an atherosclerosis mouse
model, GPR132 provided a pro-atherogenic role as reduced atherosclerotic lesions were
observed in the knockout mice [95]. However, GPR132 deficiency in monocytes have been
shown to increase IL-1p, IL-6, and IL-8 in response to Propionibacterium acnes infection [96].
Furthermore, studies have shown GPR132 deficiency resulted in reduced efferocytosis of dying
neutrophils [97], enhanced macrophage activation and accumulation in an atherosclerosis mouse
models [95], reduced LPC mediated chemotaxis of macrophages to apoptotic cells [98], a late
onset autoimmune syndrome in mice [85], and reduced M2 macrophage phenotypes in response
to lactate [92]. Another study proposed GPR132 activity in the dorsal root ganglia (DRG)
functioned to reduce inflammatory hyperalgesia and subsequently reduces inflammatory cell

infiltration into inflamed tissues [99].

GPRG65 was originally identified by cloning as an orphan GPCR which was observed to
be upregulated during thymocyte apoptosis [100, 101]. It was demonstrated that GPR65 inhibited
pro-inflammatory cytokine secretion, which includes IL-6 and TNF-a, in mouse peritoneal

macrophages upon activation by extracellular acidification. This cytokine inhibition was shown
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to occur through the Gs-cCAMP-protein kinase A (PKA) signaling pathway [102, 103]. Treatment
with dexamethasone, a potent glucocorticoid, increased GPR65 expression in peritoneal
macrophages. Following dexamethasone treatment, there was an inhibition of TNF-a secretion in
a manner dependent on increased expression of GPR65 [104]. Furthermore, a GPR65 agonist,
BTB09089, was able to inhibit macrophage LPS-induced pro-inflammatory cytokine expression
and anti-CD3 splenocyte stimulation [105]. Another study investigated the role of GPR65 and
acidosis in microglia inflammatory responses [106]. GPR65 was shown to reduce IL-1p
secretion through the Gs/cAMP/PKA pathway. Additional studies showed GPR65 deletion
reduced myocardial infraction-induced inflammation through inhibiting resident macrophage
secretion of CCL20, a chemokine for yoT cells [107]. Another study found genetic deletion of
GPR65 reduced a type Il collagen-induced mouse arthritis model [105, 108]. Furthermore,
GPR65 deletion was investigated in the experimental autoimmune encephalomyelitis mouse
model. The data showed GPR65 reduced disease severity presumably through invariant natural

Killer T cells [109].

However, other reports provide a pro-inflammatory role for GPR65 during inflammation.
GPR65 was reported to increase eosinophil viability in the acidic microenvironment by reducing
apoptosis through the cAMP pathway [110]. As eosinophils are central in asthmatic
inflammation and allergic airway disease, GPR65 may play a role in increasing asthmatic
inflammation. Notably, GPR65 appears to be involved in regulating Th17 pathogenicity. One
paper demonstrated that the absence of GPR65 reduced the promotion of IL-17A cells in vitro
[111]. Furthermore, this group reconstituted WT and GPR65 KO CD4" T-cells into RAG
deficient mice and observed the loss of GPR65 in CD4" T-cells protected mice from

experimental autoimmune encephalomyelitis (EAE). Another study analyzing transcriptome
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signatures of Th17 cells involved in spondyloarthritis proposes GPR65 expression in Th17 cells
likely contributes to enhanced GM-CSF expression and subsequent spondyloarthritis disease

severity [112].

These studies demonstrate that the modulation of inflammation by GPR65 is complex
and is highly relevant to cell type and biological context. GPR4, however, appears to regulate the
inflammatory response primarily through the mediation of vascular endothelial cell activation.
Endothelial cells compose blood vessels that often penetrate acidic tissue microenvironments,
especially in the inflammatory loci. Among the pH-sensing GPCR family, GPR4 has the highest
expression in endothelial cells. Several studies have demonstrated GPR4 can regulate EC
inflammatory responses and has been presented as a key regulator for EC inflammatory
responses in acidic tissue microenvironments [113, 114]. Our group has demonstrated in a
variety of human endothelial cells that GPR4 can induce EC inflammation through upregulating
pro-inflammatory cytokine production, adhesion molecule expression, and increasing monocyte-
EC interaction in response to acidic stimulation. Microarray analysis revealed human umbilical
vein endothelial cells (HUVECs) with endogenous (HUVEC/vector) or overexpressed
(HUVEC/GPR4) GPR4 expression upregulated a variety of pro-inflammatory cytokines and
chemokines (CXCL1, CXCL2, CXCL3, CXCL6, CX3CL1, CCL2, CCL5, CCL7, CCL20,
CSF2, IL1A, IL8) when stimulated by acidic pH. Additionally, adhesion molecules such as E-
selectin, VCAM-1, and ICAM-1 were also upregulated by GPR4 activation. Other genes in the
TNF pathway, NF-KB pathway, and ER stress genes were shown to be regulated by GPR4.
However, the distinct G-protein pathways involved in the regulation of these discrete target

genes remain to be fully elucidated.
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One key regulator of the inflammatory response is leukocyte recruitment to the site of
inflammation through host vasculature, firm adhesion of leukocytes to the blood vessel wall, and
leukocyte extravasation into the inflamed tissue. Our group demonstrated acidosis/GPR4
increases adhesion of leukocytes to ECs in vitro through a GPR4-dependent manner [113].
Taken together, acidosis/GPR4 increases expression of cytokines, chemokines, and adhesion

molecules that subsequently increase EC-leukocyte adhesion in vitro.

Similar to GPR4 is GPRG68 in that acidosis-induced activation results in enhanced
inflammation. However, GPR68 is not reported to be expressed in endothelial cells as GPR4, but
rather is expressed immune cells. Studies have shown that GPR68 contributes to macrophage and
dendritic cell inflammation [82, 102, 115, 116]. Notably, GPR68 has been implicated in

increasing intestinal inflammation through macrophage inflammatory programs [116, 117].

Altogether, the proton sensing GPCR family memebers provide differential regulation of
the inflammatory response through mutual acid sensing capabilities. However, the role of acid
sensing for GPR132 remains to be investigated. GPR65 and GPR132 predominately
demonstrates function in the inhibition of the inflammation whereas GPR4 activation
exacerbates inflammation through mediating leukocyte trafficking to sites of inflammation. As
described previously, the chronic inflammation mediated by activated inflammatory cells and
endothelial cells are two central features of the immunopathology of IBD and were initially

delineated using a variety of animal models.
G. Murine Models for IBD Study
Murine models have been integral for the investigation of the underlying mechanisms and

pathogenesis of IBD. The overall goal of IBD animal models is to closely mimic human IBD
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pathology, however, no single animal model can achieve this feat. To-date, several classes of
IBD animal models have been used complete with their subsequent advantages and
disadvantages. There are several modes of induction of experimental IBD. These models broadly
include chemical induction, genetic modification (e.g. 1L-107"), and adoptive transfer to an
immunocompromised host (e.g. CD45RB" to SCID or RAG1” mice) for the inducible or
spontaneous development of intestinal inflammation [118]. However, chemical induction of
experimental colitis is the most widely used approach owing to predictable disease induction that
can be easily paired with genetically modified mice to evaluate the role of a certain gene in the
immunopathology of colitis. The most common chemical agents used are dextran sodium sulfate
(DSS) and trinitrobenzene sulfate (TNBS). DSS works to disrupt the intestinal epithelium for the
allowance of luminal content (bacterial antigen and food proteins) to enter the mucosa and elicit
both an innate and adaptive inflammatory response [119-122]. DSS-induced colitis is achieved
by dissolving DSS, usually between 2-4% into the drinking water of mice. DSS is a sulfated
polysaccharide that can link with medium-chain-length fatty acids (MCFASs) on the colonic
epithelial mucosa and form nanometer-sized vesicles. These vesicles can bind to the colonic
epithelial cells and reduce epithelial barrier functions and subsequently increase mucosal
inflammation [119]. Depending on the duration and concentration of DSS given to mice, models
for acute, chronic, and relapse have been developed. Clinical and histopathological features of
DSS-induced colitis have similarities to human disease. Clinical manifestations of DSS-induced
colitis include mouse body weight loss, fecal blood and diarrhea, and anaemia [123].
Histologically, defects in colonic crypt architecture and epithelium are observed. Similarly,
inflammatory cell infiltration is observed in the laminal propria and submucosa results in crypt

abscesses and inflammation resembling features of human IBD [123].
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H. Rationale for the investigation of PS-GPCRs in Intestinal inflammation

The aims of this dissertation are to delineate the functional roles of proton sensing
GPCRs (GPR4, GPR65, and GPR132) in the regulation of intestinal inflammation. As the pH-
sensing GPCRs are expressed in the gastrointestinal system and reports have shown the colonic
tissue pH is reduced is active IBD, we sought to investigate the roles of these receptors during

intestinal inflammation.

Previous studies have provided a role for GPR4 in mediating a pro-inflammatory
response of endothelial cells in response to acidic pH [113, 124]. Also, studies have described
intestinal microvasculature, which exist in the acidic inflammatory loci, as a key regulator of
intestinal inflammation though regulating leukocyte trafficking to the gut. Based on these data,
we hypothesized that GPR4 contributed to the pathogenesis of IBD through increasing leukocyte
extravasation into colon tissues. We further hypothesized that pharmacological inhibition of

GPR4 would alleviate intestinal inflammation.

Once leukocytes get into the intestinal tissues, they too exist in and contribute to local
acidification, which can in turn alter their function. GPR65 and GPR132 have shown high
expression on these leukocytes and can subsequently modulate their inflammatory programs.
Previous reports suggest GPR65 and GPR132 have a predominate immunosuppressive role in
response to endogenous ligands. These described roles of GPR65 and GPR132 in inflammation
implicate them in the regulation of dysregulated leukocyte inflammation in IBD. We
hypothesized that GPR65 and GPR132 serve to dampen the leukocyte inflammation though

reducing the pro-inflammatory functions of leukocytes.
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To test our hypothesis, we utilized the acute and chronic DSS-induced colitis mouse
models combined with GPR4 knockout (KO), GPR65 KO, and GPR132 KO mice. This
dissertation work provides a novel role for the class of pH-sensing GPCRs in the regulation of

abnormal mucosal inflammation commonly associated with 1BD.
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Figure 1.1: A graphical representation of the leukocyte extravasation process.
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Figure 1.2: A graphical representation of the G protein coupled receptor and their discrete

signaling cascades of Gas, Gog, and Gaz/3.
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Figure 1.3: A profile of the proton-sensing G protein-coupled receptors in each physiological

system.
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Chapter I1: Materials and Methods

A. Summary

The functional role of the proton-sensing GPCRs were assessed by the chemical
induction of acute and chronic experimental colitis using dextran sodium sulfate (DSS) in global
GPR4, GPR65, and GPR132 knockout (KO) mice. KO mice were compared in all analyses to
wild-type mice. Mouse clinical disease severity was assessed in conjunction with
histopathological features of, and distinct cellular constituents contributing to, intestinal
inflammation. Furthermore, molecular analysis was performed to evaluate the contribution of
inflammatory gene and protein expression in colon tissues. Complementary to our approach for
investigating the roles of the pH-sensing GPCRs in intestinal inflammation are our efforts to
further delineate the effects of acidic pH-induced GPRG65 activation. We evaluated the function
of GPR65 activity in wild-type and GPR65-null bone marrow derived macrophages, bone
marrow derived dendritic cells, and thymocytes in vitro. The methods employed in this
dissertation work will provide a comprehensive analysis of colitis disease severity and illuminate
potential contributions to inflammation by the proton-sensing GPCR family members in the

experimental colitis mouse models.

B. Materials and methods contributing to the investigation of pH-sensing GPCRs in

intestinal inflammation.

B.1. Dextran sodium sulfate (DSS)-induced acute and chronic experimental colitis mouse

model

All experiments were carried out in 9 week old male and female wild-type, GPR4-

deficient, GPR65-deficient, and GPR132-deficient mice. GPR4 deficient mice and wild-type



littermates were generated as previously described and were backcrossed into the C57BL/6
background for 11 generations [125]. GPR65-deficient mice were previously generated and
backcrossed into the C57BL/6 background 9 generations [126]. Finally, G2A-deficient mice
were generated as previously described and backcrossed 12 and 14 generations into the C57BL/6
background [85]. The mice were maintained specific pathogen-free of exogenous murine viruses,
ectoparasites, endoparasites, and Helicobacter. Mice were housed in an Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility under
environmental conditions of a 12:12 light/dark cycle, temperature maintenance at 22 + 1°C and
relative humidity range of 30-70%. Mice were group housed in microisolator caging on corncob
bedding and provided tap water and pelleted diet (ProLab 2000, Purina Mills) ad libitum. Acute
colitis was induced by the addition of 3% (w/v) Dextran Sulfate Sodium Salt (DSS) [36,000-
50,000 M.Wt, Lot# Q1408, MP Biomedical] to drinking water. Mice were treated with 3% DSS
or water for seven consecutive days, with a replenishment of 3% DSS or water every two days.
For GPR4 antagonist 13 administration during acute chemical colitis induction, the small
molecule was suspended in 0.5% methylcellulose/ 0.5% Tween 80/ 99% water. On day one,
mice were orally gavaged with either vehicle or 30mg/kg GPR4 antagonist 13 (provided by
Novartis) in the morning followed by addition of 3% DSS into the drinking water in the
afternoon. On days two through six, mice were orally gavaged with vehicle or GPR4 antagonist
13 BID. On day seven mice were euthanized for tissue collection and macroscopic disease
indicator measurement. For chronic DSS-induced colitis, mice drank 3% DSS solution or water
ad libitum. To cycle between moderate and severe inflammation, mice were given 3% DSS in
tap water or tap water alone for 4 cycles. Each cycle constituted 5 days of 3% DSS (severe

inflammation) followed by 2 days of water (moderate inflammation). Following the fourth cycle,
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water was switched back to 3% DSS for 2 final days. Mouse body weight and clinical
phenotypic scores were assessed daily during the treatment period and tissue was collected at the
end of the treatment period. Animal studies were performed according to the randomized block
experimental designs that can increase the power and reproducibility [127]. All animal
experiments were approved by the Institutional Animal Care & Use Committee of East Carolina
University, Greenville, North Carolina and were in accordance with the Guide for the Care and

Use of Laboratory Animals administered by the Office of Laboratory Animal Welfare, NIH.

B.2 Clinical phenotype scoring

Assessment of colitis severity was determined using the clinical parameters of body
weight loss and fecal score. Each day stool was collected from mice and assessed for presence of
blood and stool consistency. Fecal scoring system consisted of the following: 0= normal, dry,
firm pellet; 1= formed soft pellet with negative hemoccult test, 2= formed soft pellet with
positive hemoccult test; 3= formed soft pellet with visual blood; 4= liquid diarrhea with visual
blood; 5= no colonic fecal content; bloody mucus upon necropsy. Presence of micro blood

content was measured using the Hemoccult Single Slides screening test (Beckman Coulter).

B.3 Collection of tissue for histology and molecular analysis

After the acute or chronic treatment time course of DSS, mice were euthanized and the
entire gastrointestinal tract was removed. The colon length was measured in centimeters from
anus to ileocecal junction, then detached from the cecum. The colon was then washed with
phosphate buffered saline (PBS) to remove fecal matter. Distal colon tissues were resected
commencing from the anus and promptly snap frozen in liquid nitrogen for storage at a -80°C

freezer for RNA analysis. The remaining colon tissue was fixed in 10% buffered formalin for
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further histological analysis. The cecum was also cleaned of all fecal matter and fixed in 10%
buffered formalin for histological studies. The mesenteric lymph nodes were isolated. The lymph
nodes most proximal to the cecum were used for size measurement and histological analysis.
Lymph node length (L) and width (W) were measured to calculate the volume of each lymph
node using the formula (LxW?) 1/6. Once the measurements were taken, the lymph nodes were
fixed using 10% buffered formalin and processed for histological analysis. Spleens were

collected and measured for weight.
B.4 Histopathological scoring

Five um sections of colon and cecum tissue segments were stained with hematoxylin and
eosin (H&E) for analysis. Two independent board-certified pathologists, with expertise in animal
or human pathology, analyzed colon and cecum sections in a blind fashion. Pathologists
analyzed and scored sections for histopathological features commonly observed in IBD tissues.
Scoring criteria and methodology were conducted as previously reported with minor adaptations
[128]. Each pathologist used complementary, yet distinct scoring systems for histopathological
analysis. Briefly, the criteria used by the veterinary pathologist for histopathological changes
included a scoring system from one to four, wherein a score of four was most severe. The
veterinary pathologist assessed and scored the degree of inflammation, epithelial defects, crypt
atrophy, epithelial hyperplasia, and dysplasia. Each cecum and colon section was assessed for
each parameter and the sum of each parameter was presented as total histopathological score per
mouse. The scoring criteria used by the human pathologists included the individual assessment
of each parameter including inflammation, area of leukocyte infiltration, crypt damage, and
edema. The score for each parameter was multiplied by a factor corresponding to the degree of

overall intestinal tissue involvement. The sum of all parameters for each mouse provided the
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total histopathological score. For in-house histopathological analysis, distal, middle, and
proximal colon segments were evaluated by an operator blind to sample identification according
to previously published criteria with minor modifications [129]. Briefly, each colon segment was
evaluated in four recurring locations. Each location was evaluated for leukocyte infiltration,
epithelial damage, and mucosal architecture distortions. The leukocyte infiltration score included
severity scores of 1= mild, 2= moderate, and 3= severe with regard to both degree and location
of cellular infiltrates. The mucosal architecture score included 1= focal epithelial erosions, 2=
focal ulcerations, and 3= extended ulcerations. The sum score of these parameters represents the
histopathological score of severity. In-house histopathological evaluation was performed under
the oversight of trained pathologists. For the assessment of colonic fibrosis, colon segments were
stained with picrosirius red and Masson’s Trichrome stains for fibrosis analysis and graded for
pathological fibrosis as previously described with minor adaptations under the supervision of

pathologists.
B.5 Isolated lymphoid follicle quantification

Cecum and colon tissue was collected as described above and serial histological sections
were stained with hematoxylin and eosin (H&E). Using a light microscope, cecum tissue
sections were scanned using 4x and 10x objective lenses and isolated lymphoid follicles (ILFs)
were counted. Colon sections were scanned from proximal to distal on longitudinal sections
using 4x and 10x objective and ILFs were counted. The entire colon section was then measured
in centimeters. ILF number is presented as ILFs per centimeter of colon section length. ILFs in

the cecum are presented as ILFs per cecum in tissue sections.
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B.6 Immunohistochemistry

Immunohistochemistry was performed on serial sections of 5-um paraffin-embedded
cecum, lymph node, and colon tissue sections. All colon, cecum, and mesenteric lymph node
sections were de-paraffinized and hydrated from 100% ethanol to water followed by antigen
retrieval using Tris-EDTA pH 9.0 with 0.1% Tween 20. Slides were incubated in antigen
retrieval buffer for 18 minutes at 99 °C followed by blocking of endogenous peroxidase activity.
Tissue sections used to analyze GFP expression in GPR4 KO, GPR65 KO and GPR4
heterozygous mice were incubated with primary goat polyclonal against green florescent protein
(GFP) overnight at 4°C (Abcam, ab6673, 1:1000). The IHC system (Anti-goat HRP-DAB Cell
and Tissue Staining Kit, R&D Systems, Minneapolis, MN) was used which employs a
peroxidase-conjugated streptavidin as a colorogenic component. For the MAdCAM-1 (Abcam,
1:500, ab80680) antibody, the rat VECTASTAIN ABC HRP kit was used (Vector laboratories).
For VCAM-1 (Abcam, ab134047, 1:100), E-selectin/CD62E (Abcam, ab18981, 1:1000), F4/80
(Invitrogen, 1:500, SP115), CD3 (Abcam, 1:1000) or aSMA (Abcam, 1:1000) either the
Superpicture 3 Gen IHC Detection system or rabbit VECTASTAIN Elite ABC HRP kit was
employed. When the Superpicture 3 Gen IHC Detection system was used, endogenous mouse
IgG in blood serum was blocked using the Mouse on Mouse blocking reagent (Vector
Laboratories, Burlingame, CA) followed by blockade with 10% normal serum. Tissues were
incubated with primary antibodies overnight at 4°C and then recombinant secondary antibody
incubation occurred followed by DAB (3,3'-diaminobenzidine). The rabbit VECTASTAIN Elite
ABC HRP kit (Vector laboratories) was used according to the manufacture’s protocol with the

addition of AVIDIN/BIOTIN block (Invitrogen). Slides were then dehydrated and mounted.
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Pictures were taken with a Zeiss Axio Imager A1 microscope or Zeiss Axiolmager.M2 with

Axiocam 503 digital color camera.

B.7 Immunocytochemistry

Wild type and GPR65 KO bone marrow derived macrophages (BMDMs) and bone
marrow derived dendritic cells (BMDCs) were assessed for specific pan macrophage and
dendritic cell markers, respectively. ICC was performed as previously described [113, 114].
Briefly, cells were fixed with 4% paraformaldehyde, permeabilized with PBS + 0.1% tween 20,
and blocked with 10% normal serum. Primary antibodies specific for CD11b (1:500, MA1-
10080) and CD11c (1:500, MA11C5) were incubated for 1hr at room temperature with either
BMDMs or BMDC:s, respectively. Cells were washed with PBS and incubated with secondary
antibodies conjugated to Alexa Fluor 488 against the primary antibodies of respective host
species. Nuclei was stained with DAPI. BMDM and BMDC purity was assessed by calculating
the present positive cells for either CD11b or CD11c with respect to the total cell number per

field of view.

B.8 Mucosal inflammatory Cell Quantification for the DSS-induced colitis mouse model

Colon tissue sections were randomly selected from WT-DSS, GPR65 KO-DSS, and
GPR4 KO DSS mice. The absolute numbers of polymorphonuclear neutrophils, F4/80- positive
macrophages, CD4-positive T cells, CD8-positive cells, myofibroblast a-SMA, and CD3-
positive T cells were counted from high-power (400x magnification) pictures taken from 5-10
random fields per distal colon section in a blind manner as previously described [128].
Neutrophils were quantified by their distinct polymorphonuclear morphology by H&E staining

under guidance of board certified pathologists (H.H. and Q.C.). Distinct cellular constituents
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quantified are indicated in figure legends. ImageJ software was utilized for counting of cells per

high power field of view (FOV).

B.9 Blood vessel VCAM-1 and E-selectin intensity score and MAdCAM-1 positive vessel

enumeration

After IHC was performed for VCAM-1 and E-selectin on colon tissue segments, VCAM-
1 and E-selectin intensity was blindly assessed by two independent operators from distal, middle,
and proximal segments. Scoring criteria included 1= none/minimal, 2= mild, 3= moderate, and
4= high signal intensity. Each tissue segment was completely evaluated using 10x and 20x
objectives and subsequently scored for intensity. For MAdCAM-1 positive vessel enumeration,
vessels were assessed from the distal, middle, and proximal colon segments and total MAJCAM-
1 positive vessels were counted using 10x and 20x objectives. The total colon length was

recorded in centimeters and results were shown as MAdCAM-1 positive vessels/centimeter.
B.10 Real-time RT-PCR and Western blotting

Total RNA and protein was isolated using the I1BI Scientific DNA/RNA/Protein
Extraction Kit (MidSci) and 500-1000ng of RNA were reverse transcribed using SuperScript Il
or Superscript IV reverse transcriptase (Invitrogen, Waltham, MA) and quantified using
Nanodrop. TagMan pre-designed primers-probe sets specific for target gene (Applied
Biosystems) were used and are listed (Figure 2.1). Real-time PCR was performed in duplicate
with a program of 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min, and the data was acquired and analyzed using the ABI 7300, ABI 7900HT, or
QuantStudio 3 Real-Time PCR system. Data was analyzed using the 22 method or expression

relative to control samples. The crohn’s and colitis cDNA arrays were purchased from Origene
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Technologies (catalog #CCRT102) and subjected to real-time PCR using specific primer-probes
for human GPR4, GPR65, and B-actin. The primer and probe used for human GPR4 has been
previously described [113, 114]. The cDNA array contained 47 samples including 7 normal, 14
Crohn’s, and 26 ulcerative colitis intestinal samples from patients diagnosed with IBD. All de-
identified sample information can be obtained through Origene Technologies
(http://www.origene.com/qPCR/Tissue-gPCR-Arrays.aspx) and are published as a supplemental
table (Supplementary Table 2) [128]. Following protein extraction, protein concentration was
determined using the DC Protein Assay (Bio-Rad). The protein was separated by gel
electrophoresis using 4-12% SDS-PAGE Bis-Tris Gels (Invitrogen). Protein was then transferred
to a nitrocellulose membrane followed by probing with polyclonal goat IgG anti-mouse VCAM-
1/CD106 (R&D Systems, #AF643). Protein expression of phosphorylated CREB and ATF-1 was
assessed by western blot analysis and normalized to -actin. Protein lysate was collected using
RIPA lysis buffer supplemented with protease/phosphatase inhibitors and quantified using the
Bradford assay. Western blot was performed as previously described above. The expression of
phosphorylated phospho-CREB/AFT1 (Cell Signaling, #9197,) and B-actin (Cell Signaling,
#4970) was analyzed by Western blotting and horseradish peroxidase (HRP)- conjugated
secondary antibodies. Chemiluminescence signals were detected using the Amersham ECL
Advance Western blotting detection kit. The western blot bands were subsequently quantified by

densitometry using the imageJ software.

B.11 Bone marrow progenitor cell Isolation and differentiation

Wild-type and GPR65 KO mice ranging from 6-12 months of age were utilized to isolate
thymocytes and collect bone marrow for macrophage and dendritic cell differentiation.

Thymocytes were isolated from the thymus by gentle homogenization into RPMI media followed
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by lysis of the red blood cells as previously described in detail [126]. Bone marrow derived
macrophages (BMDMs) and dendritic cells (BMDCSs) were differentiated from bone marrow
progenitor cells as previously described [130-132]. Briefly, bone marrow was collected from the
tibia and femur of WT and GPR65 KO mice and were differentiated into macrophages by
culturing in 15% L-929 cell conditioned medium for seven days or dendritic cells by culturing in
the presence of recombinant mouse GM-CSF for 6 days. BMDMs and BMDCs were cultured
and assessed for purity based on distinct morphology and CD11b and CD11c expression,
respectively. BMDMs and BMDCs were frozen in liquid nitrogen for further experimentation.
Naive BMDMs (MO) were either classically activated (M1) or alternatively activated (M2).
Briefly, classical activation was achieved by the addition of 100ng/ml LPS and 50ng/ml IFNy for

24hrs. Alternative activation occurred though the addition of 10ng/mL IL-4 for 24hrs.

B.12 In vitro pH treatments

Following the collection of thymocytes from the thymus gland, thymocytes were then
suspended in RPMI media buffered to pH 7.4 or 6.4 for 3hrs to assess gene expression changes
or 30min for western blot assessment of CREB/ATF-1 phosphorylation. BMDMs were cultured
for 24hrs after thawing from liquid nitrogen to allow recovery. Naive macrophages were then
treated with DMEM media buffered to pH 7.4 and 6.4 for 3hrs to assess gene expression or
30min for CREB/ATF1 phosphorylation assessment by western blot. To assess gene expression
changes in M1 and M2 BMDMs, cells were fully polarized to M1 and M2 for 24hrs and were
treated with DMEM media buffered to pH 7.4 and 6.4 for 5hrs. BMDCs were treated for 3hrs in

RPMI media buffered to pH 7.4 or 6.4 for 3hrs.
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B.13 Cellular proliferation assay

WT and GPR65 KO BMDMs were cultured in macrophage conditioned medium (MCM)
containing DMEM 10% FBS + 10ng/mL mrM-CSF for 24hrs. MCM was then removed and
MCM buffered to pH 7.4 or 6.4 was added and BMDMs were incubated for 20hrs. Cells were
then pulsed for 4hrs with EdU in pH-adjusted MCM using the Click-it EdU cellular proliferation
kit. BMDMs were subsequently fixed, permeabilized, and labeled for EdU detection according to
manufacturer’s instructions for the Click-it EAU assay (Invitrogen). Nuclear localization was
achieved by Hoechst staining. Representative pictures were taken from 5-10 locations with a 20x
objective for the co-localization of Hoechst and EdU nuclear signal. Total cells were counted
followed by total EAU positive cells from each field of view and the percent of proliferating cells

were quantified using imageJ software.

B.14 Transwell migration assay

The cellular Transwell migration assay was performed as previously described with
minor modifications [133]. Briefly, WT and GPR65 KO BMDMs were suspended in migration
medium buffered to pH 7.4 or 6.4 at 1x1076 cells/mL. 1x10"5 cells were added to the upper
chamber of the Transwell insert and incubated at 5% CO> for 20 minutes. 600uL of migration
medium buffered to pH 7.4 or 6.4 with or without 5ng/mL C5a was added to the lower chamber
followed by 3hrs of incubation in 5% CO. atmosphere. Adherent cells attached to the bottom of
the Transwell membrane were fixed in methanol and stained with DAPI solution. Five pictures
were taken of the membrane with a 10x objective and migrated cells were quantified by counting

DAPI signal using imageJ software.
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B.115 Statistical analysis

All statistical analysis was performed using GraphPad Prism software. The unpaired t-test
or Mann-Whitney test was used to compare differences between two groups. Correlation of gene
expression was determined by the linear regression analysis. When comparing three or more
groups with one independent variable the one-way ANOVA was used. When comparing three or
more groups with two independent variables, the two-way ANOVA was used. The one-way or
two-way ANOVA was followed by either the Tukey, Newman-Keuls, or Bonferroni post hoc
tests. All statistical analysis performed is indicated in the figure legends. All comparisons are

considered statistically significant where * P < 0.05, ** P < 0.01, and *** P< 0.001.
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Figure 2.1: A list of TagMan primer-probe assays for gene expression studies.
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Chapter I11. The Role of GPR4 in the Regulation of Intestinal Inflammation

Portions of this chapter are modified and reprinted from Biochimica et Biophysica Acta -

Molecular Basis of Disease, 2, 569-584 (2017).

A. Summary

GPR4 is a proton-sensing G protein-coupled receptor that can be activated by
extracellular acidosis[113, 134, 135]. It has recently been demonstrated that activation of GPR4
by acidosis increases the expression of numerous inflammatory and stress response genes in
vascular endothelial cells (ECs) and also augments EC-leukocyte adhesion [113, 114]. Inhibition
of GPR4 by siRNA or small molecule inhibitors reduces endothelial cell inflammation. As
acidotic tissue microenvironments exist in many types of inflammatory disorders, including
inflammatory bowel disease (IBD), we examined the role of GPR4 in intestinal inflammation
using a dextran sulfate sodium (DSS)-induced acute and chronic colitis mouse model. We
observed that GPR4 mRNA expression was increased in mouse and human IBD tissues when
compared to control intestinal tissues. To determine the function of GPR4 in intestinal
inflammation, wild-type and GPR4-deficient mice were treated with 3% DSS for the
development of acute or chronic colitis. Finally, We have assessed the function and efficacy of a
GPR4 antagonist, 2-(4-((2-Ethyl-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)methyl)phenyl)-5-
(piperidin-4-yl)-1,3,4-oxadiazole (GPR4 antagonist 13, also known as NE 52-QQ57), within the
colitis disease indication as a potential therapeutic for the remediation of intestinal inflammation.
Our results showed that the severity of colitis was decreased in GPR4-deficient DSS-treated
mice in comparison to wild-type DSS-treated mice in both the acute and chronic models. Clinical
parameters, macroscopic disease indicators, and histopathological features were less severe in

the DSS-treated GPR4-deficient mice than the DSS-treated wild-type mice. Histopathological



damage, leukocyte infiltration, and isolated lymphoid follicle (ILF) formation were reduced in
intestinal tissues of DSS-treated GPR4-null mice. Finally, GPR4 antagonist 13 reduced disease
severity and inflammation in mice when compared to vehicle control. Collectively, our results
suggest GPR4 provides a pro-inflammatory role in the inflamed colon as the absence or
pharmacological inhibition of GPR4 ameliorates intestinal inflammation in the DSS-induced
experimental colitis mouse model.

B. Introduction

The pH-sensing G protein-coupled receptors (GPCRs) have emerged as a new class of
receptors that are involved in sensing both local and systemic pH changes. Subsequently, these
receptors have been implicated in various disease states and conditions associated with
dysregulated pH homeostasis such as cancer, ischemia, metabolic acidosis, and inflammation
[82, 135-137]. Family members of the pH-sensing GPCRs include GPR4, TDAG8 (GPR65), and
OGR1 (GPR68). These receptors are capable of sensing protons in the extracellular milieu by the
protonation of several histidine residues on their extracellular domains[81, 83, 138]. GPR65 and
GPR68 are predominately, though not exclusively, expressed on leukocytes and provide various
roles in the exacerbation or amelioration of a diverse set of diseases associated with
inflammation and acidosis. GPR4, reciprocally, is highly expressed in vascular endothelial cells
(ECs) and blood vessel rich tissues such as the lung, kidney, heart, and liver. Recently, GPR4 has
been shown to mediate EC inflammatory responses to acidosis and is central for leukocyte-
endothelium interaction.

In response to extracellular acidosis (increased extracellular proton concentration), GPR4
has been reported as a pro-inflammatory mediator in a variety of ECs [113, 114]. Both isocapnic
and hypercapnic acidosis have been demonstrated to activate GPR4 and induce an inflammatory

response in three types of primary endothelial cells, including human umbilical vein endothelial
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cells (HUVECs), human pulmonary artery endothelial cells (HPAECSs), and human lung
microvascular endothelial cells (HMVEC-Ls) [113, 114]. The GPR4 mediated inflammatory
response to acidosis encompasses the induction of adhesion molecules such as E-selectin
(SELE), vascular cell adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1
(ICAM-1) in ECs and subsequently increases the functional adhesion of leukocytes in vitro. In
addition to adhesion molecules, GPR4 activation in ECs increases the expression of chemokines
such as CCL20, CXCL2, and IL-8 (CXCLS8) involved in the recruitment and activation of
leukocytes [113]. Furthermore, GPR4 activity stimulates the induction of COX-2, NF-xB
pathway genes, and stress responsive genes in ECs under acidic conditions [114]. These results
collectively describe GPR4 as pro-inflammatory through increasing leukocyte-EC adhesion and
subsequent extravasation into inflamed tissues. Therefore, GPR4 could potentially provide a role
in the inflammatory response for host defense and the removal of pathogens or apoptotic cells in
various tissues by the recruitment of leukocytes. If inflammation is not properly resolved,
however, GPR4 could exacerbate inflammatory disorders.

Recently, a family of imidazo pyridine derivatives has been identified as exhibiting anti-
inflammatory functions in ECs by reducing pro-inflammatory cytokine secretion, adhesion
molecule expression, and leukocyte-EC adhesion through the inhibition of GPR4 [113, 114,
139]. In addition to chemical antagonists of GPR4, similar results were observed with use of
siRNA inhibitors specifically targeting GPR4 expression [113]. Moreover, it has been shown that
the expression of the GPR4 gene can be increased in ECs by inflammatory stresses such as
cytokines (TNF-a) and reactive oxygen species (H202), which commonly exist in inflammatory

bowel disease [140].
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Inflammatory bowel disease is characterized by chronic, aberrant mucosal inflammation
of the gastrointestinal tract [26]. There are two distinct disease subsets in which IBD can take
form, namely, Crohn’s disease (CrD) and ulcerative colitis (UC). The exact etiology of IBD is
unknown, but a complex interaction between immunologic, environmental, microbiome, and
genetic constituents is believed to contribute to the disease onset and continued progression.
Both CrD and UC have distinct, yet overlapping clinical and histopathological features that are a
result of altered mucosal homeostasis. The production of cellular metabolic byproducts
contributes to an acidic inflammatory mucosal loci in IBD [63]. Indeed, an acidic inflammatory
microenvironment is a hallmark of chronically inflamed tissue as numerous studies have shown
that local tissue pH below 7.0, and sometimes even below 6.0, is detected in inflammatory
diseases and alters cellular functions[62, 63, 66, 67, 141-143]. In addition to tissue acidosis in the
gut, reports indicate that the lumen of the colon is more acidic in patients with IBD than patients
without IBD [72-74, 76, 144]. As a result, host vasculature, leukocyte infiltrates, and stromal
cells often function within an acidic tissue microenvironment and can in turn modulate the
inflammatory response.

Inflammation in IBD is a conglomerate of gut associated pathologies, but one particular
pathological hallmark is a hyper-dysregulated vascular inflammatory response in the gut [145].
Host vasculature is critical in mediating the extent of inflammation and subsequent tissue
damage resulting from chronic inflammation. The inflammatory response requires the active
passage of leukocytes such as neutrophils, monocytes, and lymphocytes to the site of
inflammation through host vasculature. EC adhesion molecules and chemokines facilitate
leukocyte complementary binding for firm adhesion and subsequent extravasation from the

blood vessel wall into tissue. The endothelium therefore functions as a gate; either barring or
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allowing the passage of inflammatory cells into inflamed tissue. Modulating the passage of
leukocytes into tissue is an ideal target for IBD therapy. Currently, anti-adhesion biologics such
as natalizumab and vedolizumab are used in the clinic for IBD patients [146]. Even though anti-
adhesion therapies have proven efficacious in the clinical remission of IBD, there have been
some limitations reported. For example, cases of progressive multifocal leukoencephalopathy
(PML) have been observed in patients treated with natalizumab [147].

We hypothesize that endothelial GPR4 expression functions as a “gatekeeper” in
regulating the extent of leukocyte infiltration into the inflamed colon. In this study, we observed
that GPR4 mRNA expression was increased in the inflamed colon of human IBD samples as
well as in a DSS-induced experimental colitis mouse model. GPR4 genetic deficiency and
pharmacological inhibition reduced inflammation parameters such as clinical phenotype,
histopathological score, leukocyte infiltration, ILF development, and adhesion molecule
expression in vascular endothelial cells.

Altogether, our study has identified GPR4 as a potential regulator of intestinal
inflammation and suggests that molecular responses to the acidic microenvironment in inflamed
intestinal tissues may be a novel mechanism involved in IBD pathogenesis. A similar mechanism
may also exist in other inflammatory disorders.

C. Results

C.1 GPR4 exacerbates intestinal inflammation in the acute DSS-induced experimental
colitis mouse model.

In order to determine the functional role of GPR4 in intestinal inflammation, we
chemically induced intestinal inflammation in wild type (WT) and GPR4 KO mice. By day 7,

WT mice treated with DSS (WT-DSS) lost nearly 16% of body weight on average (Figure 3.1).
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In comparison, GPR4 KO mice treated with DSS (GPR4 KO-DSS) had only a 7% reduction in
bodyweight. The WT-DSS mice also had a fecal score more severe compared to GPR4 KO-DSS
mice intermittently throughout the experiment (Figure 3.1B). On day 7 of the experiment, mice
were euthanized and the colon length was evaluated as an indicator of the degree of colonic
inflammation induced by DSS. GPR4 KO-DSS mice had less colon shortening compared to WT-
DSS mice (Figure 3.1C, Figure 3.12). Additionally, mesenteric lymph nodes were isolated and
measured to calculate the volume as an assessment of the response to inflammatory stimulation.
GPR4 KO-DSS mice had a significant reduction in mesenteric lymph node expansion compared
to WT-DSS mice (Figure 3.1D). Collectively, the clinical phenotype of gut inflammation was
less severe in GPR4 KO-DSS mice compared to WT-DSS mice indicating GPR4 is pro-
inflammatory. The DSS-induced colitis disease model causes very severe acute intestinal
inflammation and tissue damage; subsequently, the partial recovery phenotype observed in the
GPR4 KO-DSS mice is comparable to other studies showing an alleviation of the DSS-induced
phenotype with mutant mice [148-150]. Additionally, we observed no sex dependent

susceptibility to DSS in our experiments (Figure 3.12).

In conjunction with the clinical aspects of colonic inflammatory extent, severity was also
assessed through histopathological analysis by both veterinary and medical pathologists.
Common features of IBD were evaluated and scored such as the degree of inflammation, area of
leukocyte infiltration, edema, epithelium damage, hyperplasia, dysplasia, and crypt damage for
both the cecum and colon. Both independent pathologists, using distinct methodologies, arrived
at the same observation that GPR4 KO-DSS mice were less severe when compared to WT-DSS
mice in both the colon and cecum (Figure 3.2; Figure 3.13). Of particular interest, the degree of

inflammation and area of leukocyte infiltration were reduced spanning from cecum and colon
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tissues in the GPR4 KO-DSS mice compared to WT-DSS mice (Figure 3.2C-D). Interestingly,
the degree of reduction in histopathological features of GPR4 KO-DSS mice were significantly
greater in the cecum when compared to colon (Figure 3.2A-B). This observation could be due to
the increased acidity in the cecum compared to the colon, thereby increasing GPR4 activity in

the cecum.

To further address the reduction of leukocyte infiltration observed by pathologists in
GPR4 KO-DSS mice compared to WT-DSS mice, we compared the number of neutrophils,
macrophages, and T cells between WT and GPR4 KO colon tissues. We observed a significant
increase in immune cell infiltrates in DSS-treated mice when compared to untreated mice. When
comparing WT-DSS and GPR4 KO-DSS mice, there was a 20-30% reduction in the number of
neutrophils (Figure 3.3A-C), macrophages (Figure 3.3D-F), and T cells (Figure 3.3G-I) in the
inflamed colon tissues. These results indicate GPR4 may regulate leukocyte infiltration and

potentiate intestinal inflammation.

Recently there has been growing interest in isolated lymphoid follicles (ILFs) and local
gut immunity. ILFs predominately develop in the colon and are similar in structure and function
as Peyer’s patches (PP) in the small intestine with the major difference between PP and ILFs
being the inducible nature of ILFs in response to inflammatory stimuli [151, 152]. Crosstalk
between stromal cells, lymphoid tissue inducer cells (LTi), and immune cells (dendritic cells, T
cells, B cells) are critical for ILF development and effector functions in the gut [153]. Increased
development of ILFs in the colon is associated with increased intestinal inflammation and tissue
damage [154, 155]. In keeping with these reports, we observed a significant increase in ILF
development in WT-DSS mouse colons when compared to WT control colons (4.0 ILFs/cm vs.

0.8 ILFs/cm of colon section) (Figure 3.4A). Similar results were observed upon evaluation of
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the cecum sections for ILFs (Figure 3.4B; Figure 3.14). The GPR4 KO-DSS mice, however, had
no significant increase of ILF formation in both the colon and the cecum (Figure 3.4; Figure
3.14). The GPR4 KO-DSS mice had on average 1.1 ILFs per centimeter of colon section. ILFs
could be observed spanning the proximal and distal sections of the colon. ILF density increased
in areas of greater inflammation. As such, fewer ILFs were observed in the proximal regions of
the colon compared to the distal colon where increased inflammation was visible. The GPR4
KO-DSS mice had an ILF number very similar to the WT-control mice in both colon and cecum.

These results suggest GPR4 is critical for ILF formation in response to gut inflammation.

To further characterize the involvement of GPR4 in intestinal inflammation, we
examined GPR4 mRNA expression in WT-DSS and WT-control mice by real-time PCR. Our
results demonstrated that GPR4 mRNA expression was upregulated in the inflamed colonic
tissue of WT-DSS mice by nearly 2.7 fold when compared to normal controls (Figure 3.5A). No
GPR4 mRNA expression was detected in colon tissues of GPR4 KO mice, confirming the
deficiency of GPR4 in the KO mice (data not shown). Furthermore, we measured the GPR4
MRNA expression in IBD and normal human intestinal tissues by real-time PCR. We used a
cDNA array containing 7 normal colon, 26 active colitis, and 14 Crohn’s tissue CDNA samples.
We observed a ~4.7 fold increase of GPR4 mRNA expression in human colitis and Crohn’s
disease lesions compared to normal human intestinal tissues (Figure 3.5B). These data
collectively demonstrate that GPR4 expression is increased in inflamed intestinal lesions and

could be involved in the pathogenesis of the disease.

In order to characterize the expression pattern of GPR4 in the mouse colon and cecum,
we performed immunohistochemistry for green fluorescent protein (GFP) as a surrogate marker

for GPR4 due to the lack of an antibody that can reliably detect endogenous GPR4 protein.
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GPR4-deficient mice were generated by replacing the GPR4 coding region with an internal
ribosome entry site (IRES)-GFP cassette under the control of the GPR4 gene promoter as
previously described [125]. Therefore, GFP expression in mouse tissues serves as a surrogate
marker for endogenous GPR4 expression. GFP expression was predominately detected in the
endothelial cells (ECs) of blood vessels, including arteries, veins, and microvessels of the cecum
and colon in GPR4 KO untreated mice (Figure 3.6, Figure 3.17A-B). GPR4 heterozygous
untreated mice had the same GFP expression pattern in the intestinal tissues as GPR4 KO
untreated mice (Figure 3.16). Additionally, GFP expression could also be observed in
microvessels adjacent to ILFs and the specialized high endothelial venules (HEVS) in mesenteric
lymph nodes (Figure 3.6). GFP expression could not, however, be significantly detected in
lymphatic endothelial cells (Figure 3.6A). In addition to GFP expression in ECs, GFP expression
could be detected in histiocytes (macrophages) located in the sinus of the mesenteric lymph
nodes (Figure 3.6F). No GFP signal could be detected in WT untreated control intestinal tissues,
with the exception of background signal on the epithelium, luminal content, and adipose tissue
(Figure 3.17). The GFP expression pattern is in accordance with previously published results
showing that GPR4 is expressed in several types of cultured vascular endothelial cells and
isolated monocytes/macrophages [98, 103, 114, 156]. The role of GPR4 in macrophages is
currently unknown and further studies will need to be conducted in the future to elucidate the

functional and molecular role of GPR4 in macrophages.

Upon examination of GFP expression in the inflamed colon and cecal tissues of GPR4
KO-DSS mice, similar localization of GFP in the endothelial cells of arteries, veins,
microvessels, and HEVs could be observed as the GPR4 KO control mice (Figure 3.7). GFP

expression could also be detected in mucosal macrophages in inflamed lesions of the GPR4 KO-
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DSS mice as well as the sinus regions of the mesenteric lymph nodes (Figure 3.7B, F). In
accordance with the WT untreated control tissues, no GFP signal could be detected in WT-DSS
tissues with the exception of minor background staining of the luminal epithelium, luminal

content, and adipose tissue (Figure 3.18).

Due to the localization of GPR4 in HEVs traversing lymphoid tissues such as mesenteric
lymph nodes and in microvessels adjacent to ILFs in the mucosa, GPR4 could regulate lymphoid
tissue expansion in a manner consistent with previous publications demonstrating GPR4 in ECs
increases numerous cytokines, chemokines, and adhesion molecules regulating leukocytes
interaction with ECs [113, 114]. GPR4 could be involved in increasing the passage of leukocytes
critical for inflammatory responses in secondary and tertiary lymphoid tissues as is observed in
GPR4 KO-DSS mice having reduced mesenteric lymph node volume (Figure 3.1D) and ILF

development (Figure 3.4, Figures 3.14).

As previous GPR4 inhibitor and shRNA knockdown studies have shown that inhibition
of GPR4 reduces the expression of adhesion molecules and numerous inflammatory genes in
endothelial cell cultures, we sought to examine a selection of inflammatory genes expressed in
WT and GPR4 KO whole colon tissue. Given the diverse cell population in the inflamed colon,
coupled with the focal nature of IBD, inflammatory molecules such as VCAM-1, E-selectin and
ICAM-1 can be expressed by a variety of stromal and immune cells in addition to endothelial
cells. As GPR4 is expressed primarily in vascular endothelial cells, much of the detectable
inflammatory molecule expression is derived from other cell types within the inflamed colon
tissue and is not regulated by GPR4. Therefore, the effects of EC gene expression governed by
GPRA4 can be masked by gene analysis of whole tissue colon segments. In spite of this limitation,

using real-time PCR analysis of whole colon tissue segments we observed the mRNA expression
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of adhesion molecules E-selectin, ICAM-1, VCAM-1, and MAdCAM-1 modestly reduced (~15-
30%), although not statistically significant with this sample size, in the GPR4 KO-DSS mouse
colon compared to the WT-DSS colon (Figure 3.8A-D). In addition to adhesion molecule
expression, MRNA levels of COX-2 were modestly reduced (~30%) in GPR4 KO-DSS mice
whereas CXCL2 showed no difference between WT-DSS and GPR4 KO-DSS mice (Figure
3.8E-F). In addition to gene expression analysis, we examined the protein expression of VCAM-
1 in whole colon tissues. We observed a similar trend in the reduction of VCAM-1 protein

expression as noted in VCAM-1 gene expression (Figure 3.19, Figure 3.8B).

Furthermore, correlating GPR4 mRNA expression in WT-DSS colonic tissues to
inflammatory gene expression, we were able to see a statistically significant positive correlation
between increased GPR4 mRNA expression and inflammatory gene expression such as E-
selectin and COX-2 (Figure 3.8G, L). With the exception of CXCL2; VCAM-1, ICAM-1, and
MAdCAM-1 showed a trend in correlation with GPR4 mRNA expression that has not yet

reached statistical significance given the current sample size (Figure 3.8K, H, I, J).

To further examine the effects of GPR4 within endothelial cells and overcome the
limitations of whole tissue gene analysis, we performed immunohistochemistry to examine the
expression of E-selectin and VCAM-1 in the vascular endothelium. Overall, the E-selectin and
VCAM-1 protein expression was increased in the DSS-treated inflamed WT and GPR4 KO
mouse intestinal tissues when compared to the non-treated control tissues. E-selectin was
expressed in the vascular endothelium and some colon epithelial cells. One report confirms the
expression of E-selectin in colon epithelial cells [157]. We observed ECs in GPR4 KO-DSS
mouse colons and cecums had reduced E-selectin expression when compared to WT-DSS mice

(Figure 3.9A-D, 3.10A-D). Immunohistochemical analysis of VCAM-1 revealed expression on a
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variety of cell types in addition to the ECs within the inflamed colon and cecum. Expression
could be observed in the mucosa, submucosa, and muscularis externa. Overall, total VCAM-1
expression was visibly reduced and less extensive in the GPR4 KO-DSS mice compared to WT-
DSS mice, and an appreciable reduction in VCAM-1 signal could be discerned in the mucosal

endothelial cells themselves within the colon and cecum tissues (Figure 3.9E-H, 3.10E-H).

Taken together, GPR4 appears to increase the expression of E-selectin and VCAM-1 in
the inflamed colon and cecum based on immunohistochemical analysis. These data suggest
GPR4 could increase intestinal inflammation through the regulation of endothelial inflammation

and leukocyte infiltration into inflamed gastrointestinal tissues.
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Figure 3.1. Clinical phenotypes and macroscopic indicators. To assess the extent of DSS-
induced colitic inflammation in mice, we measured several parameters to gauge the disease
severity in mice. We observed GPR4 KO-DSS mice had reduced disease severity when
compared to WT-DSS mice. Clinical parameters of disease severity, including (A) body weight
loss, (B) colon shortening, (C) fecal score and (D) mesenteric lymph node volume, were assessed
in WT-control (n=12), WT-DSS (n=13), GPR4 KO-control (n=12), and GPR4 KO-DSS (n=18)
mice. Each dot represents the data from an individual mouse. Data are presented as mean + SEM
and was analyzed for statistical significance using the unpaired t-test between WT-DSS mice and

GPR4 KO-DSS mice or as indicated within graph. (*P < 0.05, **P < 0.01, *** P< 0.001).
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Figure 3.2. Histopathological analysis of mouse colon and cecum. Histological features of
colitis were examined to further assess the degree of disease activity in the mice by veterinary
and human pathologists using complementary, yet distinct scoring systems. Overall, GPR4 KO
DSS mice had reduced histopathological scores in cecum and colon when compared to WT DSS
mice. (A) Veterinary pathologist and (B, C, D) human pathologist assessment of colon and
cecum. (C) Reduced leukocyte infiltration was observed spanning from the cecum to distal colon
in GPR4 KO DSS mice compared to WT DSS mice. (D) Overall inflammation was reduced in
GPR4 KO DSS mice compared to WT DSS mice in tissues spanning from the cecum to distal
colon. Representative H&E staining pictures of colon in (E) WT control, (F) WT-DSS, (G)
GPR4 KO control, and (H) GPR4 KO DSS using a 20x microscope objective. Data are presented
as mean £ SEM and analyzed for statistical significance between WT-DSS and GPR4 KO DSS
groups using the unpaired t-test. WT-Control (n=12), WT-DSS (n=13), GPR4 KO Untreated

(n=12), and GPR4 KO DSS (n=18) tissues were used for analysis. (*P < 0.05, **P < 0.01)
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Figure 3.3. Immune cell infiltrate quantification in colon mucosa. GPR4 KO-DSS mice (n=
4-5) had reduced numbers of neutrophils, macrophages, and T cells in the mucosa of the colon
compared to WT-DSS mice (n= 4-5). (Fig. 3A-C) Neutrophil quantification based on
polymorphonuclear (PMN) morphology and cytoplasmic staining, (Fig. 3D-F) F4/80*
macrophages, and (Fig. 3G-1) CD3" T cells. 40x microscope objectives. Statistical analysis was
performed using the unpaired t-test between WT-DSS and GPR4 KO-DSS groups. (*P < 0.05,

**P < 0,01)

62



>
w

ILFs In Colon ILFs In Cecum

5- Fekek %

104

a
1

ILFs/Centimeter
ILFs/Cecum

63



Figure 3.4. Isolated lymphoid follicle (ILF) quantification and H&E staining of ILFs. GPR4
KO DSS mice had reduced ILF number in the colon and cecum when compared to WT-DSS
mice. ILF quantification in WT and GPR4 KO (A) colon and (B) cecum tissues. Representative
H&E staining of ILFs in (C) WT control (n=12), (D) WT-DSS (n=13), (E) GPR4 KO control
(n=12), and (F) GPR4 KO-DSS colons (n=18). Red asterisks indicate representative ILFs in
colon tissue. Red and blue dotted lines indicate WT-control and GPR4 KO control ILF
quantification, respectively (A-B). Data are presented as mean £ SEM. WT-Control (n=12), WT-
DSS (n=13), GPR4 KO control (n=12), and GPR4 KO DSS (n=18) tissues were used for
analysis. Statistical analysis was performed using the unpaired t-test between WT-DSS and

GPR4 KO-DSS groups. (**P < 0.01, *** P< 0.001)
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Figure 3.5. GPR4 mRNA expression in human and mouse inflamed intestinal tissues.
Expression levels of GPR4 in inflamed and non-inflamed intestinal tissues were assessed. GPR4
MRNA was increased in inflamed lesions of human and mouse intestinal tissues when compared
to normal intestinal tissues. (A) GPR4 mRNA expression in mouse WT-DSS colonic tissue
compared to WT-control tissues. (B) GPR4 mRNA expression in human normal (n=7),
ulcerative colitis (n=26), and Crohn’s intestinal tissues (n=14). Data are presented as mean +
SEM and analyzed for statistical significance using the (A) unpaired t-test and (B) nonparametric

Mann-Whitney test. (*** P< 0.001)
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Figure 3.6. GFP knock-in as a surrogate marker for GPR4 expression in GPR4 KO control
mouse colon and lymphoid tissues. To assess the localization of GPR4 in intestinal tissues, we
performed IHC of GFP in intestinal and lymph tissues. GFP expression was visualized as brown
signals in the intestinal microvascular endothelial cells, ex-mural blood vessels, and mesenteric
lymph node high endothelial venules (HEVs). GFP expression was barely detectable in
lymphatic ECs. (A-B) Colonic GPR4 KO-control mouse blood vessel, artery, and lymphatic
vessel, (C) transverse fold microvessels, (D) ex-mural blood vessel and arteries, (E) microvessels
adjacent to isolated lymphoid follicles, and (F) mesenteric lymph node HEVs and histiocytes. No
GFP signal detected in WT untreated control tissues (Supplementary Fig. S7). (A-E) 40x and (F)
63x microscope objectives. Red arrow heads indicate histiocytes (macrophages) and green arrow
heads indicates lymphocytes. Red arrows indicate blood vessels, yellow arrows indicate HEVS,

and purple arrows indicate lymphatics.
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Figure 3.7. GFP knock-in as a surrogate marker for GPR4 expression in GPR4 KO-DSS
mouse colon and lymph tissues. To examine the expression of GPR4 in inflamed intestinal
tissues, we performed IHC of GFP in GPR4 KO-DSS tissues. GFP expression could be
visualized as brown signals in the intestinal microvascular endothelial cells, ex-mural blood
vessels, mesenteric lymph node HEVs, and macrophages. Minimal GFP could be detected in
lymphatic ECs. (A) Colonic GPR4 KO-DSS blood vessel, artery, and lymphatic vessel, (B)
macrophages in inflamed lesions, (C) transverse fold ECs, (D) ex-mural blood vessels, (E)
isolated lymphoid follicle vessels, and (F) mesenteric lymph node HEVs and histiocytes. No
expression of GFP could be detected in WT-DSS control tissues (Figure 3.17). (A-E) 40x and
(F) 63x microscope objectives. Red arrow heads indicate macrophages, yellow arrow heads
indicate neutrophils, and green arrow heads indicates lymphocytes. Red arrows indicate blood

vessels, yellow arrows indicate HEVs, and purple arrows indicate lymphatics.
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inflammatory gene expression and correlation with GPR4 expression. Inflammatory gene
expression was evaluated in whole colon tissue segments to assess the contribution of GPR4,
among other cells not regulated by GPR4, to inflammatory molecule expression. DSS induced
the expression of the inflammatory genes in both WT-DSS and GPR4 KO-DSS colon tissues
when compared to control colon tissues. GPR4 KO-DSS mice exhibited a trend of reduced pro-
inflammatory gene expression when compared to WT-DSS mice, though not statistically
significant. Adhesion molecules (A) E-selectin, (B) VCAM-1, (C) ICAM-1, and (D) MAdCAM-
1 were analyzed along with chemokine (E) CXCL2, and inflammatory enzyme (F) COX-2. (A-
F) Red and blue dotted lines indicate WT-control and GPR4 KO control quantification,
respectively. Data are presented as mean + SEM and analyzed for statistical significance using
the unpaired t-test. WT-Control (n=12), WT-DSS (n=13), GPR4 KO-Control (n=12), and GPR4
KO DSS (n=18) were used for analysis. (G-L) To further characterize GPR4 regulated
inflammatory gene expression, GPR4 mRNA expression was correlated with inflammatory gene
expression from WT-DSS colon segments. Each dot represents the data from an individual
mouse. GPR4 mRNA expression positively correlates with increased inflammatory gene
expression when analyzing (G) E-selectin, (H) VCAM-1, (1) ICAM-1, and (J) MAdCAM-1, (K)
CXCL2, and (L) COX-2. WT-DSS (n=13) tissues were used for gene expression correlation by

linear regression analysis. (**P < 0.01)
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Figure 3.9. Immunohistochemical analysis of E-selectin and VCAM-1 protein expression in
mouse colon tissues. As whole tissues are not ideal for analyzing endothelial cell specific gene
expression, we performed IHC to analyze adhesion molecules E-selectin and VCAM-1 protein
expression in ECs within the tissue. GPR4 KO-DSS mice have reduced E-selectin and VCAM-1
protein expression in colonic mucosal vasculature when compared to WT-DSS mice. E-selectin
expression could be visualized as brown signals in (A) WT-control, (B) WT-DSS, (C) GPR4
KO-control, and (D) GPR4 KO-DSS colon tissues. VCAM-1 expression could be visualized in
(E) WT-control, (F) WT-DSS, (G) GPR4 KO-control, and (H) GPR4 KO-DSS colon tissues. 40x

microscope objective. Red Arrows indicate blood vessels.
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Figure 3.10. Immunohistochemical analysis of cecum adhesion molecule expression in ECs.
In addition to the colon, cecum tissues were examined for adhesion molecule expression between
WT and GPR4 KO mice. Similar to colon, GPR4 KO-DSS mice had a reduction in the
expression of E-selectin and VCAM-1 in ECs. E-selectin protein expression could be visualized
as brown signals in (A) WT-control, (B) WT-DSS, (C) GPR4 KO-control, and GPR4 KO-DSS
mucosal blood vessels. VCAM-1 protein expression could be visualized in (E) WT-control, (F)
WT-DSS, (G) GPR4 KO-control, and (H) GPR4 KO-DSS mucosal blood vessels. 40x

microscope objective. Red Arrows indicate blood vessels.
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Figure 3.11. Model of proposed mechanism for the governance of endothelial cell
inflammatory responses by GPR4. GPR4 can be activated by protons in the acidic
microenvironment and increase the expression of adhesion molecules and chemokines for the
recruitment and adherence of leukocytes to the endothelium. Increased leukocyte extravasation

will occur into the inflamed tissue and potentiate local inflammation.
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Figure 3.12. Clinical phenotype and macroscopic disease indicators; male vs. female. (A)
Percent colon shortening male vs. female mice, (B) mesenteric lymph node volume male vs.
female mice, (C) fecal score male vs. female mice, and (D) percent body weight loss male vs.
female mice. Actual colon length as a clinical parameter of intestinal inflammation. Colon
lengths of WT control (n=12), WT-DSS (n=13), GPR4 KO control (n=12), and GPR4 KO-DSS
(n=18) are presented in centimeters (E). Data are presented as mean = SEM and analyzed for
statistical significance using the unpaired t-test between two groups indicated on graph. ns: not

significant.
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Figure 3.13. H&E representative pictures of cecum in (A) WT control, (B) WT-DSS, (C) GPR4
KO control, and (D) GPR4 KO-DSS. Histopathological features are reduced in GPR4 KO mice

when compared to WT mice in cecum tissues. 20x microscope objective.
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Figure 3.14. H&E representative pictures of ILFs in cecum. (A) WT control, (B) WT-DSS, (C)
GPR4 KO control, and (D) GPR4 KO-DSS. GPR4 KO-DSS mice have reduced ILFs in cecum

tissues when compared to WT-DSS mice. 20x microscope objective. Red asterisk indicates ILF.

84






Figure 3.15. GFP knock-in as a surrogate marker for GPR4 expression in GPR4 KO mouse
cecum. Immunolabeling of GFP was performed in GPR4 KO cecum tissue. Similarly to mouse
colon tissue, GFP expression could be visualized in the intestinal microvascular endothelial cells,
ex-mural blood vessels, arteries in both control and inflamed cecum tissues. Lymphatics had
very low GFP expression. (A) GPR4 KO untreated cecum submucosa blood vessels and (B) ex-
mural vessels compared to (C) inflamed GPR4 KO-DSS submucosa blood vessels and (D) ex-
mural vessels. No GFP signal could be detected in (E-F) WT control untreated cecum tissues and
(G-H) WT-DSS cecum tissues. 40x microscope objective. Red arrows indicate blood vessels and

purple arrows indicate lymphatics.
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Figure 3.16. GFP immunohistochemistry of GPR4 heterozygous mouse colon and
mesenteric lymph node. GFP expression can be observed in the same cell types observed in
GPR4 KO homozygous mouse tissues. (A) GFP can be detected in colon blood vessels. 40x
microscope objective. (B) GFP expression in the lymph node can be observed in resident
histiocytes, blood vessels, and HEVs. 63x microscope objective. Red arrow heads indicate

macrophages, red arrows indicate blood vessels, and yellow arrows indicate HEVs.
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Figure 3.17. GFP immunohistochemistry of WT control colon. No visible GFP expression
can be detected in tissues. Minor background staining could be observed on epithelium. (A-B)
Submucosa, (C) transverse folds, (D) ex-mural, (E) isolated lymphoid follicles, (F) mesenteric
lymph node HEV and resident macrophages. (A-E) 40x and (F) 63% microscope objectives. Red
arrows indicate blood vessels, yellow arrows indicate HEVs, and purple arrows indicate

lymphatics.
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Figure 3.18. GFP immunohistochemistry of WT-DSS treated colon. No visible GFP
expression can be detected in WT tissues. Minor background staining could be observed on
epithelium, luminal content, and connective tissues. (A-B) Submucosa, (C) transverse folds, (D)
ex-mural, (E) isolated lymphoid follicles, and (F) mesenteric lymph node HEV and resident
macrophages. (A-E) 40x and (F) 63x microscope objectives. Red arrows indicate blood vessels,

yellow arrows indicate HEVs, and purple arrows indicate lymphatics.
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Figure 3.19. Western blot analysis of VCAM-1 protein expression in mouse colon tissues.
VCAM-1 protein expression was reduced in GPR4 KO-DSS (n=9) colon tissues when compared
to WT-DSS (n=9), although not statistically significant (P=0.113). Target bands are indicated by
an arrow. Red and blue dotted lines indicate WT-control (n=9) and GPR4 KO control (n=9)
quantification, respectively. Data are presented as mean = SEM and analyzed for statistical

significance using the unpaired t-test between WT-DSS and GPR4 KO-DSS mice.
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C.2 GPR4 potentiates intestinal inflammation in the chronic DSS-induced experimental

colitis mouse model.

Wild-type (WT) and GPR4 KO mice were started on the chronic DSS-induced mouse
colitis model consisting of 4 cycles of severe to moderate intestinal inflammation. During each
day of the experiment, mouse bodyweight and fecal blood and diarrhea were analyzed and used
to determine the disease activity index score. During cycle one, no obvious difference could be
observed in disease activity between WT and GPR4 KO DSS-induced mice. However, beginning
from cycle two through four GPR4 KO mice displayed less disease activity when compared to
WT DSS-induced mice (Figure 3.20). No disease activity was observed in water control WT and
GPR4 KO mice. Analyzing distinct clinical features of disease activity such as body weight loss
and fecal blood and diarrhea scores, WT-DSS mice began to lose between 12-15% body weight
following cycle one whereas GPR4 KO-DSS mice lost between 5-10% body weight though out
all cycles (Figure 3.21). Fecal blood and diarrhea scores also indicated GPR4 KO-DSS mice
were less clinically severe when compared to WT-DSS mice as GPR4 KO-DSS mice had

reduced fecal blood and diarrhea scores (Figure 3.21).

Upon completion of all four cycles of the chronic DSS-induced colitis induction,
macroscopic disease indicators were collected such as mesenteric lymph node (MLN)
enlargement and colon length measurements. Interestingly, no significant differences were
observed in MLN volume between WT and GPR4 KO DSS-induced mice as was observed in the
acute DSS-induced mouse model (Figure 3.21). The colon length, however, indicated GPR4 KO-
DSS mice had less colon shortening when compared to WT-DSS mice (Figure 3.21).
Collectively, these results indicate GPR4 potentiates disease severity in the chronic DSS-induced

mouse model.
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Following the investigation of the clinical and macroscopic disease indicators for the
assessment of the role of GPR4 in intestinal inflammation, we evaluated the degree of
histopathology in the distal, middle, and proximal colon segments. Distinct parameters of colitis-
associated histopathology were assessed such as leukocyte infiltration, edema, crypt loss, and
architectural distortion to obtain a score of severity. WT and GPR4 KO water control mice
displayed no observable histopathology (data not shown). However, GPR4 KO-DSS mice had
reduced histopathology when compared to WT-DSS mice in the colon segments (Figure 3.22).
Interestingly, leukocyte infiltration was reduced in the colon of GPR4 KO-DSS mice compared
to WT-DSS mice which corroborates previous reports indicating GPR4 can increase leukocyte
infiltration into inflamed intestinal tissues through upregulating endothelial cell adhesion

molecules (Figure 3.22).

Isolated lymphoid follicles (ILFs) were also evaluated as an indicator of intestinal
inflammation severity. Total ILFs were counted from distal, middle, and proximal colon
segments and displayed as ILFs/centimeter of colon length. A trend in reduced ILF numbers
could be appreciated in GPR4 KO-DSS mice when compared to WT-DSS mice, however, only

the middle colon segment reached statistical significance (Figure 3.23).

Another distinct histopathological consequence is pathological fibrosis in chronically
inflamed intestinal tissues. We observed heighted fibrotic development in mice with chronic
DSS-induced colitis. The distal colon segment displayed the highest degree of fibrosis with a
progressive reduction of severity from middle to proximal. A significant reduction could be
observed in the GPR4 KO-DSS mice in the distal, middle, and proximal colon segments when

compared to WT-DSS mice (Figure 3.24).
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We next assessed the cellular constituents which may be contributing to the heighted
inflammation observed in the DSS-induced mice when compared to GPR4 KO-DSS mice. Total
F4/80" macrophages, CD4" T cells, and CD8" T cells were counted in the distal colon segment
of WT-DSS and GPR4 KO-DSS mice. Consistent with total leukocyte infiltration scores, GPR4
KO-DSS mice had reduced numbers of F4/80* macrophages (~80 vs. 60), CD4* T cells (~85 vs.
75), and CD8" T cells (~75 vs. 38) cells per field of view in the distal colon when compared to

WT-DSS mice, respectively (Figure 3.25).

In summary, GPR4 KO-DSS mice had reduced disease severity and intestinal
inflammation when compared to WT-DSS mice in the chronic DSS-induced colitis mouse
model. These results indicate GPR4 not only mediates acute intestinal inflammation, but also

chronic intestinal inflammation.
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Figure 3.20: Disease activity index. (A) GPR4 deficiency reduces disease activity in the chronic
DSS-induced colitis mouse model. WT-untreated (n=14), WT-DSS (n=18), GPR4 KO-untreated
(n=14), and GPR4 KO-DSS (n=18). Data are presented as mean = SEM and was analyzed for
statistical significance using the two-way ANOVA followed by Bonferroni post hoc between
WT-DSS mice and GPR4 KO-DSS mice or as indicated within graph. (*P < 0.05, **P < 0.01,

*** P<0.001).
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Figure 3.21: Clinical phenotypes and macroscopic disease indicators. GPR4 deficiency
reduced (A) body weight loss and fecal blood and (B) diarrhea scores during intestinal
inflammation. Additionally, (C) mesenteric lymph node volume and (D) colon length in
centimeters were assessed as macroscopic disease indicators. WT-untreated (n=14), WT-DSS
(n=18), GPR4 KO-untreated (n=14), and GPR4 KO-DSS (n=18). Data are presented as mean +
SEM and was analyzed for statistical significance using the two-way ANOVA followed by
Bonferroni post hoc between WT-DSS mice and GPR4 KO-DSS mice or as indicated within

graph. (*P < 0.05, **P < 0.01, *** P< 0.001).
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Figure 3.22: Histopathological analysis of colon tissues. GPR4 knockout mice have reduced
histopathology when compared to WT mice. (A) Representative images of reduced
histopathological features and graphical representation of total (B) histopathology score of
severity and (C) leukocyte infiltration. WT-untreated (n=14), WT-DSS (n=18), GPR4 KO-

untreated (n=14), and GPR4 KO-DSS (n=18). Data are presented as mean + SEM and was

analyzed for statistical significance using the unpaired t-test between WT-DSS mice and GPR4

KO-DSS mice or as indicated within graph. (*P < 0.05, **P < 0.01, *** P< 0.001).
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Figure 3.23: Isolated lymphoid follicle development. (A) GPR4 deletion results in fewer
isolated lymphoid follicles when compared to WT mice. WT-untreated (n=14), WT-DSS (n=18),
GPR4 KO-untreated (n=14), and GPR4 KO-DSS (n=18). Data are presented as mean + SEM
and was analyzed for statistical significance using the unpaired t-test between WT-DSS mice and

GPR4 KO-DSS mice or as indicated within graph. (*P < 0.05, **P < 0.01, *** P< 0.001).
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Figure 3.24: Pathological fibrosis analysis in colon. GPR4 knockout-DSS mice have reduced
score for fibrosis development when compared to WT-DSS mice. (A) Representative images and
(B) graphical representation of fibrotic development in colon of WT and GPR4 KO DSS-induced
mice. WT-untreated (n=14), WT-DSS (n=18), GPR4 KO-untreated (n=14), and GPR4 KO-DSS
(n=18). Data are presented as mean + SEM and was analyzed for statistical significance using
the unpaired t-test between WT-DSS mice and GPR4 KO-DSS mice or as indicated within the

graph. (*P < 0.05, **P < 0.01, *** P< 0.001).
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Figure 3.25: Immune cell infiltrate quantification. GPR4 deletion results in fewer immune cell
infiltrates such as (A-C) F4/80+ macrophages, (D-F) CD4+ T cells, and (G-1) CD8+ T cells into
the inflamed intestine. WT-DSS (n=5-6) and GPR4 KO-DSS (n=5-6). Data are presented as
mean £ SEM and was analyzed for statistical significance using the unpaired t-test between WT-
DSS mice and GPR4 KO-DSS mice or as indicated within graph. (*P < 0.05, **P < 0.01, *** P<

0.001)
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C.3 Pharmacological inhibition of GPR4 reduces intestinal inflammation in the acute DSS-

induced experimental colitis mouse model.

Wild-type C57BL/6 mice were initiated on the acute DSS model and given vehicle or
30mg/kg of GPR4 antagonist 13 BID by oral gavage (Figure 3.26, Figure 3.27A). During each
day of the experimental course mouse body weight in conjunction with fecal blood and diarrhea
scores were evaluated to provide clinical assessment of disease severity between vehicle and
GPR4 antagonist 13 groups. GPR4 antagonist 13 treated mice were protected from body weight
loss commencing from day five through seven (Figure 3.27B). Mice given vehicle lost 11-14%
body weight by day seven while mice provided GPR4 antagonist 13 lost between 3-6% body
weight. Fecal blood and diarrhea scores provided further indication GPR4 antagonist 13 protects
against intestinal inflammation as mouse fecal scores were reduced in GPR4 antagonist 13
treated mice compared to vehicle (Figure 3.27C). Fecal blood and diarrhea could be observed in
mice with progressive severity from day one through seven. Vehicle mice developed heighted
fecal scores earlier than GPR4 antagonist 13 treated mice and maintained more severe scores
throughout the seven-day DSS experiment. These results collectively provide evidence GPR4

antagonist 13 can blunt clinical severity of DSS-induced intestinal inflammation.

Upon completion of the seven-day DSS-induced experimental colitis, mice were
dissected for assessment of macroscopic disease indicators such as colon shortening, mesenteric
lymph node expansion, and splenic expansion. We observed mice treated with GPR4 antagonist
13 had reduced colon shortening when compared to vehicle (colon length ~7.3cm versus ~6.1cm,
respectively) (Figure 3.27D-E). Mesenteric lymph nodes (MLNSs) were also collected, and the
volume was measured in vehicle and GPR4 antagonist 13 treated mice. Vehicle MLN volume

was expanded by more than 2-fold when compared to GPR4 antagonist 13 mice (Figure 3.27F).
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These results indicate GPR4 antagonist 13 reduces colonic inflammation and associated
expansion of MLNs when compared to vehicle. Finally, the spleen to body weight ratio was
assessed in vehicle and GPR4 antagonist 13 DSS-treated mice. We observed reduced splenic
expansion in mice treated with GPR4 antagonist 13 when compared to vehicle suggesting

reduced disease severity due to GPR4 inhibition (Figure 3.27G).

To assess the effects of GPR4 inhibition at the histological level, distinct pathological
cellular features of colitis were assessed in the distal, middle, and proximal colon segments.
Some such features assessed in the colon were leukocyte infiltration, epithelium erosion, crypt
distortion, and mucosal ulceration. In both vehicle and GPR4 antagonist 13 DSS-treated mice,
the highest degree of histopathology can be observed in the distal colon segments followed by
the middle and proximal, respectively. The observation that intestinal inflammation is most
severe in the distal colon within the DSS model are consistent with literature [119, 122, 123].
When comparing vehicle and GPR4 antagonist 13 mouse groups, the degree of histopathology
was significantly reduced by GPR4 antagonist 13 when compared to vehicle (Figure 3.28A-G).
This GPR4 antagonist 13-mediated reduction in histopathology occurred in both the distal and
middle colon segments with a trend in reduction at the proximal segment, though not statically
significant. Interestingly, the degree of leukocyte infiltration was also reduced by GPR4

antagonist 13 when compared to vehicle (Figure 3.28H).

Previous studies have demonstrated GPR4 activation in endothelial cells (ECs) induces
vascular cell adhesion molecule-1 (VCAM-1) and E-selectin expression [113, 114].
Additionally, reports have shown GPR4 genetic deletion can reduce VCAM-1 and E-selectin
expression in the vascular endothelium [128]. Here we assessed the protein expression signal

intensity of VCAM-1 and E-selectin in vascular endothelial cells in the distal, middle, and
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proximal colon mucosa segments of vehicle and GPR4 antagonist 13 DSS-treated mice. The
intensity scoring of VCAM-1 and E-selectin expression revealed highest signal within the distal
intestinal endothelia with progressive intensity reduction in the middle and proximal colon,
respectively. These data are consistent with the previous observation of reduced leukocyte
infiltration in the middle and proximal colon segments compared to the distal segment.
Interestingly, VCAM-1 and E-selectin signal intensity in intestinal microvascular ECs was
reduced in GPR4 antagonist 13 DSS-treated mice when compared to vehicle in the distal colon
(Figures 3.29-30). Collectively, these data provide evidence GPR4 antagonist 13 reduces EC

activation and subsequently leukocyte infiltration into the inflamed intestinal mucosa.

Immunohistochemical analysis also revealed expression of VCAM-1 and E-selectin on
cell types not regulated by GPR4. VCAM-1 expression could be strongly observed in activated
fibroblasts and other mononuclear cells within the intestinal mucosa (Figure 4A-D). Previous
reports have observed expression of VCAM-1 in skeletal muscle, fibroblast, and some leukocyte
populations [158, 159]. E-selectin expression could be observed in some mononuclear cells
within the intestinal mucosa (Figure 3.29A-B). Additionally, E-selectin expression could be
detected within the colon epithelium (Data not shown). These results are consistent with previous
studies showing E-selectin can be expressed in the colon epithelium and in mononuclear cells in
the intestinal mucosa during active colitis [157]. Furthermore, additional studies have shown E-
selectin is expressed in T cells and can be upregulated by pro-inflammatory mediators [160,
161]. We observed similar levels of signal intensity of VCAM-1 and E-selectin in cell types
other than intestinal microvascular endothelial cells between vehicle and GPR4 antagonist 13

groups.
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In addition to VCAM-1 and E-selectin expression analysis, we assessed the expression
intensity and distribution of mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1)
in colon tissues. We observed prominent MAdCAM-1 expression in intestinal microvasculature
with high expression density in the lamina propria. No MAdCAM-1 expression could be
observed in arteries and extramural blood vessels and minimal expression could be detected in
lymphatic endothelial cells. MAJCAM-1 expression signal intensity in the intestinal
microvasculature were similar between vehicle and GPR4 antagonist 13 DSS-treated mouse
groups (Figure 3.31). Total number of vessels positive for MAdCAM-1, however, were
markedly reduced in GPR4 antagonist 13 mice compared to vehicle control mice (Figure 3.31).
Total MAJCAM-1 positive vessels were counted per centimeter (cm) of colon length and vehicle
mice had ~60 MAdCAM-1 positive vessels/cm compared to ~35 MAdCAM-1 positive

vessels/cm in GPR4 antagonist 13 mice (Figure 3.31).

Following the assessment of histopathology and EC-specific inflammatory protein
expression, we assessed inflammatory gene expression at the whole tissue level to discern the
anti-inflammatory effects of GPR4 antagonist 13. Inflammatory genes were measured from the
distal colon segment of vehicle and GPR4 antagonist 13 DSS-treated mice. Additionally, distal
colon segments of wild-type mice not treated with DSS were collected and assessed to serve as a
baseline gene expression reference. Inflammatory mediators such as TNF-a,, IL-1p, IL-6, IL-10,
and COX-2 were measured between vehicle and GPR4 antagonist 13 groups. A statistically
significant reduction of TNF-o and IL-10 gene expression could be appreciated in the GPR4
antagonist 13 group compared to vehicle. Reduction of TNF-a is correlated with reduced
inflammation in the mouse distal colon of the GPR4 antagonist 13 group. IL-10 can inhibit the

function of macrophages and other inflammatory cells which are required for optimal pathogen
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clearance and subsequent inflammatory resolution. As such, reduced levels of IL-10 mMRNA in
the tissues of GPR4 antagonist 13 treated mice could potentially enhance pathogen clearance
during the acute inflammatory phase. Furthermore, vehicle administered mice also had a trend in
heighted expression of the inflammatory genes IL-1p, IL-6, and COX-2 when compared to the
GPR4 antagonist 13 treated group. In addition to inflammatory cytokines, adhesion molecule
gene expression including E-selectin, MAdCAM-1, and VCAM-1 were assessed. A statistically
significant reduction of MAJCAM-1 expression could be discerned in the GPR4 antagonist 13
treated mice compared to vehicle. VCAM-1 gene expression was modestly reduced in the GPR4
antagonist 13 group compared to vehicle and no trend in reduction could be discerned for E-
selectin at the whole tissue level. As VCAM-1 and E-selectin are expressed in cells that are not
regulated by GPR4, whole tissue gene expression analysis presents complications for assessing
VCAM-1 and E-selectin expression specific to GPR4 regulated vascular endothelial cells. To
overcome this complication, we assessed VCAM-1 and E-selectin protein expression specific to

vascular endothelial cells as described above (Figures 3.29-30).
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GPR4 antagonist 13 (NE 52-QQ57)
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Figure 3.26: The chemical structure of GPR4 antagonist 13 (NE 52-QQ57) developed by

Novartis Pharmaceuticals.
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Figure 3.27: GPR4 antagonist 13 reduces clinical severity and macroscopic disease
indicators of intestinal inflammation in mice. Mice were provided GPR4 antagonist 13 P.O.
b.i.d. during experimental time course (A) and mouse body weight loss (B) and fecal blood and
diarrhea scores (C) were daily measured. Mouse colon length (D-E), mesenteric lymph node
expansion, and splenic enlargement were also assessed. Vehicle: N=21 (10 male/11 female) and
GPR4 antagonist 13: N=19 (10male/9 female). Data are presented as mean £ SEM and was
analyzed for statistical significance using the t-test between vehicle and GPR4 antagonist 13

groups. (*P < 0.05, **P < 0.01, *** P < 0.001). 10x objective. Scale bar = 100mm.
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Figure 3.28: GPR4 antagonist 13 reduces histopathological parameters of intestinal
inflammation in the inflamed mouse colon. Distinct histopathological features of intestinal
inflammation were assessed and scored for degree of severity. Representative pictures of vehicle
distal (A), Middle (C), and proximal (E) colon segments compared to GPR4 antagonist 13 distal
(B), middle (D), and proximal (F) colon segments. Graphical representation of total
histopathological parameters (G) and leukocyte infiltration score (H). Vehicle: N=21 (10 male/11
female) and GPR4 antagonist 13: N=19 (10male/9 female). Data are presented as mean £ SEM
and was analyzed for statistical significance using the t-test between vehicle and GPR4
antagonist 13 groups between each colon segment. (*P < 0.05, **P < 0.01, *** P < 0.001). 10x

objective. Scale bar = 100um.
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Figure 3.29: GPR4 antagonist 13 reduces VCAM-1 protein expression in colon
microvascular endothelial cells. VCAM-1 protein expression intensity was assessed in colon
microvascular endothelial cells. Representative pictures of vehicle distal (A), Middle (C), and
proximal (E) colon segments compared to GPR4 antagonist 13 distal (B), middle (D), and
proximal (F) colon segments followed by graphical representation of VCAM-1 intensity score
(G). Vehicle: N=21 (10 male/11 female) and GPR4 antagonist 13: N=19 (10male/9 female).
Data are presented as mean + SEM and was analyzed for statistical significance using the t-test
between vehicle and GPR4 antagonist 13 groups between each colon segment. (**P < 0.01). 40x
objective. Scale bar = 100um. Black arrow heads indicate blood vessel; yellow arrow indicates

non-endothelial cell.
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Figure 3.30: GPR4 antagonist 13 reduces E-selectin protein expression in colon
microvascular endothelial cells. E-selectin protein expression intensity was assessed in colon
microvascular endothelial cells. Representative pictures of vehicle distal (A), Middle (C), and
proximal (E) colon segments compared to GPR4 antagonist 13 distal (B), middle (D), and
proximal (F) colon segments followed by graphical representation of E-selectin intensity score
(G). Vehicle: N=21 (10 male/11 female) and GPR4 antagonist 13: N=19 (10male/9 female).
Data are presented as mean + SEM and was analyzed for statistical significance using the t-test
between vehicle and GPR4 antagonist 13 groups between each colon segment. (**P < 0.01). 40x
objective. Scale bar = 100um. Black arrow heads indicate blood vessel; yellow arrow indicates

non-endothelial cell.

124



GPR4 Inhibitor

1
’f'*i.l

;o

e T

5| % .\n- l.&ol = |n|.

B e e

Vessels

ive

MAdCAM-1 Pos

L

100+
8
6
40
2

WO /S|essaA +L-NVOPVIN

125



Figure 3.31 GPR4 antagonist 13 reduces MAdCAM-1 positive vessels in the mouse colon.
No difference in MAdJCAM-1 protein expression intensity was observed between vehicle and
GPR4 antagonist 13 colon microvascular endothelial cells, however, differences in total number
of MAJCAM-1 positive vessels were observed between the two treatment groups.
Representative pictures of vehicle distal (A, C) compared to GPR4 antagonist 13 (B, D).
Graphical representation of MAdCAM-1+ blood vessels per colon centimeter are depicted (E).
Vehicle: N=21 (10 male/11 female) and GPR4 antagonist 13: N=19 (10male/9 female). Data are
presented as mean = SEM and was analyzed for statistical significance using the t-test between
vehicle and GPR4 antagonist 13 groups. (*** P < 0.001). 20x and 40x objective. Black arrow
indicates microvasculature, purple arrow indicates lymphatic endothelial cell, yellow arrow

indicates artery. Scale bar = 100um.
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Figure 3.32: GPR4 antagonist 13 reduces inflammatory gene expression in the distal colon.
Tissue level gene expression of cytokines, adhesion molecules, and an inflammatory enzyme
were assessed in the distal colon segment of DSS-treated mice given vehicle or GPR4 antagonist
13. Graphical representation of TNF-a (A), MAdCAM-1 (B), IL-10 (C), VCAM-1 (D), IL-1p
(E), E-selectin (F), IL-6 (G), and PTGS2 (H) gene expression. Vehicle: N=21 (10 male / 11
female) and GPR4 antagonist 13: N=19 (10male / 9 female). Data are presented as mean £ SEM
and was analyzed for statistical significance using the Mann-Whitney test between vehicle and
GPR4 antagonist 13 groups between each colon segment. (*P < 0.05, **P < 0.01, *** P <

0.001).
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Figure 3.33: Model of proposed mechanism of the anti-inflammatory action of GPR4
inhibitor GPR4 antagonist 13. GPR4 activation by protons in the extracellular milieu mediates
the activation of vascular endothelial cells, the recruitment of immune cells and subsequent
leukocyte extravasation into the inflamed tissue. Heavy immune cell infiltration into the
inflammatory loci will result in further production of protons, as well as pro-inflammatory
mediators, and subsequently maintain tissue inflammation and GPR4 activation. Inhibition of
GPR4 activity by small molecules may present a novel approach to reduce inflammation by

inhibiting vascular endothelial cell activation and leukocyte infiltration into inflamed tissues.

130



D. Discussion

This work demonstrates that GPR4 deficiency and pharmacological inhibition alleviates
intestinal inflammation in the DSS-induced acute and chronic experimental colitis mouse model,
suggesting that GPR4 is a pro-inflammatory mediator in IBD. These results corroborate previous
studies showing GPR4 contributes to the inflammatory response in endothelial cells by isocapnic
and hypercapnic acidotic stress in vitro [113, 114, 162]. GPR4 significantly increased endothelial
cell and leukocyte interaction through the up-regulation of cytokines, chemokines, and adhesion
molecule gene expression. Our in vivo data described in this study provide novel insights into the
vascular inflammatory response in intestinal inflammation. In keeping with previous results
describing the role of GPR4 in various endothelial cell types, our results suggest that GPR4
increases the expression of cytokines, chemokines, and adhesion molecules in intestinal
endothelial cells and potentiates intestinal inflammation by increasing leukocyte recruitment to
the gut and extravasation from blood to intestinal mucosa in response to acidic tissue

microenvironments.

Acid sensing is critical for cells in the maintenance of proper cellular functions. When
improper pH homeostasis occurs, various pathological conditions can arise. Extracellular tissue
pH is tightly regulated around 7.4, while intracellular pH is slightly more acidic (pH 7.2). If cells
are unable to maintain this narrow pH range, cell death will occur[163-165]. Cells must be able
to sense and modulate their processes in response to an altered extracellular pH gradient. pH
sensing can occur through acid sensing ion channels (ASICs), transient receptor potential (TRP)
channels, and the GPR4 family of proton-sensing GPCRs [78, 82]. Recently, GPR4 has been
implicated in regulating systemic pH through the renal system [166]. GPR4 is expressed in the

kidney and involved in the pH sensing function of kidney collecting duct cells and regulating
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renal acid secretion in response to systemic acidotic challenges. In addition to the renal system,
GPR4 expression in retrotrapezoid nucleus (RTN) neurons mediate the central respiratory
chemoreflexes to altered systemic CO2/pH homeostasis [167]. This study showed GPR4 is
required for RTN neurons to respond to elevated brain pCO,. GPR4 is also involved in local pH
responses where tissue becomes acidic due to pathological conditions such as ischemia, hypoxia,

and inflammation. Indeed, tissue acidosis is a hallmark of inflammation [82, 102, 136].

Numerous studies have demonstrated that acute and chronically inflamed tissues are
characterized by acidosis and can modulate the function of both immune cells and stromal cells
[62, 63]. The reduced tissue pH is owing to multiple factors in the context of inflammation.
Increased leukocyte infiltrates quickly deplete available O and cells in the hypoxic tissue switch
from aerobic to anaerobic glycolysis generating lactic acid. Neutrophils are typically the first
responders to an inflammatory stimulus which is often due to bacterial infiltration. These
bacteria can acidify the inflammatory microenvironment owing to accumulation of short chain
fatty acids as microbial metabolic by-products. Neutrophils and macrophages can attempt to
eliminate these harmful bacteria through respiratory bursts, which can further acidify the
microenvironment. Interestingly, reports find that the colonic lumen of patients with active UC is
more acidic than the normal colon [72, 74]. There are some varying reports regarding
intraluminal colonic pH, however, the consensus seems to hold the lumen of active UC patients

are more acidic than control patients [71, 77].

To confirm the expression profile of GPR4 in the intestinal tissues, we used GFP knock-
in as a surrogate marker for GPR4 expression in GPR4 KO intestinal tissues. We were able to
observe GFP expression on ECs of blood vessels in the muscularis externa, mucosa, and

transverse folds (Figures 3.6-7, and Figures 3.15-18). Interestingly, however, no appreciable
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expression of GFP was visible in lymphatic ECs. Increased density of GFP-positive blood
vessels could clearly be observed in the context of inflamed intestinal lesions of GPR4 KO-DSS
mice where tissue acidosis is co-existent with inflammation. It is possible that the increased
GPRA4 expression could be correlated with increased blood vessel density in the inflamed tissues.
Increased angiogenesis is common in the mucosa of IBD patients and these blood vessels grow
into inflamed, acidic tissues. With previous reports showing GPR4 expression is increased by
TNF-a and H202, of which is commonly expressed in the milieu of the inflamed gut mucosa
[140], GPR4 expression could be upregulated in vascular endothelial cells and potentiate
inflammation in response to the acidic microenvironment. Consistently, the increased mMRNA
expression of GPR4 by nearly 2.7 fold was observed in WT-DSS mice and 4.7 fold in human
intestinal IBD lesions (Figure 3.5). Due to the lack of a reliable GPR4 antibody, we cannot
directly examine the expression of GPR4 protein. Using IHC methods for detecting the knock-in
GFP expression can serve as a surrogate marker to localize GPR4 expression in intestinal tissues
(Figures 3.6-7, and Figures 3.15-18), but does not necessarily correlate to the level of GPR4
protein and cannot be used to quantitatively measure GPR4 protein expression between non-
inflamed and inflamed ECs. Nonetheless, increased GPR4 expression correlates with the

observed IBD pathology and can contribute to the pathogenesis of the disease.

High endothelial venules (HEVS) are specialized ECs for lymphoid tissues. In addition to
visualizing GFP expression in mucosal vasculature, we were also able to observe GFP
expression in HEVs of mesenteric lymph nodes and microvessels of ILFs (Figures 3.6-7). GPR4
could play a substantial role in the expansion of secondary and tertiary lymphoid tissue. Based
on macroscopic disease indicators, we observed the average volume of mesenteric lymph nodes

from GPR4 KO-DSS mice were similar in size to WT control mice and ~40% reduced when
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compared to WT-DSS mice in the acute DSS model (Figure 3.1). Additionally, a significant
reduction can be observed in isolated lymphoid follicle numbers between WT-DSS and GPR4
KO-DSS (Figure 3.4). GPR4 could play a novel role in regulating the passage of leukocytes,
such as lymphocytes and antigen presenting cells into lymph tissue and thereby regulate the

adaptive immune response.

As immunologic, environmental, and genetic factors have been clearly shown to
contribute to the development and progression of IBD, so too are these pH-sensing GPCRs
implicated in the regulation of IBD within these categories. Ovarian cancer G protein-coupled
receptor 1 (OGR1) has recently been implicated as a regulator of intestinal inflammation through
the control of macrophage inflammatory responses [116]. Using IL-107- (knockout) mice for the
development of chronic spontaneous intestinal inflammation, OGR1 deficiency alleviated
mucosal inflammation when compared to control mice. This group demonstrates OGR1
expression, among other pH-sensors, is exclusively upregulated by TNF-a, PMA, and LPS in
macrophages and potentiates intestinal inflammation. Interestingly, using IHC analysis, we
observed GFP (a surrogate marker for GPR4) expression in mouse macrophages in both the
lymph node sinus region and inflamed mucosal lesions of GPR4-KO mice (Figure 3.6-7). This
observation is consistent with previous results showing that GPR4 is expressed in purified
monocytes and macrophages [98, 103, 114, 156]. However, the role of GPR4 in macrophages is
unknown and further studies must be done to characterize the functional role of GPR4 in
macrophages. This endeavor may be confounded by genetic redundancy as the whole family of
proton sensing GPCRs are expressed in macrophages. Additionally, in keeping with these
observations that GPR4 KO and OGR1 KO mice have a similar phenotype under intestinal

inflammation, it is possible GPR4 and OGR1 may have redundant roles. Additional studies using
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OGR1 and GPR4 double knockouts will need to be done to reveal further biological functions of
these receptors. Finally, T cell death associated gene 8 (TDAGS) has recently been presented as
an IBD susceptibility candidate gene. Polymorphisms in the TDAG8 (GPR65) gene have been
linked with increased risk of developing IBD based on several genome-wide association study
(GWAS) efforts [168]. A recent study showed that TDAG8 (GPR65) deficient mice have
increased susceptibility to bacteria-induced colitis [169]. Collectively, the GPR4 family of

receptors are emerging as regulators of intestinal inflammation.

Here we propose a mechanism of how GPR4 specifically contributes to intestinal
inflammation (Figure 3.11). As mentioned earlier, we have previously reported that GPR4 can
stimulate the expression of adhesion molecules, chemokines, and other inflammatory genes in a
variety of endothelial cells in response to isocapnic and hypercapnic acidosis [113, 114].
Notably, some of these inflammatory molecules are E-selectin, VCAM-1, and ICAM-1. These
adhesion molecules are involved in the tethering and firm adhesion of leukocytes to endothelial
cells and are regulated by GPR4. To confirm a functional role for the GPR4-dependent
expression of adhesion molecules, we performed adhesion assays under static and flow
conditions. We observed an increase in leukocyte adhesion to endothelial cells in a GPR4
dependent manner [113, 114]. The leukocyte adhesion was reduced when treated with a GPR4

inhibitor in a dose dependent manner or by GPR4 shRNA knockdown in ECs.

Consistent with our previous publications on the role of GPR4 in cellular adhesion, we
observed GPR4 increased pro-inflammatory molecule mRNA expression in WT mice (Figure
3.8). Even though whole colon tissue is not ideal for the examination of EC specific gene
expression, we were able to observe a trend of reduction in E-selectin, VCAM-1, ICAM-1,

MAdCAM-1, and COX-2 mRNA in GPR4 KO-DSS mice compared to WT-DSS mice.
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Furthermore, inflammatory gene expression positively correlated with GPR4 mRNA gene
expression in WT-DSS colon tissues (Figure 3.8), which could suggest the inflammatory genes
are co-regulated by GPR4. Using immunohistochemistry, we were able to observe the reduction
in E-selectin and VCAM-1 specifically in the blood vessels of GPR4 KO-DSS mice compared to
WT-DSS mice (Figure 3.9-10). These observations are consistent with our previous reports
showing GPR4 increases the expression of adhesion molecules, chemokines and other
inflammatory genes. Additionally, histopathological analysis confirmed a reduction of total
leukocyte infiltration into the mucosa of GPR4-KO-DSS mice compared to WT-DSS mice
(Figure 3.2-3), suggesting GPR4 deficiency can reduce leukocyte infiltration into inflamed tissue
through the regulation of adhesion molecules in ECs in vivo. Reduced inflammatory cell
infiltration can be associated with less intestinal epithelial defects and crypt damage observed in
GPR4 KO-DSS mice. These results were further corroborated through analyzing specific
immune cell infiltrates such as neutrophils, macrophages, and T cells. All immune cell numbers
were reduced in GPR4 KO-DSS colon tissues compared to WT-DSS colon tissues in both the
acute and chronic DSS-induced colitis models (Figures 3.3, 3.25). We propose the reduced
inflammation associated clinical severity, pro-inflammatory molecule expression, and isolated
lymphoid follicle development in GPR4-KO-DSS mice is owing to the GPR4 dependent effects
on pro-inflammatory molecule expression, leukocyte trafficking, and extravasation into inflamed
mucosal tissue in the gut (Figure 3.11). While focused on intestinal inflammation in this study, a
similar GPR4 regulating mechanism can potentially be extrapolated to many other inflammatory

disorders.

Inhibition of leukocyte-endothelial cell interactions are an attractive approach to treat

inflammatory diseases as the inhibition of leukocyte adhesion would reduce the influx of
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inflammatory cells into inflamed tissue. Currently, FDA approved therapeutics targeting EC-
leukocyte interaction, such as vedolizumab and natalizumab, are used for IBD treatment [146,
147]. Even though these drugs have been shown to reduce aberrant inflammatory responses, the
efficacy of targeting specific inflammatory mediators can be reduced over time through host
immune compensatory mechanisms. Examples can be observed in the recently failed efforts to
attenuate intestinal inflammation by supplementing interleukin-10 in IBD patients [170]. GPR4
is a strong potential candidate for targeted therapy, as it is upstream of the predominate EC-
leukocyte targets currently used in IBD therapy and can up-regulate adhesion molecules and
chemokines involved in both tethering and firm adhesion of leukocytes to the endothelium as
well as leukocyte activation. Use of GPR4 inhibitors could prove as a valuable tool to inhibit
inflammation by reducing leukocyte recruitment and adhesion to inflamed tissues. Recently, our
group and others have demonstrated the effectiveness of the GPR4 inhibitors in the selective
targeting of GPR4 and inhibition of GPR4 target gene expression. Additionally, GPR4
antagonists have been used in vivo and no obvious toxicities have been reported. A recent study
showed that GPR4 antagonists provided therapeutic benefits in a myocardial infarction mouse

model [171].

For this reason, we sought to investigate the function and efficacy of GPR4 antagonist 13,
a novel GPR4 inhibitor, within the dextran sulfate sodium (DSS)-induced acute experimental
colitis mouse model as a potential therapeutic for the alleviation of intestinal inflammation.
GPR4 antagonist 13 was recently developed and characterized by Novartis Pharmaceuticals and
shown effective following oral administration. GPR4 antagonist 13 was capable of reducing
inflammation in the rat antigen induced arthritis model, angiogenesis in the mouse chamber

implant model, and inflammation-associated nociception in the rat complete Freund’s adjuvant
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model [172]. Furthermore, oral pharmacokinetics, GPR4 selectivity, and potency was thoroughly
evaluated and GPR4 antagonist 13 proved promising for further evaluation. Another study
evaluated GPR4 antagonist 13 in mouse ventilatory responses and observed no obvious toxicities
[173]. Upon initiation of DSS-induced colitis, mice provided 30mg/kg of GPR4 antagonist 13
BID during the seven-day colitis insult were protected from body weight loss, fecal blood and
diarrhea, colon shortening, mesenteric lymph node expansion, and splenic enlargement. Upon
evaluation of distinct histopathological features of intestinal inflammation, reduced epithelium
erosion, crypt loss, and ulceration was observed in the colon of mice given the GPR4 antagonist
compared to vehicle. The degree of leukocyte infiltration was also assessed, and mice provided
the GPR4 antagonist had reduced leukocyte infiltration compared to vehicle. Following the
observation of reduced leukocyte infiltration in mice, coupled with previous reports showing that
GPR4 can reduce vascular adhesion molecule expression in vitro and in vivo, we performed
immunohistochemistry to evaluate the protein expression of VCAM-1, E-selectin, and
MAdCAM-1 specific to the cell type regulated by GPR4, namely, vascular endothelial cells
within the intestinal microvasculature. We were able to observe a notable reduction of VCAM-1
and E-selectin in vascular endothelial cells within the distal colon segments of mice given the
GPR4 antagonist compared to vehicle. These observations may provide a potential explanation
as to why reduced leukocyte infiltration was observed in mice given the GPR4 antagonist. Upon
immunohistochemical evaluation of VCAM-1 and E-selectin within the colon, notable
expression could be detected in cell types not known to be regulated by GPR4. VCAM-1 could
be observed on fibroblasts, macrophages, and other mononuclear cells within the intestinal
mucosa and muscularis externa. Furthermore, VCAM-1 was highly expressed on distinct cellular

populations within colonic isolated lymphoid follicles. These observations are supported by
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several other studies describing basal and inflammation-associated VCAM-1 upregulation on
activated fibroblasts and inflammatory cells [158, 159]. Studies have also observed E-selectin
expression is not restricted to the vascular endothelium. These studies reported E-selectin can be
expressed by colonic epithelial cells and mononuclear cells within the inflamed colon tissue of
patients with active ulcerative colitis [144]. Furthermore, other studies have described the
expression of E-selectin on T cells and other inflammatory cells [160, 161]. Our results were
consistent with these reports as E-selectin could be detected in colonic epithelial cells and
mononuclear cell populations within the inflamed mucosa. MAdCAM-1 protein expression was
also assessed in intestinal microvasculature between vehicle and GPR4 antagonist 13 DSS-
treated groups. There was no observable differences in signal intensity between vehicle and
GPR4 antagonist 13 groups, however, the total number of MAdCAM-1 positive vessels were
markedly reduced in the GPR4 antagonist 13 when compared to vehicle. A possible explanation
of the reduced MAdCAM-1 positive vessels could be owing to a reduction of local
inflammation-associated angiogenesis in the intestinal tissues caused by GPR4 antagonist 13.
Heightened angiogenesis is a hallmark of IBD and is a major contributor to vascular associated
pathology [45, 174, 175]. As such, increased density of CD31+ blood vessels can be observed in

inflamed mucosal lesions in IBD tissues when compared to non-inflamed intestinal tissues.

We next assessed a panel of inflammatory genes including cytokines, an enzyme, and
adhesion molecules within the whole distal colon tissue. We observed a statistically significant
reduction of TNF-a., IL-10, and MAJCAM-1 gene expression in mice given the GPR4
antagonist when compared to vehicle consistent with reduced leukocyte infiltrates and
MAdCAM-1 positive vessels, respectively. TNF-a. and IL-10 mRNA reduction at the whole

tissue level is most likely due to the subsequent reduction of inflammatory cells into the colon
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observed in the GPR4 antagonist treated mice compared to vehicle. 1L-10 has been reported to
inhibit the anti-microbial functions of macrophages and other inflammatory cells which are
required for optimal pathogen clearance and subsequent inflammatory resolution. As such,
reduced levels of IL-10 mRNA in the tissues of GPR4 antagonist 13 treated mice could enhance
pathogen clearance during the acute inflammatory phase. A modest reduction of IL-1p, IL-6, and
PTGS2 could be observed in mice treated with the GPR4 antagonist. As for adhesion molecules,
a moderate to no alteration of gene expression could be observed with VCAM-1 and E-selectin,
respectively. These results are most likely due to cell types in the colon tissue that are not

regulated by GPR4 of which highly express VCAM-1 and E-selectin.

Collectively, these results implicate GPR4 as a regulator of intestinal inflammation as the
genetic deletion in both acute and chronic DSS-induced colitis resulted in reduced disease
severity. Similarly, GPR4 pharmacological inhibition resulted in reduced intestinal inflammation

in the acute DSS colitis mouse model and presents GPR4 as a potential therapeutic target in IBD.
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Chapter IV: The Role of GPR65 in the Regulation of Intestinal Inflammation

A. Summary

T cell death-associated gene 8 (TDAGS, also known as GPR65) is a proton-sensing G
protein-coupled receptor (GPCR) predominantly expressed in immune cells. Genome-wide
association studies identify TDAGS as a susceptibility candidate gene linked to several human
inflammatory diseases including inflammatory bowel disease (IBD), asthma, spondyloarthritis,
and multiple sclerosis. In this study, our results demonstrated that mice deficient of TDAG8
exhibited more severe inflammatory phenotypes than wild-type mice in a chronic dextran sulfate
sodium (DSS)-induced colitis mouse model. Several disease parameters, such as diarrhea, colon
shortening, fibrosis, histopathological score, and mesenteric lymph node enlargement were
aggravated in TDAGS8-null mice in comparison to wild-type mice treated with DSS. Increased
leukocyte infiltration and myofibroblast expansion were observed in colonic tissues of DSS-
treated TDAGS8-null mice. These changes may represent a cellular basis of the observed
exacerbation of intestinal inflammation and fibrosis in these mice. In line with high expression of
TDAGS in infiltrated leukocytes, real-time RT-PCR revealed that TDAG8 mRNA expression
was increased in inflamed intestinal tissue samples of IBD patients when compared to normal
intestinal tissues. To investigate the role of GPR65 in immune cell function, mouse thymocytes,
bone marrow derived macrophages, and bone marrow derived dendritic cells were used. GPR65
is expressed and signals through Gas in each cell type. Furthermore, GPR65 reduces anti-
inflammatory functions in acidosis-induced macrophage inflammatory responses. Altogether, our
data demonstrate that GPR65 suppresses intestinal inflammation and fibrosis in the chronic DSS-
induced colitis mouse model, suggesting potentiation of TDAG8 with agonists may have anti-

inflammatory therapeutic effects in IBD.



B. Introduction

Genome-wide association studies (GWAS) have identified numerous genetic risk loci for
chronic inflammatory diseases. Large-scale GWAS studies have identified T cell death-
associated gene 8 (TDAGS, also known as GPR65) as a susceptibility candidate gene for several
human chronic inflammatory diseases such as multiple sclerosis, asthma, spondyloarthritis, and
inflammatory bowel disease (IBD) [168, 176]. A recent study demonstrates that TDAGS8-
deficient mice are more susceptible to bacteria-induced colitis and an IBD-associated TDAG8
genetic variant (1231L) confers reduced TDAGS signaling activity as well as impaired lysosomal
function [169]. These data suggest TDAGS8 could negatively regulate inflammation in certain
diseases such as IBD.

TDAGS was initially discovered as a gene up-regulated during T cell activation and
apoptosis [100]. TDAGS is highly expressed on leukocytes and leukocyte-rich tissues such as the
spleen, lymph nodes, and thymus. Biochemically, TDAGS can be activated by acidic
extracellular pH through the protonation of several histidine residues on the receptor
extracellular domains and transduce downstream signals through the Gs/cAMP and Gi2/13/Rho
pathways [82, 177].

It has long been observed that the inflammatory loci can be more acidic than non-
inflamed tissues and that acidic pH can alter the function of inflammatory cells, vascular cells,
and other stromal cells. The ways in which immune cells sense extracellular pH within inflamed
microenvironments and subsequently alter their phenotypes have only recently been investigated.
The role of TDAGS activation by inflammation-associated acidosis has been investigated both in
vitro and in vivo. Functionally, both pro- and anti-inflammatory effects of TDAG8 have been
described [82, 178]. TDAGS has been reported to impede pro-inflammatory profiles of primary

murine macrophages, T cells, and microglia [82]. Investigation of TDAGS8 in animal models of
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acute lung injury, arthritis, myocardial infarction, experimental autoimmune encephalomyelitis,
and bacteria-induced colitis have indicated TDAGS functions to inhibit inflammation in a variety
of inflammatory diseases [107, 109, 169, 179].

As aberrant TDAGS function is associated with IBD development and progression, we
sought to further characterize the role of TDAGS in IBD. IBD is a broad term covering both
Crohn’s disease (CrD) and ulcerative colitis (UC). IBD is characterized by recurrent, aberrant
inflammation within the intestinal tissue [25, 32]. These two disease forms are distinct, yet have
overlapping clinical and histopathological features. The exact etiology is unknown, however, a
complex interaction between immunologic, environmental, and genetic constituents is believed
to contribute to the disease onset and progression. We utilized the acute and chronic dextran
sulfate sodium (DSS)-induced colitis mouse model to investigate the role of TDAGS in colitis.
We observed that TDAGS is protective against colonic inflammation and IBD associated
complications in the chronic DSS-induced colitis model, but not in the acute DSS model.
TDAGS knockout (KO) mice treated with DSS had more severe clinical phenotypes such as
body weight loss, fecal score, colon shortening, and mesenteric lymph node enlargement when
compared to DSS-treated wild type (WT) mice. Histopathological analysis revealed that TDAGS8
KO mice also had more severe histopathological features, intestinal inflammation, leukocyte
infiltration, intestinal fibrosis, and isolated lymphoid follicles than WT mice. We also
investigated the pH-sensing GPCR expression profiles, G-protein activation status, and
inflammatory programs in mouse bone marrow derived macrophage. Furthermore, we assessed
the expression and G-protein activation status in other immune cell populations such as
thymocytes and bone marrow derived dendritic cells. Our results show that GPR65 is highly

expressed in T-cells and macrophages but is moderately expressed in dendritic cells. GPR65 also
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couples to Gas and is responsible for acidosis-induced Gas/cAMP/CREB-ATF-1 pathway
signaling in T-cells, macrophages, and dendritic cells. Finally, GPR65 suppresses TNF-a.
expression in mouse bone marrow derived macrophages and might be involved in the M1-M2
macrophage polarization paradigm.

C. Results

C.1 GPR65 moderately modulates the clinical severity of intestinal inflammation in the

acute DSS- induced chemical colitis mouse model.

GPR65 KO mice were used to assess the role of GPR65 in acute chemical colitis. WT
and GPR65 KO mice were given 3% DSS into normal drinking water for seven days. During the
course experimentation mouse body weight and fecal blood scores were measured. No body
significant weight loss differences between WT and GPR65 KO mice could be appreciated until
day six where WT-DSS mice were less severe than GPR65 KO mice. Following day six, GPR65
KO-DSS mouse weight loss was comparable to WT-DSS mice (Figure 4.1A). WT and GPR65
KO DSS-induced fecal scores were similar in severity through days six, where day seven
revealed a moderate heightened severity of WT-DSS mice when compared to GPR65 KO-DSS
(Figure 4.1B). Mesenteric lymph node (MLN) expansion was heightened in DSS-treated groups
with a trend in higher MLN volume in GPR65 KO groups compared to WT-DSS, though not
statistically significant (Figure 4.1C). Colon length assessment revealed reduced colon
shortening of GPR65 KO-DSS mice compared to WT-DSS (Figure 4.1D). Collectively, these

results provide a moderate role of GPR65 in acute DSS-induced colitis.
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Figure 4.1: Clinical parameters and macroscopic disease indicators. The effects of GPR65
deletion was assessed in the acute DSS-induced colitis mouse model. GPR65 deletion had
moderate effects on (A) body weight loss, (B) fecal score, (C) mesenteric lymph node
enlargement, and (D) colon shortening. WT-control (n=15), WT-DSS (n=17), GPR65 KO-
control (n=18), and GPR65 KO-DSS (n=31) mice. A portion of WT control mice used for
analysis in this experiment were randomly selected from WT control grouping used for analysis
with GPR4 KO acute DSS experiments. Each dot represents the data from an individual mouse.
Data are presented as mean + SEM and was analyzed for statistical significance using the two-
way ANOVA followed by Bonferroni post hoc for body weight loss and fecal score assessment.
One-way ANOVA was performed for mesenteric lymph node enlargement and colon shortening

followed by Bonferroni post hoc. (**P < 0.01, *** P< 0.001).
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C.2 GPR65 reduces the severity of intestinal inflammation in the DSS-induced chronic

colitis mouse model.

To characterize the role of TDAGS in chronic colitis, we utilized the chronic DSS-
induced mouse model for the reliable induction of chronic intestinal inflammation. During the
experiment, clinical parameters were assessed such as body weight loss and fecal blood and
diarrhea score. Both wild-type (WT)-DSS and TDAGS8 knockout (KO)-DSS mice body weight
loss was normalized to WT and TDAGS untreated control mice. No body weight loss difference
was observed between WT-DSS and TDAG8 KO-DSS during the first cycle, however, TDAG8
KO-DSS mice trended more body weight loss with most significant weight loss occurring at the
end of cycle two and cycle three compared to WT-DSS mice (Figure 4.2A). Fecal scores also
indicated heightened severity of TDAG8 KO-DSS mice compared to WT-DSS mice (Figure
4.2B). Both WT-DSS and TDAG8 KO-DSS mice reached an average fecal score of 3 by the end
of the first cycle, however, TDAG8 KO-DSS mice maintained a more severe score during cycle
two and cycle three compared to WT-DSS mice. Interestingly, during cycle four the TDAGS8
KO-DSS mice partially recovered compared to WT-DSS. Upon the terminal point of the
experiment, macroscopic disease indicators were evaluated such as mesenteric lymph node
expansion and colon length shortening. Expansion of mesenteric lymph nodes (MLN) is a
common parameter for colonic inflammation in the DSS-induced colitis model. Untreated
control mice had MLN volumes approximately 5-6mm?3 for WT and TDAG8 KO mice. MLN
volume was significantly increased in DSS-treated mice as WT-DSS mice had an average
volume of ~20mm?. Interestingly, TDAG8 KO-DSS MLN expansion was almost 2-fold higher
than WT-DSS, indicating the inflammation of TDAG8 KO-DSS was more severe than WT-DSS.

Finally, colon length was measured to assess the degree of shortening, which corresponds to
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heightened DSS-induced inflammation. WT-DSS mice had ~7% shortening compared to WT-
untreated mice. TDAG8 KO-DSS mice, however, had more than 13% colon shortening. These
data are not yet statistically significant given the current sample size.

To further assess the role of TDAGS in intestinal inflammation, histopathological
analysis was performed to quantify the degree of histological features of colitis between WT and
TDAG8 KO mice. Distal, middle, and proximal segments of the colon were examined for
common histopathological features of colitis, such as edema, crypt damage, architectural
distortion, leukocyte infiltration, fibrosis, and inflammation. Untreated control mice had no
colitis histopathological features (data not shown). We observed that the TDAG8 KO-DSS mice
were more severe than WT-DSS mice in terms of total histopathology Figure 4.3B A-D, I).
Greatest histopathology was observed in the distal colon and is consistent with previous studies
showing DSS model affects distal colon most severely.

Isolated lymphoid follicles (ILFs) are tertiary lymphoid tissues which can be induced
within inflamed murine intestinal tissues. We have previously reported that ILFs are increased in
intestinal tissues of mice in the DSS-induced acute colitis model when compared to untreated
control mice. Here we demonstrate that ILF numbers are increased in areas of heightened colonic
inflammation and are further increased in mice deficient of TDAGS8 (Figure 4.4). ILF numbers
were counted in distal, middle, and proximal colon segments in untreated and DSS-treated WT
and TDAG8 KO mice. ILFs were less prevalent in proximal segment when compared to middle
and distal inflamed colon segments in both WT-DSS and TDAG8 KO-DSS mice (Figure 4.4).
TDAG8 KO-DSS mice had increased ILFs/centimeter within each colon segment and
subsequently full-length colon when compared to WT-DSS (Figure 4.4E-F). These data suggest

TDAGS prevents inflammation-associated ILF development.

148



Fibrosis is another common pathological feature of IBD and can lead to life-threatening
complications. We stained colon segments with picrosirius red and Masson’s trichrome for the
assessment of colonic fibrosis after chronic intestinal inflammation (Figure 4.3E-H). Distal,
middle, and proximal colon segments were assessed for fibrotic development and scored
accordingly for severity. Pathological fibrosis was assessed as the degree of increase compared
to untreated controls. The greatest degree of fibrosis was found in both WT-DSS and TDAGS8
KO-DSS distal colons with a gradual decrease in fibrosis towards proximal colon (Figure 4.3J).
We observed an almost 2-fold increase in fibrosis within distal colon of TDAG8 KO-DSS mice
compared to WT-DSS mice. Severely fibrotic areas of the colon were characterized by increased
collagen deposition within the lamina propria, muscularis mucosa, muscularis externa, and
serosa when compared to control tissues (Figure 4.3E-H, Figure 4.9).

To further investigate why TDAG8 KO-DSS mice had heightened fibrosis compared to
WT-DSS mice, we examined the number of myofibroblasts within the inflamed and fibrotic
distal colon mucosa. Myofibroblasts are one of several cellular constituents which can contribute
to intestinal fibrosis. Normal intestinal myofibroblasts exist subjacent to the epithelium and
regulate tissue repair, fibrosis, glandular secretion, and mucosal regeneration. a-SMA*
myofibroblasts numbers within noninflamed distal colon segments were quantified and
compared to DSS-treated mouse colon segments (Figure 4.5). There was a discernable increase
in sub-epithelial mucosal myofibroblasts between WT-untreated and WT-DSS mice (~14/FOV
vs. ~25/FOV) (Figure 4.5G). Interestingly, TDAG8 KO mice had a further increase when
TDAGS8 KO untreated mice were compared to TDAG8 KO-DSS mice (~15/FOV vs. ~31/FOV).
Very few myofibroblasts were observed within the submucosa (data not shown). Increased

myofibroblast numbers could be detected within ulcerated areas of the colon when compared to
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non-ulcerated colon areas. Furthermore, during epithelial cell loss within ulcerated regions of the
colon, myofibroblasts could be observed interspersing within disrupted epithelium for mucosal
repair (Figure 4.5C-D).

To further characterize colonic inflammation differences between WT-DSS and TDAGS8
KO-DSS mice, we examined the populations of inflammatory cell infiltrates. The numbers of
neutrophils, macrophages, and T cells within the distal colon were assessed. There was a
significant increase in polymorphonuclear neutrophil, F4/80" macrophage, and CD3" T cell
numbers between untreated and DSS-treated mice. We observed a 20-30% increase in leukocyte
infiltrates within TDAG8 KO-DSS tissues when compared to WT-DSS colon tissues (Figure
4.6).

TDAGS has been reported to be highly expressed in immune cells and leukocyte rich
tissues such as the spleen, lymph nodes, and thymus. Increased TDAGS expression can also be
observed in tissues with higher baseline levels of resident leukocytes such as the lung and
intestinal tissues. TDAGS localization has not yet been investigated within the colon and
mesenteric lymph nodes (MLN), most likely due to the lack of a reliable antibody. To investigate
TDAGS expression within the colon and MLN, we performed immunohistochemistry for green
fluorescence protein (GFP) which functions as a surrogate marker for TDAG8 gene expression
within TDAG8 KO mice. TDAG8 KO mice were generated by replacing the TDAG8 coding
region with a promoterless internal ribosomal entry site-GFP cassette. Therefore, GFP
expression is under the control of the endogenous TDAGS8 promoter. GFP was detected in
interstitial leukocytes within colon mucosa, transverse folds, and intestinal isolated lymphoid
follicles (Figure 4.7). Additionally, high GFP expression could be observed in MLN of untreated

TDAGS8 KO mice. Based on cellular morphology and localization, GFP expression within these

150



colon leukocytes appears to be predominately macrophages, neutrophils, and lymphocytes.
Within the MLN, high GFP expression was detected in histocytes and lymphocytes within the
sinus regions, B cell follicles/germinal centers, and paracortical/interfollicular T cell zone. GFP
expression was also assessed in DSS-treated TDAG8 KO mouse colon and MLN. A discernable
increase of GFP positive leukocytes could be detected within the inflamed colon mucosa and
transverse folds when compared to non-inflamed colon tissues. GFP could also be highly
detected in ILFs and MLNSs as observed in untreated mice. GFP expression is negative in both
untreated and DSS-treated TDAG8 KO mouse epithelial cells and mesenchymal cells such as
fibroblasts and smooth muscle cells. Additionally, endothelial cells are negative for GFP
expression. There was also no GFP signal detected in any WT mouse tissues (Figure 4.10).
TDAGS gene expression was assessed in intestinal tissues from patients with ulcerative
colitis (UC) and Crohn’s disease (CrD) in comparison to normal intestinal tissues. A cDNA array
including 7 non-inflamed intestinal tissue samples, 14 CrD tissue samples, and 26 UC tissue
samples was utilized. We observed a ~4-fold increase of TDAGS8 gene expression in UC samples

and a ~6-fold increase in CrD samples compared to normal intestinal samples (Figure 4.8).
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Figure 4.2. Disease indicators of chronic colitis induction in wild-type (WT) and GPR65
knockout (KO) mice. GPR65 KO-DSS mice have elevated disease parameters when compared
to WT-DSS mice. The extent of DSS-induced inflammation was assessed in WT-DSS and
GPR65 KO-DSS mice compared to WT and GPR658 KO control mice. GPR65 KO-DSS mice
presented elevated disease parameters compared to WT-DSS mice. Clinical phenotypes of
intestinal inflammation such as (A) body weight loss and (B) fecal blood and diarrhea were
assessed. Macroscopic disease indicators such as (C) mesenteric lymph node expansion and (D)
colon shortening were also recorded. Data are presented as the mean + SEM and statistical
significance was determined using the unpaired t-test between WT-DSS and GPR65 KO-DSS
groups. WT control (N=10), WT-DSS (N=13), GPR65 KO control (N=11), and GPR65 KO-DSS
(N=13) mice were used for experiments. Data are representative of four independent experiments

with 4-8 mice in each group (*P < 0.05, **P < 0.01).
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Figure 4.3. Histopathological analysis of proximal, middle, and distal colon of WT and
GPR65 KO mice. Characteristic histopathological features of colitis were assessed to further
characterize the degree of intestinal inflammation. GPR65 KO-DSS mice presented elevated
disease parameters compared to WT-DSS mice. Representative H&E pictures were taken for (A)
WT-control, (B) WT-DSS, (C) GPR65 KO control, and (D) GPR65 KO-DSS mice.
Representative pictures of Picrosirius red stained tissue sections for fibrosis assessment were
taken of (E) WT control, (F) WT-DSS, (G) GPR65 KO control, and (H) GPR65 KO-DSS mice.
Graphical representation of (1) total histopathological parameters and (J) colonic fibrosis are
presented. WT control (N=10), WT-DSS (N=13), GPR65 KO control (N=11), and GPR65 KO-
DSS (N=13) mouse tissues were used for histopathological analysis. Scale bar is 100um. Data
are presented as the mean + SEM and statistical significance was determined using the unpaired
t-test between WT-DSS and GPR65 KO-DSS groups. Data are representative of four

independent experiments with 4-8 mice in each group (*P < 0.05).
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Figure 4.4. lIsolated lymphoid follicle (ILF) quantification in proximal, middle, and distal
colon segments of WT and GPR65 KO mice. ILF numbers were assessed as an indicator of
intestinal inflammation. ILF numbers were highest in distal colon with reduced numbers of ILFs
in the proximal colon in DSS-treated mice. GPR65 KO-DSS mice had a further increase in ILF
numbers compared to WT-DSS mice. Representative pictures of ILFs in (A) WT-control, (B)
WT-DSS, (C) GPR65 KO-control, and (D) GPR65 KO-DSS distal colon segments. Graphical
representation of (E) ILF numbers in each segment of the colon and (F) combined full length
colon. WT control (N=10), WT-DSS (N=13), GPR65 KO control (N=11), and GPR65 KO-DSS
(N=13) mouse tissues were used for ILF quantification. Scale bar is 100um. Data are presented
as the mean £ SEM and statistical significance was determined using the unpaired t-test between

WT-DSS and GPR65 KO-DSS groups. (*P < 0.05).
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Figure 4.5. Myofibroblast expansion in distal colon mucosa of WT and GPR65 KO mice.
SMA* myofibroblasts were quantified in distal colon as a cellular basis for increased colonic
fibrosis. GPR65 KO-DSS mice had increased myofibroblast numbers in distal colon compared to
WT-DSS mice. Representative pictures of (A,C) WT-DSS, (B,D) GPR65 KO-DSS, and (E) WT-
control, and (F) GPR65 KO-control. (G) Graphical representation of myofibroblast numbers in
distal colon. WT-control (N=3), WT-DSS (N=6), GPR65 KO-control (N=3), and GPR65 KO-
DSS (N=6). Scale bar is 100um. Data are presented as the mean £ SEM and statistical
significance was determined using the unpaired t-test between WT and TDAG8 KO groups. (**P

<0.01, ***P < 0.001).
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Figure 4.6. Leukocyte infiltrates in distal colon of WT and GPR65 KO mice.
Polymorphonuclear (PMN) neutrophils, F4/80" macrophages, and CD3" T cells were counted in
the distal colon. GPR65 (TDAG8) KO-DSS mice had increased neutrophils, macrophages, and T
cells in distal colon when compared to WT-DSS mice. (A) Representative pictures of WT-DSS
and GPR65 KO-DSS mouse (A-B) neutrophils, (D-E) macrophages, and (G-H) T cells,
respectively. Graphical representation of (C) neutrophils, (F) macrophages, (1) and T cells. Scale
bar is 100um. Data are presented as the mean £ SEM and statistical significance was determined

using the unpaired t-test between WT-DSS and GPR65 KO-DSS groups. (*P < 0.05, **P <0.01).
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Figure 4.7 GFP signal in the intestine and intestinal associated lymphoid tissues. GFP
knock-in signal serves as a surrogate marker for endogenous GPR65 expression in GPR65 KO
mice. GFP signal could be detected in GPR65 KO control (A) distal colon mucosa, (C) proximal
colon transverse folds, (E) isolated lymphoid follicles (ILFs), and (G) mesenteric lymph nodes
(MLNs). GFP signal could be detected in DSS-treated GPR65 KO (B) intestinal mucosa, (D)
transverse folds, (F) ILFs, and (H) MLNs. Based on cellular morphology and compartmental
localization, GFP signal was observed in intestinal resident macrophages, lymphocytes, and

neutrophils. GC: germinal center. Scale bar is 100um.
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Figure 4.8. GPR65 gene expression in human ulcerative colitis and Crohn’s disease. GPR65
mRNA is increased in ulcerative colitis and Crohn’s disease intestinal tissues compared to non-
inflamed intestinal tissues. (A) GPR65 gene expression in ulcerative colitis and (B) Crohn’s
disease. Data are presented as the mean £ SEM and statistical significance was determined using

the unpaired t-test between control and diseased intestinal tissues. (**P < 0.01, ***P < 0.001).
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Figure 4.9. Representative pictures of distal colonic fibrosis in WT and GPR65 KO mice.
Masson’s trichrome stain indicates DSS-treated GPR65 KO mice have increased pathological

fibrosis compared to WT-DSS mice. (A) WT untreated, (B) WT-DSS, (C) GPR65 KO untreated,

and (D) GPR65 KO-DSS. Scale bar is 100um.
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Figure 4.10. WT negative control for GFP signal in the intestine and intestinal associated
lymphoid tissues. No GFP signal could be detected in WT tissues. GFP signal could not be
observed in WT-control (A) distal colon mucosa, (C) proximal colon transverse folds, (E)
isolated lymphoid follicles (ILFs), and (G) mesenteric lymph nodes (MLNSs). GFP signal also
could not be detected in WT-DSS (B) intestinal mucosa, (D) transverse folds, (F) ILFs, and (H)
MLNs. Minor non-specific staining could be seen on intestinal epithelium and ex-mural

connective tissues. Scale bar is 200um.
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C.3 GPR65 modulates immune cell function in response to acidic pH in vitro

The role of GPR65 was next assessed in immune cell function. Mouse thymocytes,
macrophages, and dendritic cells were investigated. Thymocytes were isolated from the thymus
gland of wild-type (WT) and GPR65 knockout (KO) mice while both macrophages and dendritic
cells were differentiated from WT or GPR65 KO mouse bone marrow progenitor cells using
macrophage colony-stimulating factor (M-CSF) in the L-929 conditioned medium or

granulocyte-macrophage colony-stimulating factor (GM-CSF), respectively (Figure 4.11-12).

We first assessed the G-protein activation status of WT and GPR65 KO thymocytes, bone
marrow derived macrophages (BMDMs), and bone marrow derived dendritic cells (BMDCs) in
response to physiological and acidic pH. Cells were treated at pH 7.4 or pH 6.4 for 30 minutes
and protein lysate was collected for CREB and ATF1 phosphorylation assessment as a
downstream indicator of the Gas/cAMP/CREB-ATF-1 pathway. Acidic pH increased the
phosphorylation of CREB and ATF1 in mouse thymocytes, BMDMs, and BMDCs when
compared to physiological pH by ~2-fold. However, when GPR65 KO mouse thymocytes,
BMDMs, and BMDCs were stimulated with acidic pH there was minimal CREB and ATF1
phosphorylation when compared to WT pH 6.4 (Figures 4.13-15). These results, along with
previous publications, indicate GPR65 is pH sensitive and couples to Gas and subsequently
signals through the cAMP/CREB-ATF-1 pathway. As previous literatures have associated Gos
with anti-inflammatory programs in immune cells, it is possible GPR65 displays an anti-

inflammatory role in the inflammatory response.

We next assessed the proton-sensing GPCR family member expression levels in the

thymocyte, BMDM, and BMDC populations under physiological and acidic pH conditions.
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These experiments were done to determine the role of acidic pH on the expression of the family
of proton-sensing GPCRs and to determine if another proton-sensing GPCR family member
compensates for the loss of GPR65 in thymocyte, BMDM, and BMDC populations. At
physiological pH, GPR65 was the highest expressed proton-sensing GPCR in BMDMSs while
GPR68 was highest expressed in BMDCs. All the proton-sensing GPCR family members were
equally expressed in thymocytes (Figures 4.16-18). In response to acidic pH, thymocytes and
BMDCs GPR65 mRNA levels were not significantly modulated. However, GPR65 mRNA was
more than 50% reduced in BMDMs treated with acidic pH (Figure 4.18). When BMDMs were
classically activated (M1) or alternatively activated (M2) GPR65 mRNA levels were also
reduced in acidic pH compared to physiological pH (Figure 4.18). No expression of GPR65
could be detected in GPR65 KO thymocytes, BMDMs, or BMDCs. Proton-sensors GPR4 and
GPR68 were also assessed in GPR65 KO thymocytes, BMDM, and BMDCs. No significant
compensation could be observed in GPR65 KO thymocytes or BMDCs. However, GPR68 was
more than 80% downregulated in GPR65 KO BMDMs compared to WT BMDMs at

physiological and acidic pH conditions (Figure 4.18).

Provided GPR65 was the highest expressed amongst the proton-sensing GPCRS in
BMDMs, we sought to investigate the role of GPR65 in macrophage inflammatory programs.
The functional effects of acidosis-induced GPR65 activity was assessed in naive BMDM
migration and proliferation, respectively. Acidosis reduced BMDM directional migration toward
chemoattractant C5a (Figure 4.19). In the absence of GPR65, BMDM migration was partially
recovered toward C5a when compared to physiological pH. These results indicate GPR65
reduces macrophage directional migration toward the inflammatory stimulus C5a in the transwell

migration assay. We next assessed the role of GPR65 in BMDM proliferation. In WT BMDMs,
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acidic pH reduced proliferation when compared to physiological pH (Figure 4.20). However,
GPR65 KO BMDM proliferation was partially recovered in the presence of acidic pH when

compared to physiological pH (Figure 4.20).

We next assessed the role of GPR65 when macrophages are classically activated (M1
phenotype) and alternatively activated (M2 phenotype). BMDMs were polarized to M1 or M2
for 24hrs and then treated with physiological pH or acidic pH for 5hrs. In the case of M1
polarization, pH stimulation occurred in the presence or absence of 100ng/mL LPS. For M1
polarization, GPR65 KO BMDMs exhibited increased TNF-a mRNA levels than WT BMDMs at
acidic pH conditions (Figure 4.21). However, no such trend could be observed in IL-1 mRNA
levels. Interestingly, however, acidosis alone was capable of increasing IL-1p in WT and GPR65
KO BMDMs (Figure 4.21). Taken together, GPR65 seems to have differential effects on M1-
associated pro-inflammatory gene expression as GPR65-null macrophages display heightened
TNF-a mRNA levels but not IL-1p. However, we have not investigated the functional role of
GPR65 in chemotaxis or phagocytosis in M1 macrophages. We then investigated the role of
GPR65 in the M2 phenotype. Alternatively activated BMDMs were assessed for Arginase 1,
F1ZZ1, and IL-10 gene expression. GPR65 KO M2 BMDMs displayed a heightened expression
of arginase 1 and FI1ZZ1 genes when compared to WT BMDMs under acidic pH conditions
(Figure 4.22). These results suggest GPR65 may be involved in suppressing M2-associated
activity through the downregulation of arginase 1 and FI1ZZ1 gene expression. Interestingly,
GPR65-null M2-polarized macrophages had reduced IL-10 mRNA levels at physiological pH
when compared to WT M2 macrophages. These results suggest GPR65 mediates 1L-10 mMRNA

production in M2 macrophages within physiological pH conditions. When alternatively activated
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BMDMs were treated with acidic pH, IL-10 mRNA was reduced by more than 50%. However,

there was no further reduction of IL-10 mRNA in GPR65-null M2 BMDMs (Figure 4.22).
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Figure 4.11: Bone marrow derived dendritic cell differentiation from bone marrow
progenitor cells. WT and GPR65 KO bone marrow progenitor cells were differentiated to
BMDCs for 6 days by 20ng/mL mrGM-CSF. WT and GPR65 KO BMDC differentiation
resulted in more than 90% purity based on CD11c staining. Black arrows indicate BMDC with

visible dendritic processes. Scale bar length is indicated on individual representative picture.
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Figure 4.12: Bone marrow derived macrophage (BMDM) differentiation from bone
marrow progenitor cells. WT and GPR65 KO bone marrow progenitor cells were differentiated
to BMDMs for 7 days by 15% L929 conditioned medium. WT and GPR65 KO BMDM
differentiation resulted in more than 97% purity based on CD11b (MAC-1) staining. Scale bar

=100um
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Figure 4.13: Acidosis-induced phosphorylation of CREB and ATF1 in WT and GPR65 KO
thymocytes. GPR65 KO thymocytes display reduced CREB and ATF1 phosphorylation at acidic
pH when compared to WT. WT and GPR65 KO mouse thymocytes were treated with pH 7.4 and
pH 6.4 for 30min. (A) Representative images of pPCREB (Ser133) and pATF1 (Ser71) western
blot results, graphical representation of (B) pCREB, and (C) pATF1. WT 7.4 (n=3), WT 6.4
(n=3), GPR65 KO 7.4 (n=3), and GPR65 KO 6.4 (n=3). One-way ANOVA followed by
Bonferroni post-hoc was performed for statistical analysis. Data representative of three

independent experiments. (*P < 0.05)
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Figure 4.14: Acidosis-induced phosphorylation of CREB and ATF1 in mouse bone marrow
derived dendritic cells. GPR65 KO BM-DCs display reduced CREB and ATF1 phosphorylation
at acidic pH when compared to WT. WT and GPR65 KO mouse bone marrow derived dendritic
cells were treated with pH 7.4 and pH 6.4 for 30min. (A) Representative images of pPCREB
(Ser133) and pATF1 (Ser71) western blot results, graphical representation of (B) pCREB, and
(C) pATFL1. One-way ANOVA followed by Bonferroni post-hoc was performed for statistical
analysis. WT 7.4 (n=3), WT 6.4 (n=3), GPR65 KO 7.4 (n=3), and GPR65 KO 6.4 (n=3). Data

representative of three independent experiments. (**P < 0.01, *** P< 0.001)
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Figure 4.15: Acidosis-induced phosphorylation of CREB and ATF1 in mouse bone marrow
derived macrophages. GPR65 KO BMDMs display reduced CREB and ATF1 phosphorylation
at acidic pH when compared to WT. WT and GPR65 KO mouse bone marrow derived
macrophages were treated with pH 7.4 and pH 6.4 for 30min. (A) Representative images of
pCREB (Ser133) and pATFL1 (Ser71) western blot results, graphical representation of (B)
pCREB, and (C) pATF1. One-way ANOVA followed by Bonferroni post-hoc was performed for
statistical analysis. WT 7.4 (n=3), WT 6.4 (n=3), GPR65 KO 7.4 (n=3), and GPR65 KO 6.4

(n=3). Data representative of three independent experiments. (*P < 0.05, **P < 0.01)
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Figure 4.16: Proton-sensing GPCR family member mRNA expression in mouse
thymocytes. GPR68 and GPR4 have similar expression levels and do not compensate for the
loss of GPR65 in the knockout thymocytes. WT and GPR65 KO mouse thymocytes were treated
with pH 7.4 and pH 6.4 for 3hrs. (A) GPR65, (B) GPR68, and (C) GPR4 mRNA levels were
assessed using gPCR. One-way ANOVA followed by Bonferroni post-hoc was performed for
statistical analysis. WT 7.4 (n=4), WT 6.4 (n=4), GPR65 KO 7.4 (n=4), and GPR65 KO 6.4

(n=4). Data representative of two independent experiments. #= no detectable signal.

185



27-ACt (x105)

GPR65 mRNA

27-ACt (x105)
n

—
1

# #
0- T T
> & A> >

RN & e o

&

& &
& &
IO 1)

Bone Marrow Derived Dendritic Cells

C
GPR4 mRNA
0.25-
*
0.20- ' '
0.15-
0.10-
0.05-
0.00-
/\p‘ 6?‘ /\.b‘ bh
& & & o
& &
R OQQ'

Bone Marrow Derived Dendritic Cells

27-ACt (x105)

GPR68 mRNA

*
[r—

& ¢

&

&E
o
& &
IS R
Bone Marrow Derived Dendritic Cells

186



Figure 4.17: Proton-sensing GPCR family member mRNA expression in bone marrow
derived dendritic cells. GPR65 mRNA expression is not altered by changes in pH and GPR68 is
the highest expressed pH-sensing GPCR in BMDM s and is reduced at acidic pH. WT and
GPR65 KO mouse bone marrow derived dendritic cells were treated with pH 7.4 and pH 6.4 for
3hrs. (A) GPR65, (B) GPR68, and (C) GPR4 mRNA levels were assessed using gPCR. One-way
ANOVA followed by Bonferroni post-hoc was performed for statistical analysis. WT 7.4 (n=3),
WT 6.4 (n=3), GPR65 KO 7.4 (n=3), and GPR65 KO 6.4 (n=3). Data from one experiment. (*P

< 0.05) #= no detectable signal.
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Figure 4.18: Proton-sensing GPCR family member mRNA expression in bone marrow
derived macrophages. GPR65 (TDAG8) mRNA expression is altered by acidic pH in BMDMs.
WT and GPR65 KO bone marrow derived macrophages (BMDMs) were polarized to M1 and
M2 phenotypes. Naive BMDMs are indicated as M0. BMDMs were treated with pH 7.4 and pH
6.4 for 5hrs. (A, C, D) representative gene expression changes from WT BMDMs and (B, D, F)
for GPR65 KO BMDMs. (A-B) GPR65, (C-D) GPR4, and (E-F) GPR68 mRNA levels were
assessed using qPCR. Student’s t-test was performed between pH 7.4 vs. pH 6.4 groups within
each BMDM phenotype. WT 7.4 (n=2-4), WT 6.4 (n=2-4), GPR65 KO 7.4 (n=2-4), and GPR65
KO 6.4 (n=2-4). Data representative of two to four phenotypically similar, biologically

independent experiments. (*P < 0.05, **P < 0.01, *** P< 0.001) #= no detectable signal.
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Figure 4.19: BMDM migration toward C5a chemoattractant in response to acidic pH.
GPR65 (TDAGS) reduces the directional migration of BMDMSs toward C5a in response to acidic
pH. WT and GPR65 KO BMDMs were resuspended in pH 7.4 or 6.4 migration media and added
to the upper chamber of the transwell insert. 5ng/mL of C5a was added to the lower chamber and
cells were incubated for 3hrs. Cellular migration was (A) visualized and (B) counted following
staining migrated cells with DAPI. One-way ANOVA followed by Tukey post-hoc was
performed for statistical analysis. WT 7.4 (n=6), WT 6.4 (n=6), GPR65 KO 7.4 (n=6), and

GPR65 KO 6.4 (n=6). Data from three independent experiments. Scale bar = 400um. (*P < 0.05)
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Figure 4.20: BMDM proliferation in response to acidic pH. GPR65 reduced BMDM
proliferation in response to acidic pH when compared to WT. (A) WT and GPR65 KO BMDMs
were treated with pH stimulation media for 18hrs followed by EdU incorporation and
visualization. (B) The percent of EdU positive cells were calculated. One-way ANOVA followed
by Tukey post-hoc was performed for statistical analysis. WT 7.4 (n=6), WT 6.4 (n=6), GPR65
KO 7.4 (n=6), and GPR65 KO 6.4 (n=6). Data are representative from three independent
experiments. Blue staining indicates nuclear staining using Hoechst dye and red signal indicates

EdU signal. Scale bar = 200um. (*** P< 0.001)
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Figure 4.21: BMDM gene expression indicators of the M1 phenotype in response to acidic
pH. GPR65 has moderate effects in M1 BMDMSs in response to acidic pH. WT and GPR65 KO
BMDMs were treated with 100ng/mL LPS and 150ng/mL mrIFNy for 24hrs. Polarization
medium was removed and pH stimulation media was added for 5hrs with and without 100ng/mL
LPS. (A, B) TNF-o and IL-1 mRNA from pH stimulation only and (C, D) pH stimulation
media with 100ng/mL LPS, respectively. WT 7.4 (n=4), WT 6.4 (n=4), GPR65 KO 7.4 (n=4),
and GPR65 KO 6.4 (n=4). One-way ANOVA followed by Bonferroni post-hoc was performed
for statistical analysis. Data representative of two biologically independent experiments. (*P <

0.05, **P < 0.01, *** P< 0.001)
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Figure 4.22: BMDM gene expression indicators of the M2 phenotype in response to acidic
pH. GPR65 modulates M2 BMDM gene expression in response to acidic pH when compared to
WT. WT and GPR65 KO BMDMs were treated with mriL-4 at 10ng/mL for 24hrs. Polarization
medium was removed and pH stimulation media was added for 5hrs. (A) arginase 1, (B) FIZZ1,
and (C) IL-10 mRNA were assessed by qPCR analysis. One-way ANOVA followed by
Bonferroni post-hoc was performed for statistical analysis. WT 7.4 (n=3), WT 6.4 (n=3), GPR65
KO 7.4 (n=3), and GPR65 KO 6.4 (n=3). Data representative of two biologically independent

experiments. (*P <0.05, **P < 0.01, *** P< 0.001)
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D. Discussion

In our study, we investigated the functional role of TDAGS in a mouse model of acute
and chronic DSS-induced experimental colitis. Our results indicated that TDAGS provides a
protective role in chronic intestinal inflammation and reduces disease severity in the DSS-
induced chronic colitis mouse model. TDAGS deficiency in mice aggravated body weight loss,
fecal scores, mesenteric lymph node expansion, and colon shortening in comparison to WT mice.
Additionally, TDAGS absence resulted in exacerbated histopathological features of IBD such as
inflammation, edema, leukocyte infiltration, and fibrosis. Isolated lymphoid follicles (ILFs) were
also expanded in TDAG8 KO colon tissues compared to WT. TDAG8 was also shown to be
expressed in the colon infiltrated leukocytes and likely impedes inflammation through inhibition
of immune cell inflammatory programs once activated by acidic pH in the inflamed intestinal
loci. These results are supportive of previous studies demonstrating an anti-inflammatory role of
TDAGS in a diverse set of diseases, including chronic intestinal inflammation and provide new
insights into the role of TDAGS in colitis [82, 107, 109, 169, 179].

As previously described, the inflammatory loci and colonic luminal pH can be reduced
during intestinal inflammation. Mesenchymal cells and leukocytes will function within these
acidic, inflamed microenvironments and either potentiate or inhibit local inflammation. Wound-
healing mechanisms will also occur within acidic and inflamed intestinal lesions [180]. pH-
sensing is critical for cells to sense alterations in environmental proton gradients to maintain
proper cellular functions. These microenvironmental conditions within inflamed tissues present a
role for the pH-sensing GPCR TDAGS8. TDAGS can sense alterations in local pH by leukocytes
and subsequently alter immune cell functions [108]. In our current study, we provide evidence
that genetic deletion of TDAGS8 exacerbates intestinal inflammation in a chemically induced

colitis mouse model. Further studies are warranted to assess alterations in local interstitial pH
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within inflamed lesions of the gut as well as the effects of tissue associated acidosis on both
TDAGS expression and function of immune cells within the inflamed intestinal loci.

Previous studies have characterized TDAGS as a functional pH-sensor expressed
predominately within leukocytes and can negatively regulate the inflammatory response of
immune cells [82]. Furthermore, downstream effectors of the TDAG8-coupled Gos/CAMP have
demonstrated anti-inflammatory roles in a diverse set of processes. Gos/CAMP/PKA/CREB
pathway has been shown to reduce granulocyte, macrophage, and monocyte inflammatory
programs [181]. Additionally, cAMP can reduce dendritic cell function in lymph nodes, T cell
activation, and can increase T regulatory cell activity [181]. These data are consistent with
reports that TDAGS activation can inhibit inflammatory profiles in macrophages, microglia,
neutrophils, and T cells. Additionally, the role of TDAGS8 was investigated in immune-mediated
murine disease models such as arthritis, lipopolysaccharide (LPS)-induced acute lung injury,
myocardial infraction, ischemic stroke, and bacterial-induced colitis [82, 107, 109, 169, 179].
However, there are also some studies suggesting TDAGS8 expression in eosinophils promotes
inflammation through increasing eosinophil viability in an asthma mouse model [110].
Furthermore, recent studies found TDAGS is a regulator for Th17 pathogenicity and increases
the severity in the experimental autoimmune encephalomyelitis (EAE) mouse model as well as
increases GM-CSF production in CD4* T cells [111]. Pertaining to Th17 cell pathogenicity,
reports have provided evidence for both protective and pathogenic roles in the context of
intestinal inflammation [6, 8, 9, 182]. In addition to these in vitro and in vivo animal studies,
recent genome wide association studies (GWAS) have identified small nucleotide
polymorphisms (SNPs) of TDAGS associated with several human inflammatory-mediated

disease states such as multiple sclerosis, asthma, heparin-induced thrombocytopenia,
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spondyloarthritis, and IBD [168, 176]. As previously mentioned, a recent study investigated an
IBD-associated TDAGS genetic variant (1231L) within a bacteria-induced colitis mouse model
and found that this TDAG8 gene variant confers reduced TDAGS activity as well as impaired
lysosomal function [169]. Our study focuses on the functional role of TDAGS in the regulation
of inflammation in a chemically induced chronic colitis mouse model and provides further
evidence TDAGS functions to inhibit inflammation in colitis. We demonstrated that TDAGS is
expressed in infiltrated leukocytes within the colon of inflamed intestinal tissues using GFP as a
surrogate marker in TDAG8 KO mice. GFP-positive leukocytes were predominately
macrophages, neutrophils, and lymphocytes based on cellular morphology in comparison to
F4/80 and CD3 immunostaining. There is a discernable increase in GFP positive leukocytes in
the DSS treated mouse colon tissues compared to the untreated tissues indicating TDAGS8
expression is increased in inflamed tissues compared to non-inflamed intestinal tissues. We then
assessed TDAGS8 gene expression in human colitis and Crohn’s intestinal lesions compared to
non-inflamed intestinal tissues. We observed that TDAGS is increased by more than 4-fold in
inflamed intestinal tissues compared to control. It is likely the increased expression of TDAGS in
IBD intestinal samples is due to the increase of infiltrated leukocytes, which have high
endogenous TDAGS expression.

We also found that pathological fibrosis was increased in TDAG8 KO-DSS mice
compared to WT-DSS mice. Fibrosis is a serious consequence of recurrent intestinal
inflammation and can lead to complications such as intestinal strictures and obstruction [29, 183,
184]. Collagen can be produced by several cellular constituents within the intestinal tissues.
Some such cells include fibroblasts, sub-epithelial myofibroblasts, smooth muscle cells, and

pericytes. Additionally, fibroblasts, smooth muscle cells, fibrocytes, endothelial cells, pericytes
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can undergo epithelial/endothelial- mesenchymal transition into myofibroblasts for wound
healing functions [185]. Myofibroblasts are described as a major contributor of pathological
extracellular matrix deposition within the inflamed intestine [186]. As such, we quantified the
number of SMA* myofibroblasts in the mucosa and observed TDAG8 KO mice had more
myofibroblasts than WT mice, supporting the observed increased fibrotic deposition in the DSS-
treated TDAG8 KO colon. It remains to be determined how TDAGS regulates fibrosis in the
chronic colitis model. Interestingly, however, a recent study demonstrates that TDAGS regulates
macrophage CCL20 expression, yOT cell infiltration, and fibrosis in a myocardial infarction
mouse model [107].

We next investigated the pH-sensing GPCR expression profiles, G-protein activation
status, and inflammatory programs in mouse bone marrow derived macrophage. Furthermore, we
assessed the expression and G-protein activation status in immune cell populations involved in
intestinal inflammation such as T cells, dendritic cells, and macrophages. Gas signaling has been
associated with impeded inflammatory programs in a diverse range of immune cell populations
of which GPR65 is highly expressed. Our results show that GPR65 is highly expressed in mouse
thymocytes and bone marrow derived macrophages but is moderately expressed in bone marrow
derived dendritic cells. As mentioned above, CAMP has been shown to negatively regulate
macrophage, dendritic cell, and T cell activation. Furthermore, inhibition of cAMP degradation
is a current therapeutic explorative avenue in IBD [187]. We showed that GPR65 couples to Gas
and is responsible for acidosis-induced Gos/cAMP/CREB-ATF-1 pathway signaling in T-cells,
macrophages, and dendritic cells through the assessment of CREB/ATF1 phosphorylation.
Genetic deletion of GPR65 blunted the acidosis-induced phosphorylation of CREB and ATFL1.

These results suggest GPR65 could exert anti-inflammatory functions in these immune cell types
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in response to acidic pH. Finally, GPR65 activation moderately reduced TNF-a expression in
classically activated mouse bone marrow derived macrophages, but not IL-1p. Furthermore,
GPR65 increased M2 activation markers such as Arginase 1 and FIZZ1 in alternatively activated
macrophages. As heightened numbers of F4/80+ macrophages were observed in the colon of
GPR65 KO-DSS mice when compared to WT-DSS mice, the phenotypes of these macrophages
have yet to be explored in the regulation of intestinal inflammation.

Altogether, our results provide further support for an anti-inflammatory role of TDAGS8
in colitis and present TDAGS as a potential target for therapeutic intervention. Currently, IBD
treatment options are limited and predominately consist of steroids, anti-TNFa monoclonal
antibodies, and anti-integrin monoclonal antibodies. The TDAGS8 agonist BTB09089 has been
developed and recently investigated for anti-inflammatory properties. BTB09089 was shown to
activate TDAGS in vitro but provided weak activity in vivo according to one study [105]. An
additional study has shown in vivo efficacy of BTB09089 using an ischemic stroke murine
disease model [188]. Further studies must be done to develop highly efficacious TDAGS8

agonists for potential use as IBD therapeutics.
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Chapter V: The role of GPR132 in DSS-induced mouse colitis

A. Summary

GPR132, also known as G2 accumulation (G2A) is highly and broadly expressed on
immune cells such as macrophages, T cells, B cells, and neutrophils. Numerous studies provide
pro- and anti-inflammatory roles for GPR132 in immune cell inflammatory programs suggesting
cell type and biological context a key determinate in GPR132 function. GPR132 is a
controversial member of the proton-sensing GPCR family of receptors owing to GPR132
receptor promiscuity. GPR132 has been shown to be activated by protonation in an acidic
environment, however, in addition to protons, GPR132 can also be activated by lactate and
several bioactive molecules such as lysophosphatidylcholine (LPC), 9-hydroxyoctadecadienoic
acid (9-HODE), and recently N-acyl-3-hydroxy-palmitoyl glycine (commendamide) [83, 86, 88-
90, 92, 189, 190]. These proposed endogenous ligands are readily available in the mucosa of
intestinal tissues and some bioactive molecules have been implicated in the pathology of
unresolved intestinal inflammation. Therefore, we investigated the functional role of GPR132 in
acute and chronic intestinal inflammation using the DSS-induced colitis mouse model. We
present a proposed anti-inflammatory role of GPR132 in DSS-induced colitis mouse model.
GPR132 KO mice backcrossed twelve generations (GPR132 KO N12) and GPR132 KO mice
backcrossed fourteen generations (GPR132 N14 KO) into the C57BL/6 background were
compared to wild-type (WT) mice during chronic intestinal inflammation. GPR132 N12 KO
DSS-treated mice displayed marked sensitivity to the DSS chemical insult where clinical
phenotypes, macroscopic disease indicators, and histopathology were more severe when

compared to WT DSS-treated mice. The GPR132 N14 KO mice, however, showed only a mild



increase in clinical severity when compared to WT DSS-treated mice. These results indicate
GPR132 reduces intestinal inflammation, however, these data necessitate further

experimentation to elucidate the functional role of GPR132 in intestinal inflammation.

B. Introduction

Ulcerative colitis and Crohn’s disease is a mucosal disease associated with an
uncontrolled and recurring inflammatory response in the mucosal tissues of the intestine [25, 32].
Normal intestinal homeostasis is orchastrated through intricate interations between the immune
system, intestinal flora, and the intestinal epithelium. Numerous studies have suggested that a
damaged epithelium is either the cause or consequence of intestinal inflammation [21, 26, 191,
192]. Lyso-phospholipids and linoleic acid metabolites such as lysophosphatidylcholine (LPC)
and 9-hydroxyoctadecadienoic acid (9-HODE) have been implicated in the regulation of
intestinal epithelial homeostasis. LPC levels have shown to increase in IBD by release of injured
intestinal epithelium and apoptotic cells. LPC has been proposed to function as a “find me”
signal for the clearance of apoptotic cells by phagocytes for the subsequent resolution of
inflammation in the inflammatory loci [98]. Further studies have shown that the inflammatory
loci are characteristically acidic owing, in part, to the metabolic production of protons by
leukocyte infiltrates [63]. As described above, LPC, 9-HODE, and protons have been proposed
as ligands for GPR132 and have modulated immune cell functions. Additionally, lactate and N-
acyl-3-hydroxy-palmitoyl glycine (commendamide) have been proposed to work through
GPR132 and are both present in gastrointestinal tissues [89].

GPR132 was orginally discovered as a target gene of BCR-ABL tyrosine kinase in
murine B Lymphoid progenitor cells [84]. This receptor is highly expressed in leukocytes

(macrophages, dendritic cells, neutrophils, T cells, B cells, and mast cells) and was originally
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discovered as a GPCR induced from cell stress or DNA damage in B and T lymphocytes [84].
Several studies have characterized the activation of GPR132 and G protein signalling. The initial
studies of GPR132 supported GPR132 as a tumor supressor through the reduction of cell cycle
progression in myelogenous leukemia and acute lymphocytic leukemia. Overexpression of
GPR132 in BCR-ABL cells reduced B lymphoid cell expansion in vitro by cell accumulating in
the G2/M phase [84]. With GPR132 having high expression in immature T and B lymphocyte
progenitors and thymocytes in all stages of intrathymic maturation, it seems likely that GPR132
would have central roles in immunity and inflammation. Indeed, further studies using GPR132
knockout mice demonstrated GPR132-genetic deletion resulted in late onset autoimmune disease
characterized by hyperproliferation of immune cells [85]. Additional studies demonstrated
GPR132 was involved in reduced suseptability to atherosclerosis in mice [95].

Provided the endogenous ligands of GPR132 exist in the mucosa of the intestine and are
implicated in the pathological consequence of unresolved intestinal inflammation, we sought to
investigate the functional role of GPR132 in acute and chronic intestinal inflammation. We
utilized the dextran sulfate sodium (DSS)- induced colitis mouse model where WT and GPR132
N12 knockout (KO) mice were provided 3% DSS for acute or chronic time points. No significant
difference was observed between WT and GPR132 N12 KO mice during the acute DSS-induced
colitis model. However, during the chronic DSS-induced colitis model, GPR132 N12 KO mice
provided 3% DSS were highly sensitive to the DSS chemical insult and resulted in more than
70% of mice reaching the humane endpoint before the final day of the experimental time course.
Mouse body weight loss and fecal blood and diarrhea scores were measured and GPR132 N12
KO DSS-treated mice displayed higher clinical severity scores then the WT DSS-treated mice.

Histopathological analysis of the mice following the DSS experimental time course revealed
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elevated scores of severity for GPR132 N12 KO DSS-treated mice when compared to WT DSS-
treated mice. These results suggested GPR132 functioned as a regulator of intestinal
inflammation.

GPR132 N12 KO mice were backcrossed two additional generations to develop GPR132
N14 KO mice. Interestingly, when GPR132 N14 KO mice were initiated on the chronic DSS-
induced colitis mouse model, the severity observed from GPR132 N12 KO mice were markedly
reduced. GPR132 N14 KO DSS-treated mice body weight loss was assessed and was similar as
WT DSS-treated mice. However, fecal blood and diarrhea scores were still elevated when
compared to WT-DSS mice. These results suggest differences in the genetic background
between GPR132 N12 KO and GPR132 N14 KO mice may contribute to the observed phenotype
in either mouse generation and further experimentation is needed to elucidate the functional role
and mechanism of GPR132 in intestinal inflammation.

C. Results

C.1 The role of GPR132 in acute DSS-induced chemical colitis.

We assessed the role of GPR132 in the acute DSS-induced chemical colitis mouse model.
WT and GPR132 KO N12 mice were administered 3% DSS into the drinking water for the
development of acute intestinal inflammation for seven days. To assess the disease severity of
mice, clinical and macroscopic disease indicators were measured. Mouse body weight loss was
measured from day of initial DSS administration until the completion of the experimental time
course. In addition, fecal blood and diarrhea scores were assessed. There were no discernable
differences between WT and GPR132 KO N12 DSS-induced mice in terms of body weight loss

and fecal scores (Figure 5.1). Upon completion of the seven days of DSS administration the
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mesenteric lymph node volume was measured, and the colon length was assessed. DSS-induced
mice displayed expanded mesenteric lymph nodes when compared to untreated mice (~20 mm?
vs. ~8 mm?), respectively (Figure 5.1). Additionally, colon length was shortened in mice
provided DSS when compared to untreated mice (~4.5cm vs. ~7cm), respectively (Figure 5.1).
However, there was no significant differences between WT-DSS and GPR132 KO N12-DSS

groups for both mesenteric lymph node volume and colon length (Figure 5.1).
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Figure 5.1: Clinical parameters and macroscopic disease indicators. The effects of GPR132
deletion was assessed in the acute DSS-induced colitis mouse model. GPR132 deletion had no
effects on (A) body weight loss, (B) fecal score, (C) colon shortening, and (D) mesenteric lymph
node enlargement. WT-control (n=16), WT-DSS (n=19), GPR132 KO N12-control (n=10), and
GPR132 KO N12-DSS (n=10) mice. WT mice used in this analysis were randomly assigned for
comparison with G2A KO N12 mice and were duplicated from analysis used for GPR4 KO and
GPR65 KO acute DSS experiment groups. Each dot represents the data from an individual
mouse. Data are presented as mean + SEM and was analyzed for statistical significance using the

one-way ANOVA followed by Bonferroni post hoc. (**P < 0.01, *** P< 0.001).
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C.2 The role of GPR132 in chronic DSS-induced intestinal inflammation

In addition to investigating the role of GPR132 in acute intestinal inflammation, GPR132
deficiency was investigated in the chronic DSS-induced colitis mouse model. During the chronic
DSS-induced colitis experimental time course the body condition score was measured for WT
and GPR132 KO mice. More than 70% of GPR132 KO N12 mice reached human endpoint
parameters when compared to 10% WT mice and were humanely euthanized for macroscopic
disease parameter assessment (Figure 5.2). Body weight loss and fecal scores were also
measured daily. GPR132 KO N12 DSS-induced mice displayed heightened body weight loss and
fecal blood scores compared to WT-DSS mice. Furthermore, macroscopic disease indicators
were measured such as mesenteric lymph node volume and colon length. Interestingly, there
were no differences in mesenteric lymph node volume between WT-DSS and GPR132 KO N12
DSS groups (Figure 5.3). The colon length, however, was significantly reduced in GPR132 KO

N12 DSS mice compared to WT DSS mice (Figure 5.3).

Histopathological parameters such as leukocyte infiltration, edema, crypt damage,
architectural distortion, and total area of inflammation were assessed between WT and GPR132
KO N12 mice. Histopathological scores were most severe in the distal colon followed by the
middle colon and proximal colon segments, respectively. When GPR132 KO N12-DSS mice
were assessed the score of severity were significantly higher in each colon segment compared to
WT-DSS mice (Figure 5.4). Pathological fibrosis has been described in chronic DSS-induced
colitis mouse models. We investigated the degree of fibrosis in the colon of WT and GPR132
KO N12 mice. WT untreated mice were used as a baseline for scoring. The distal colon revealed

the highest degree of fibrosis followed by the middle and proximal segments. GPR132 KO N12-
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DSS obtained higher scores of severity then WT DSS mice in the distal and middle colon

segments (Figure 5.5).

GPR132 KO N12 mice were backcrossed with C57BI1/6J mice two additional generations
resulting in GPR132 KO N14 mice. The GPR132 KO N14 mice were initiated on the chronic
DSS-induced colitis mouse model to corroborate previous experiments with the GPR132 KO
N12 generation. GPR132 KO N14 DSS-induced colitis mouse body weight loss and fecal blood
score were measured daily. The GPR132 KO N14 chronic DSS-induced colitis results indicate a
mild phenotype when compared to previous GPR132 KO N12-dependent phenotypic sensitivity
to the DSS chemical insult. GPR132 KO N14 DSS-induced mice showed no significant
differences in body weight loss when compared to WT-DSS mice. However, fecal blood and
diarrhea scores were more severe in GPR132 KO N14 mice when compared to WT-DSS mice.
No significant differences could be observed between WT-DSS and GPR132 KO N14-DSS mice
with respect to mesenteric lymph node enlargement or colon shortening. These results suggest
the genetic background between the N12 and N14 generation contributes to differing degrees of

sensitivity to the DSS chemical insult.
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Figure 5.2: Mortality events in the chronic DSS-induced mouse colitis model. GPR132 KO
N12 DSS-induced mice displayed ~30% survival compared to ~90% survival of WT DSS-
induced mice. Data are presented as mean + SEM. WT-Control (n=20), WT-DSS (n=30),
GPR132 KO N12 control (n=11), and GPR132 KO N12 DSS (n=11) tissues were used for
analysis. WT mice used in this analysis are the sum of all mice included for comparison with
GPR4 KO and GPR65 KO chronic DSS experimental groups. Statistical analysis was performed

using the two-way ANOVA followed by Bonferroni post hoc. (*** P< 0.001)
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Figure 5.3: Clinical parameters and macroscopic disease indicators for GPR132 KO N12
mice in the chronic DSS-induced colitis mouse model. The extent of chronic DSS-induced
colitis in mice was assessed. (A) body weight, (B) fecal score, (C) mesenteric lymph node
volume, and (D) colon length were measured as parameters to gauge the disease severity in mice.
We observed GPR132 KO N12-DSS mice had heightened disease severity when compared to
WT-DSS mice. WT-control (n=11), WT-DSS (n=13), GPR132 KO N12-control (n=11), and
GPR132 KO N12-DSS (n=13) mice. WT mice used in this analysis were randomly assigned for
comparison with GPR132 KO N12 mice and were duplicated from analysis used for GPR4 KO
and GPR65 KO chronic DSS experiment groups. Each dot represents the data from an individual
mouse. Data are presented as mean + SEM and was analyzed for statistical significance using the
two-way or one-way ANOVA followed by Bonferroni post hoc. (*P < 0.05, **P < 0.01, *** P<

0.001).
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Figure 5.4: Histopathological analysis of colon tissues. Characteristic histopathological
features of colitis were assessed to further characterize the degree of intestinal inflammation.
GPR132 KO N12-DSS mice presented elevated disease parameters compared to WT-DSS mice.
Representative H&E pictures were taken for (A) WT-control, (B) WT-DSS, (C) GPR132 KO
N12 control, and (D) G2A KO N12-DSS mice. Graphical representation of (E) histopathological
parameters. WT-control (n=10), WT-DSS (n=10), and GPR132 KO N12-DSS (n=10). WT mice
used in this analysis were randomly assigned for comparison with GPR132 KO N12 mice and
were duplicated from analysis used for GPR4 KO and GPR65 KO chronic DSS experiment
groups. Data are presented as mean £ SEM and was analyzed for statistical significance using the

one-way ANOVA followed by Bonferroni post hoc. (*P < 0.05, *** P< 0.001).
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Figure 5.5. Pathological fibrosis quantification of colon tissues. Colonic fibrosis was assessed
to further characterize the degree of inflammation-association intestinal complications. GPR132
KO N12-DSS mice presented elevated fibrosis scores when compared to WT-DSS mice.
Representative picrosirius red pictures were taken for (A-C) WT-DSS and (D-F) GPR132 KO
N12 DSS-mice from the distal, middle, and proximal colon segments. Graphical representation
of (G) fibrosis score. WT-control (n=10), WT-DSS (n=10), GPR132 KO N12-control (n=11),
and GPR132 KO N12-DSS (n=9). WT mice used in this analysis were randomly assigned for
comparison with GPR132 KO N12 mice and were duplicated from analysis used for GPR4 KO
and GPR65 KO chronic DSS experiment groups. Data are presented as mean £ SEM and was
analyzed for statistical significance using the student’s t-test between WT-DSS and GPR132 KO

N12 DSS groups. (*** P< 0.001).
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Figure 5.6. Clinical parameters and macroscopic disease indicators for the G2A KO N14
generation in the chronic DSS-induced colitis mouse model. G2A KO N12 mice were
backcrossed two generations to establish the G2A KO N14 mouse colony. G2A KO N14 mice
display a mild increased severity when compared to WT mice. (A) Body weight, (B) Fecal blood
and diarrhea, (C) mesenteric lymph node expansion, and (D) colon length. WT-control (n=9),
WT-DSS (n=17), G2A KO N14 control (n=3), and G2A KO N14-DSS (n=17). WT mice used in
this analysis were randomly assigned for comparison with G2A KO N14 mice and were
duplicated from analysis used for GPR4 KO and GPR65 KO chronic DSS experiment groups.
Data are presented as mean + SEM and was analyzed for statistical significance using the two-
way or one-way ANOVA followed by Bonferroni post hoc. (*P < 0.05, **P < 0.01, *** P<

0.001).
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D. Discussion

GPR132 is a controversial family member of the pH-sensing GPCRs. Previously, studies
have shown protons can activate GPR132; however, the pH-induced activation of GPR132 was
described as minimal [83, 91]. Additional studies identified GPR132 as a receptor for oxidized
free fatty acids such as 11-hydroxyeicosatetraenoic acid (HETE) and 9-hydroxyoctadecadienoic
acid (9-HODE) and also bioactive lipids such lysophosphatidylcholine (LPC). Very recent studies
have identified GPR132 can sense and respond to extracellular lactate as well as microbial

metabolites such as N-acyl-3-hydroxy-palmitoyl glycine (commendamide) [89, 92, 93].

The aim of our work was to elucidate the functional role of GPR132 in acute and chronic
DSS-induced intestinal inflammation. Previous studies suggest GPR132 is a negative regulator
of inflammation [85, 91, 95, 96, 98, 193, 194]. As such, we hypothesized that GPR132 genetic
deletion would result in more severe intestinal inflammation. We evaluated two generations of
GPR132 KO mice (GPR132 KO N12 and GPR132 KO N14) for comparison to WT mice with
and without DSS-induced colitis. Interestingly, GPR132 KO N12 mice displayed no significant
clinical manifestations of heightened sensitivity to DSS when compared to WT DSS mice in the
acute DSS-induced colitis mouse model. A recent study published during the preparation of this
dissertation work investigated the effects of the genetic deficiency of GPR132 in the DSS-
induced acute colitis mouse model [193]. WT and GPR132 knockout mice were treated for 2-6
days with 3% DSS. GPR132 KO DSS-treated mice displayed exaggerated disease activity, body
weight loss, fecal scores, and colon shortening. This anti-inflammatory function of GPR132
observed in the DSS colitis mouse model was attributed to the increased production of IFNy
whereby monocyte inflammatory programs are reduced, and subsequent eosinophil-mediated

tissue injury is blunted.
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The central conclusion drawn from this recently published study on the effects of
GPR132 deficiency in acute DSS-induced colitis is not consistent with our results obtained from
the acute DSS-induced colitis model but is in line with our results from the chronic DSS-induced
colitis mouse model. The GPR132 KO N12 DSS mice from this dissertation work displayed
exaggerated sensitivity to the DSS insult when compared to WT mice. GPR132 KO N12 DSS
mice lost ~27% bodyweight by the final day of the chronic DSS model. Heightened fecal blood
and diarrhea scores also accompanied by the dramatic bodyweight loss. Following the course of
chronic DSS administration, mouse colon histopathology was evaluated. GPR132 KO N12 mice
had a heightened score of severity when compared to WT DSS mice. Furthermore, fibrosis was
evaluated and GPR132 KO N12 mice had more pathological colonic fibrosis when compared to
WT DSS mice. We next evaluated the GPR132 KO N14 generation in the chronic DSS induced
colitis mouse model. We observed no significant differences in mouse bodyweight loss in
GPR132 KO N14 mice but enhanced fecal blood and diarrhea scores when compared to WT
DSS mice. These results suggest differences in the genetic background of GPR132 KO mice may
contribute to the observed phenotype differences between GPR132 KO N12 and GPR132 KO
N14 generational sensitivity to the DSS chemical insult. Taking these results together with
Frasch et al [193], GPR132 seems to provide an anti-inflammatory role in intestinal

inflammation.

However, there are some distinct discrepancies between studies. First, as briefly
described above, we observed no clinical indicators of increased severity owing to GPR132
deficiency in the acute DSS-induced colitis model as we observed in the chronic DSS-induced
colitis mouse model. Second, minimal information is provided describing the genetic

background of the GPR132 KO mice with respect to WT control, which could contribute to
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differential DSS sensitivity between this dissertation work and Frasch et al. Other factors, such
as microbiome of the mouse colonies, diet, and microenvironments at different animal facilities,
could all contribute to the observed differential severity among the GPR132 KO DSS-induced

colitis models.

Taking this work in the context of current literature regarding the role of GPR132 in
intestinal inflammation, our work suggests GPR132 suppresses intestinal inflammation in the
DSS-induced colitis mouse model. However, additional studies are needed to delineate the

mechanism of GPR132 in intestinal inflammation.
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Chapter VI: General Discussion

This dissertation work aimed to evaluate the functional responses to genetic deficiency of
the pH-sensitive GPCRs GPR4, GPR65, and GPR132 in the acute and chronic DSS-induced
colitis mouse model. This IBD model closely resembles human UC. Loss of GPR4 resulted in
ameliorated parameters of disease severity such as body weight loss and fecal blood and diarrhea
in both acute and chronic DSS-induced colitis. In line with reduced clinical disease parameters,
GPR4 knockout (KO) mice had reduced mesenteric lymph node expansion and colon shorten.
These results are consistent with reduced inflammation in the DSS-induced colitis mouse model.
Loss of GPR4 reduced total histopathology in the colon and also significantly impeded
neutrophil, T-cell, and macrophage accumulation in the distal colon. We also indirectly assessed
GPR4 expression in non-inflamed and inflamed intestinal tissues though visualizing GFP as a
surrogate marker for GPR4 in GPR4 KO mice. We confirmed GPR4 is highly expressed in
intestinal vasculature. Interestingly, we observed GFP expression in some, but not all, intestinal
macrophages. The role of GPR4 in macrophages is currently unknown. We also observed a
significant correlation with heightened inflammatory gene expression, such as E-selectin and
COX-2, with GPR4 mRNA levels. Since we have previously shown GPR4 mediates acidosis-
induced endothelial cell (EC) inflammation and leukocyte-EC interactions, we evaluated EC
adhesion molecules VCAM-1 and E-selectin in inflamed tissues. We observed a GPR4
dependent increase of protein expression in intestinal microvascular ECs. We also assessed
GPR4 mRNA levels in patients with and without CrD and UC. A notable increase in GPR4
MRNA was observed in IBD samples when compared to non-inflamed intestinal samples.
Elevated GPR4 expression in IBD suggest GPR4 is involved in IBD pathology and could serve

as a therapeutic target. We investigated a novel GPR4 inhibitor in the acute DSS-induced colitis



mouse model. Mice provided the GPR4 antagonist displayed reduced disease parameters,
histopathology, EC-specific adhesion molecule expression, and inflammatory gene expression.
Collectively, we provide evidence GPR4 is a pro-inflammatory regulator of intestinal
inflammation and is a novel therapeutic target. Though this dissertation work provides valuable
insights built upon previous work performed from our group, further investigation into the

potential molecular mechanism by which GPR4 regulates intestinal inflammation is warranted.

Following the completion of this project, another group reported similar findings as to the
role of GPR4 during intestinal inflammation [195]. This group used both the DSS-induced colitis
mouse model and the 1L-10"" spontaneous colitis mouse model. They reported reduced disease
severity in mice devoid of GPR4 in both colitis mouse models. Interestingly, they observed a
reduced Th1 cellular infiltrate in the intestinal mucosa accompanied by reduced IFNy mRNA
levels. This group also independently confirmed our observations that GPR4 is expressed in
some mucosal macrophages using in situ hybridization. Provided the role of GPR4 is unknown
in macrophages and GPR4 expression is not observed in T cells, further investigation into the
role of GPR4 in macrophages are desirable. These observations of GPR4 expression in
macrophages and a reduced Th1 response in GPR4 deficient mice suggest there may be a role for

GPR4 in the classical activation of macrophages in 1BD.

However, most literature seems to indicate the predominate mechanism by which GPR4
regulates intestinal inflammation is likely mediated through EC activation. Our group has
recently demonstrated that GPR4 regulates acidosis-induced ER stress responses in vascular
endothelial cells [196]. Developing evidence from human IBD genetic risk data and mouse
models implicate the endoplasmic reticulum (ER) stress/unfolded protein response (UPR) as a

central pathway involved in intestinal inflammation [25, 197, 198]. The UPR is a response to an
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increase in unfolded or misfolded proteins in the ER during protein synthesis. Mild ER stress has
been shown to provide protective effects and allow cell adaptation, however, prolonged (severe)
ER stress can result in cell death and inflammation [199, 200]. There is accumulating evidence
suggesting UPR and inflammatory signaling pathways are interconnected in IBD [201].
Genome-wide association studies (GWAS) have provided new IBD susceptibility gene
candidates involved in the ER stress/UPR pathways which include XBP1, ORMDL3, and AGR2
[202, 203]. Variants in these ER stress related genes could increase risk of IBD development and
progression through inhibition of cell stress adaptation. Mice devoid of XBP1 and AGR2 within
the intestinal epithelium disrupt ER stress homeostasis and develop spontaneous intestinal
inflammation [204]. Additionally, ER stress/UPR genes Irel”", atf6”", and chop™ knock-out mice
have been studied using IBD mouse models and are involved in modulating intestinal
inflammation [204]. These animal studies have demonstrated a link between ER stress and
intestinal inflammation due to reduced epithelial barrier functions and pro-inflammatory
phenotypes of epithelial cells. Based on these evidences, ER stress/UPR appears to be involved
in both initiating and maintaining unresolved intestinal inflammation. The link between ER
stress and inflammation observed in intestinal inflammation highlights a potential general
mechanism of ER stress/Inflammation. Recently, ER stress/UPR has been directly connected to
local and systemic inflammation. Initiation of ER stress has resulted in the acute phase
inflammatory response, activation of NF-xB nuclear transcription factor, and mitogen-activated
protein kinase (MAPK) signaling in a variety of cell types and biological contexts [201]. These
observations suggest that ER stress can directly initiate inflammation. Several reports support
these observations in vascular endothelial cells as ER stress can increase the inflammatory

response leading to complications in several disease states such as atherosclerosis, diabetes
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mellitus, and diabetic retinopathy [205, 206]. However, the interaction between ER stress
signaling and inflammation has not been studied in intestinal microvascular endothelial cells
(IMECs) and has not been implicated in intestinal inflammation. Our group has recently
implicated GPR4 as a regulator of ER stress/inflammation in vascular endothelial cells (ECs)
[113, 114, 196]. Furthermore, this dissertation work has connected the involvement of this
receptor in potentiating intestinal inflammation in a mouse model of acute colitis. We have
demonstrated that GPR4 is expressed in a variety of ECs, including intestinal microvascular
endothelial cells (IMECs) and can fully activate all three arms of the ER stress response
pathways (ATF6, PERK, and IRE1) in vitro and increases pro-inflammatory mediators such as
vascular adhesion molecules, cytokines, chemokines, and functionally increases adhesion of
leukocytes to a variety of EC types [113, 114, 196]. However, the effects of GPR4 mediated ER
stress in IBD have not been investigated. GPR4 could be involved in regulating a novel
underlying mechanism connecting GPR4 dependent ER stress and inflammatory crosstalk with
unresolved vascular dysfunction in IBD. Future mechanistic studies could investigate if GPR4
can sense acidity in the mucosa of inflamed intestinal tissue and subsequently modify the

vascular inflammatory function through the ER stress response.

This dissertation work also provided new insights into the role of GPR65 in intestinal
inflammation using the acute and chronic DSS-induced colitis model. We compared WT mice
with GPR65 KO mice for both acute and chronic mouse models. We observed no significant
differences between WT and GPR65 KO mice in mouse body weight loss and fecal blood scores.
Macroscopic disease indicators, however, provided confounding results. GPR56 KO mice had
less colon shortening, indicating reduced intestinal inflammatory severity. However, GPR65 had

a trend in greater mesenteric lymph node expansion. These results suggested GPR65 does not
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have a significant role in the DSS-induced acute intestinal inflammation model. To observe the
role of GPR65 in a chronic colitis disease state, we used the chronic DSS colitis model. Our
results provided GPR65 with an anti-inflammatory role in IBD. Collectively, the mouse body
weight, fecal blood scores, mesenteric lymph node volume, and colon length were all more
severe in GPR65 KO mice compared to WT. Histopathological features and pathological fibrosis
were assessed and GPR65 KO mice were more severe when compared to WT. Additionally, the
numbers of neutrophils, T cells, and macrophages were evaluated in GPR65 KO mice. We also
used the same approach as above to indirectly assess GPR65 expression in non-inflamed and
inflamed intestinal tissues though the visualization of GFP as a surrogate marker for GPR65 in
GPR65 KO mice. GFP signal was observed in polymorphonuclear neutrophils, macrophages,

and lymphocytes.

Given the broad expression profile of GPR65 in the intestinal infiltrate, proposing a
singular potential mechanism of how GPR65 reduces chronic intestinal inflammation proves
difficult. As mentioned above, GPR65 has pleiotropic roles in the inflammatory programs among
different immune cell populations. Some reports have described GPR65 as a driver of Th17
mediated pathogenesis while others have shown GPR65 reduces macrophage activation and
possibly neutrophilic inflammation [82, 103, 104, 106, 207]. It is important to highlight the G-
protein activation status for GPR65. Reports have shown that GPR65 couples to Gas and Gi2/13
[106, 208, 209]. However, the majority of the described acidosis-induced cellular effects have
been proposed though the GPR65/Gas/cAMP/CREB-ATF-1 pathway. The role of cyclic AMP
(cAMP) has long been investigated in the role of immune cell function. Interestingly, inhibition
of phosphodiesterase 4, which is an intracellular enzyme involved in the degradation of cCAMP,

has been shown to reduce expression of TNF-a, IL-1p, IL-17, and NF-kB in the mucosa of
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patients with IBD [187, 210]. However, both pro- and anti-inflammatory effects have been
described for cAMP and these roles are seemingly cell type specific. For example, CAMP can
increase Nur77 expression in monocytes, which represses pro-inflammatory cytokines produced
from the pro-inflammatory Ly6C"9" type monocyte and skews monocytes toward the anti-
inflammatory Ly6C'*" type [211-213]. Also, cAMP has shown ability to reduce neutrophilic
extracellular traps for bactericidal action [214]. For evaluation of CAMP in professional antigen
presenting cells, CAMP reduces dendritic cell (DC) secretion of TNF-a, IL-17, and IFNy while
increasing IL-10 [215, 216]. Also, CAMP likely reduces cyclic nucleotide PDE4 expression in
DCs which can subsequently suppress Th17 differentiating cytokines IL-6 and TGFp. Several
studies have shown cAMP is critical for T regulatory activity and involved in reducing TCR
activation and subsequent T cell function [217, 218] [181]. Interestingly, however, CAMP
appears to provide a pro-inflammatory role during T helper differentiation by driving Th17 and
Th1 subsets, but not Th2 [219]. These observations could provide insights as to why GPR65
deficient mice have exaggerated intestinal inflammation in the DSS-induced colitis mouse
model. Loss of GPR65 could inhibit the anti-inflammatory role of the Gas/cAMP/CREB-ATF-1
pathway in macrophages, DCs, and neutrophils. However, since UC is not primarily a Th17
mediated inflammatory disease, though involvement has been demonstrated, the loss of the
potential pro-inflammatory role of GPR65 in Gas/cAMP/CREB would not be observed in mouse

disease severity in the chronic DSS-induced colitis mouse model.

Provided the distinct role of cCAMP/CREB pathway in regulating immune cell function
and the subsequent implication of GPR65 involvement in mediating these effects though the
Gas/cAMP/CREB-ATF-1 pathway, we sought to evaluate the acidosis/GPR65/Gas activation

status in distinct immune cell populations in vitro. We differentiated WT and GPR65-deficient
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mouse bone marrow progenitor cells to either macrophages or dendritic cells. To assess a
heterogenous population of T cells, we isolated WT and GPR65 KO mouse thymocytes. We
observed acidosis was capable of inducing CREB and ATF-1 phosphorylation in these immune
cell populations and that this increase was due in part to GPR65 as the loss of GPR65 blunted the
induction of acidosis-induced CREB and ATF-1 phosphorylation in these cell types. We next
centered our evaluation of investigating the functional role of acidosis/GPR65 in bone marrow
derived macrophage (BMDM) proliferation and migration. Acidic pH reduced BMDM
proliferation and migration toward chemoattractant C5a in WT BMDMs. However, the loss of
GPR65 resulted in a recovery of BMDM proliferation and migration suggesting GPR65 reduces
these functions in naive macrophages. We next endeavored to assess the function of
acidosis/GPR65 in macrophages polarized to either the pro-inflammatory M1 phenotype or anti-
inflammatory M2 phenotype. GPR65 KO M1 BMDMs had elevated TNF-a mRNA expression,
but not IL-1p when compared to WT M1 BMDMs. These results suggest GPR65 may have
moderate effects in the reduction of M1 macrophage activity. For the M2 macrophage
phenotype, loss of GPR65 increased expression of arginase 1 and FIZZ1 mRNA under acidic pH
conditions in BMDMs. These results suggest acidosis/GPR65 reduces M2 macrophage activity.
These results seem contradictory to the purported anti-inflammatory role of GPR65 in
macrophage function. However, the M2 macrophage has pleotropic roles in antibacterial
functions. Increased M2 macrophage phenotypes in inflamed tissues have classically been
implicated in regulating inflammation through increased anti-inflammatory cytokines and
reduced pathogen killing functions [220, 221]. M2 macrophages are also central for the
promotion of wound healing following tissue damage. Some reports suggest M2 macrophage

function in IBD could promote impaired pathogen clearance and thereby sustain intestinal
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inflammation [222-224]. Also, M2 macrophages have been implicated in IBD-associated
pathological fibrosis from continual wound repair. In addition to arginase 1 and FIZZ1
expression analysis in acidosis stimulated BMDMs, we also measured IL-10 mRNA levels. At
physiological pH, IL-10 mRNA was reduced in GPR65 KO M2 BMDMs when compared to
WT. This suggests GPR65 contributes to M2 driven IL-10 secretion. Interestingly, acidosis
reduced the IL-10 cytokine expression in M2 BMDMs, however, there was no further reduction
of IL-10 mRNA in GPR65 KO BMDMs. We did not, however, evaluate the role of
acidosis/GPR65 in M1/M2 macrophage polarization and subsequent immunomodulatory

functions.

Taken together, GPR65 appears to protect against DSS-induced chronic colitis. The
molecular mechanism, however, has yet to be fully uncovered. The role of GPR65 in the
amelioration of colitis may very well involve modulating macrophage inflammatory programs.
Future studies should be performed to evaluate the specific contribution of GPR65 in particular
immune cells specific to the mucosal immune system. Additional IBD animal models with
different mechanisms for colitis induction should also be explored whereby GPR65 contribution
could be further delineated. For example, adoptive transfer of WT and GPR65 KO CD45R"9" T
cells into RAG1 deficient hosts or reciprocally adoptive transfer of WT CD45RM9" T cells to
RAG1/GPR65 double knockout mice could provide insights into the GPR65/T-cell contribution

to intestinal inflammation.

Provided both GPR132 and GPR65 are highly expressed on leukocytes, and that both
have pH-sensing capabilities, we sought to investigate the functional role of the GPR65 proton-
sensing family member GPR132 in intestinal inflammation. As previously described, however,

the pH-sensing capability of GPR132 is considered moderate. More recent reports indicate

232



ligands other than protons are the primary mediators of GPR132 activity and subsequent cellular
functions. These ligands, in part, include bioactive lipids such as LPC and commendamide.
Further ligands include certain oxidized free fatty acids like 9-HODE and HPODE, HETE [59,
83, 86, 89, 93, 189, 190]. Recently, lactate has also been proposed to activate GPR132 [92].
Many of these endogenous ligands are present in the gastrointestinal system and are mediators of
the inflammatory response, and in addition to protons, suggest GPR132 could mediate intestinal
inflammation though sensing cellular metabolic byproducts (protons and lactate), bioactive
lysophospholipids (LPC and commendamide), and oxidized free fatty acids (9-HODE) in the

intestinal tissues.

We evaluated GPR132 deficient mice backcrossed into the C57BL/6 genetic background
twelve generations during acute and chronic DSS-induced experimental colitis. Mouse body
weight loss and fecal blood scores were evaluated daily for seven days. We observed no
significant differences in body weight loss or fecal severity scores between WT and GPR132 KO
N12 mice. Additionally, no significant differences were observed in mesenteric lymph node
expansion and colon length between WT and GPR132 KO N12 mice following the seven-day
DSS colitis induction. Interpretation of these results indicate GPR132 deficiency does not affect
clinical manifestations of intestinal inflammation in the acute DSS-induced colitis model. We
next endeavored to assess the functional role of GPR132 in the chronic DSS colitis model by
assessing the disease severity indicators. Initial observations indicated that the genetic deficiency
of GPR132 resulted in dramatic disease progression. More than 70% of GPR132 KO N12 mice
reached the humane endpoint before the experimental endpoint when compared to 10% in WT
mice. These observations suggested GPR132 has a protective role during chronic DSS chemical

exposure. In line with the higher mortality events observed in GPR132 KO mice, body weight
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loss and fecal blood scores were more severe than observed in WT mice. Histopathological
analysis of colon tissues also revealed heightened severity in G2A KO mice compared to WT.
We next backcrossed the GPR132 KO N12 generation two additional generations resulting in
GPR132 KO N14 mice. We then initiated the GPR132 KO N14 mice in the chronic DSS-
induced colitis model. We observed GPR132 KO N14 displayed a modest heightened severity to

the DSS chemical insult when compared to WT-DSS induced mice.

The results obtained from the GPR132 KO N14 compared to the GPR132 KO N12 mice
were supportive of our overall conclusion that GPR132 provides a protective role during
intestinal inflammation. However, the differences in the degree of severity between GPR132 KO
N12 and N14 mice were markedly different. Following the completion of these experiments,
Frasch et al published a research article whereby WT and GPR132 KO mice were used in the
acute DSS-induced colitis mouse model [193]. Results from Frasch et al were supportive of the
data we observed from the GPR132 KO N12 and N14 mouse experiments in the chronic DSS-
induced colitis mouse model. However, where Frasch et al observed a strong phenotypic
sensitivity to the DSS insult in the acute DSS mouse model, our results only presented
differences in mouse severity during the chronic DSS model. Frasch et al, however, did not
include detailed information regarding the genetic background such as how many generations the

GPR132 KO mice were bread into the C57BI/6 background.

Taking both our results and that of Frasch et al into consideration, it appears the genetic
background of the GPR132 KO mice is a contributor to the observed phenotypes in either the
acute or chronic DSS-induced colitis mouse models. Other factors, such as DSS potency,
microbiome of the GPR132 KO mouse colonies, diet, and microenvironments of different animal

facilities could also contribute the differing severities observed. Future directions for the
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delineation of the role that GPR132 plays in regulating intestinal inflammation will both center
on determining the contribution of the genetic background on the mouse phenotype and also
determining the underlying mechanism by which G2A protects against intestinal inflammation.
To overcome these complications, alternate animal models can be used with different modes of
colitis induction as well as modulating the current genetic background of the GPR132 KO mice.
The DSS-induced colitis mechanism of action is broad, namely, the nonspecific damage of the
intestinal epithelia and subsequent inflammatory response to infiltrated bacteria and luminal
antigen. This presents a greater chance of penetrance of unknown mutations which may have
contributed to the heightened sensitivity to DSS chemical (GPR132 KO N12) or mild sensitivity
(GPR132 KO N14) observed. As described above, in addition to the inducible modes of colitis
induction there are animal models where the spontaneous development of colitis occurs. In
particular, the IL-10 knockout model or adoptive transfer models could be useful for the
evaluation of spontaneous development of colitis not initially occurring from a chemical insult.
However, these animal models will require time, effort, and resources. Furthermore, the genetic
contributions of the differing degrees of DSS sensitivities observed between N12 and N14
GPR132 KO generations are unknown and may continue to alter the phenotypes in spontaneous

colitis animal models.

Previous publications have described differing sensitivities to the DSS chemical insult
based on mouse strains [123]. For example, the C3H and C57BL/6 mouse strains are the most
susceptible to DSS-induced colitis showing severe inflammation in the cecum, proximal, middle,
and distal colon segments. On the other hand, BALB/C and CBA/H mouse stains show severe
inflammation predominately restricted to the distal colon segment. Breeding the C57BL/6

GPR132 KO mice into the less susceptible BALB/C or CBA/H mouse strains for at least six
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generations could reduce the penetrance of unknown mutations in either the N12 or N14
GPR132 KO C57BL/6 mice. The WT littermates and GPR132 KO N6 BALB/c or CBA/H mice
could be compared in the chronic DSS-induced colitis mouse model. On the other hand, further
efforts to continue to backcross the GPR132 KO N14 mice additional generations into the
C57BL/6 background could also eliminate potential mutations which provide differing

sensitivities to the DSS-chemical insult.

In addition to addressing concerns over the contributions of genetic background to mouse
phenotypes, effort must also be made to delineate the mechanism whereby GPR132 reduces
severity of intestinal inflammation [116, 117]. Several previous reports provide insights into the
potential anti-inflammatory role of GPR132. T regulatory cells are critical for proper immune
homeostasis and dysregulation of Tregs have been implicated in IBD. A GPR132 ligand, LPC,
was shown to increase human T regulatory immunosuppressive functions [194]. LPC increased
Foxp3 expression and also upregulated TGF-B1 mRNA levels. Genetic knockdown of GPR132
in Treg demonstrated that the enhanced LPC-induced Treg immunosuppressive function was
mediated through GPR132 activation. This paper presents a possible mechanism for the observed
functional role of GPR132 in intestinal inflammation. GPR132 could enhance Treg function in
IBD and contribute to dampening mucosal inflammation. Another potential mechanism by which
GPR132 could be implicated in suppressing intestinal inflammation is T cell activation and
proliferation. As described earlier, GPR132 was originally shown to inhibit cell cycle
progression through the G2/M phase. In line with this early observation, a group reported that
GPR132 KO mice developed a late-onset autoimmune syndrome characterized by heavy
leukocyte infiltration into the liver, lung, and kidney, among others [85]. Furthermore, GPR132

KO mice developed an enlarged spleen with heightened expansion of CD4+ and CD8+ T cells.
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T cells isolated from the spleen of GPR132 KO mice were hyperresponsive to anti-CD3/CD28 T
cell receptor stimulation and resulted in increased T cell proliferation. These results suggest
GPR132 could serve a central role in suppressing T cell activation and proliferation in IBD.
These aspects could be further evaluated in future studies to delineate potential mechanisms by

which GPR132 suppresses intestinal inflammation.

In conclusion, this dissertation work evaluated the role of proton sensors GPR4, GPR65,
and GPR132 in both the acute and chronic experimental colitis mouse models. Previous studies
have already provided a pro-inflammatory role for GPR68 in intestinal inflammation. Our results
indicate GPR4 potentiates intestinal inflammation likely by mediating leukocyte extravasation
into the intestinal mucosa. GPR65, on the other hand, appears to suppress intestinal inflammation
likely though reducing immune cell activation. Our results seem to provide an anti-inflammatory
role for GPR132 in intestinal inflammation, which is supported by a recent publication by Frasch
et al. This report also provides an immunosuppressive role for GPR132 in intestinal
inflammation. Taking the collective contribution of the entire family of pH-sensing GPCRs in
intestinal inflammation together, there appears to be a balance between inflammatory
contribution (GPR4 and GPR68) and protection (GPR65 and GPR132) during intestinal
inflammation. Based on the purported equally distributed pro-and anti-inflammatory roles
amongst the pH-sensing GPCR family members, one could hypothesize that in the context of the
inflammatory loci acidosis/pH-sensing GPCR activation would have no functional consequence.
These observations are intriguing when considering the involvement of each pH-sensing GPCR
family member within the roles of the cell type in which they are natively expressed. As
described above, the intestinal mucosal immune system is in a constant state of “physiological

inflammation” whereby bacteria are eliminated and immunoregulatory functions exist to prevent
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chronic, uncontrolled inflammation in response to the large number of bacteria in the gut. The
colonic interstitial tissue pH is largely within physiological range and thereby provides minimal
activation of the pH-sensing GPCRs. The differing roles of each pH-sensing GPCR during
intestinal inflammation, whereby local acidosis exists, could manifest based on the current stage
of the inflammatory response and whether the pathogenic insult can be effectively removed. For
example, following active inflammation whereby leukocytes have accumulated in the site of
inflammation, acidosis likely serves as an endogenous danger signal to alert the immune system
following bacterial overgrowth or tissue damage. GPR4 will contribute to the initial and
continual influx of leukocytes which subsequently augment tissue inflammation by host
vasculature. Once the immune cells get to the site of inflammation, they too will exist in the
acidic inflammatory loci. GPR65 likely impedes the inflammatory response as a checkpoint to
prevent chronic, uncontrolled inflammation and mediate effective resolution following the
inflammatory response. However, literature seems to suggest GPR65 has pro-inflammatory roles
in Th17 cells which could implicate GPR65 as a driver in Th17 mediated inflammatory diseases.
One potential explanation for the dual roles of GPR65 in differing immune cell populations
could be due to the evolution of the adaptive immune system. As described previously, GPR65
immunosuppressive role in innate immune cells is consistent with the role of cyclic AMP
(cAMP), a downstream second messenger of Gas, in cells of the innate immune system.
Interestingly, bacteria and some fungi have taken advantage of the anti-inflammatory function of
CcAMP though the introduction of microbial adenylyl cyclases to intoxicate phagocytes with
preformed cAMP to suppress inflammation. GPR65 could be conserved in the molecular
evolution of the adaptive immune system where cAMP has shown to enhance anti-bacterial

functions for these certain bacteria. These collective functions of both GPR4 and GPR65 would

238



serve for the effective removal of the inflammatory stimuli and resolve inflammation for the
maintenance of intestinal homeostasis. However, if these processes are perturbed then the

proton-sensing GPCRs could serve as inflammatory mediators.
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APPENDIX A: Animal use protocols

M East Carolina University.

Animal Care and
Use Commitee

212 Ed Warren Lile
Sderces Busding

Erst Carolina Ureversity
Greenville. NC 27834

252-744-2436 office
252-744-2355 lax

June 10, 2014

Kvin Lertpiriyapong, DVM
Department of Comparative Medicine
208 Life Sciences Building

ECU Brody School of Medicine

Dear Dr. Lertpiriyapong:

Your Animal Use Protocol entitled, "Roles of G-Protein Coupled Receptor Genes in
Inflammatory Bowel Diseases and Gastrointestinal Carcinogenesis” (AUP #Z157) was
reviewed by this institution's Animal Care and Use Committee on 6/10/14. The following
action was taken by the Committee:

"Approved as submitted"
*Please contact Dale Aycock at 744-2997 prior to hazard use*®

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol.
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies. Please ensure
that all personnel associated with this protocol have aceess to this approved copy of
the AUP and are familiar with its contents.

Sincerely yours,

S h

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SM/jd

Enclosure



a

5 2 G Animal Car:
East Carolina University fotcore
Tomorrow starts here. 212 Ed Warren Life
Sciences Building
East Carolina University
Greenville, NC 27834-4354

April 25,2017
| 252-744-2436 office
F | 252-744-2355 fax
Li Yang, Ph.D.
Department of Internal Medicine
Brody 3E-127

East Carolina University
Dear Dr. Yang:

Your Animal Use Protocol entitled, "Roles of G-Protein Coupled Receptor Genes in
Inflammatory Bowel Diseases and Gastrointestinal Carcinogenesis” (AUP #7157a) was
reviewed by this institution's Animal Care and Use Committee on April 25, 2017, The
following action was taken by the Committee:

"Approved as submitted”
“Please contact Aaron Hinkle at 744-2997 prior to hazard use*

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol,
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencics. Please ensure
that all personnel associated with this protocol have access to this approved copy of
the AUP and are familiar with its contents,

Sincml(y% %&’z‘p

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SMr/jd
Enclosure
Fase Carolina U, yisa ioa of the
University of North Caroling. An equal opportunity univecsity. WWW.eCU.edU
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APPENDIX B: Biological safety protocols

Laboratory Safety Plan for Dextran Sulfate Sodium Salt (DSS) Administration in mice

*Process Dex Ifate Sodi 1 inw f mi
*Hazardous Chemical/ Dextran Sulfate Sodium Salt
Chemical Class
Hazard Class: Non-hazardous
*Hazardous Equipment N/A =
*Potential Hazards May be harmful if ingested. Slight possibility of irritation to

respiratory tract,

*Personal Protective

Safety glasses/goggles; chemical resistant gloves (e.g. n_itrﬁJ). non or

Equipment low permeation disposable gowns; close toed shoes, long pants

*Engineering and Ventilation | Handling and preparation from powder to solution should be

Controls completed in a certified chemical fume hood/biosafety cabinet. Before
removing from hood, wet wipe and ensure container is securely closed.

Designated Use Area for Substance is considered non-hazardous,

Carcinogens, Reproductive

Toxins or Acute Toxins

Special Use Procedures N/A .

Special Handling and Storage | This material should be stored in a tightly sealed container in a cool,

Requirements dry, well-ventilated arca. Store with chemicals of same hazard
classification. Store at 15-30°C away from ignition sources.

*Spill and Accident For small spills dilute with water and use absorbent material to clean

Procedures spill area. Place used material in an appropriate waste container for

EH&S pickup and ventilate area, If large spills, contact EH&S for
cleanup.

*Waste Minimization Plan

Use minimum amount of chemicals for each experiment

*Hazardous Waste Disposal

Diluted amounts of DSS (amounts in water bottles) can be drained
disposed with copious amounts of water. Ifundiluted or powder form,
discard through EH&S Hazardous Waste Management.

Decontamination Procedures

If necessary hood will be decontaminated at the end of each work
session wiping interior surface from top to bottom then back to front.

Animal Care Precautions

Animal care workers should wear standard PPE.

*Chemical Procurement

| Smallest quantity required will be purchased

e

*Revision Date

June 20, 2013
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Laboratory Safety Plan for GPR4-Inhibitor Compound 13

*Process Oral dose of GPRA-Inhibiior Compound 13 ]
| *Hazardous GPR4-inhibitor compound 13
Chemical
Target Organ: GPR4 gene and inflammatory genes
Chemical Class B i
*Hazardous N/A
_Equipment
*Patential Hazards Prolonged or repested contact may causc skin or eye ritation. Harmful if ingested or
inhaled. [tis a drug that is used to suppress the increase in expression of a number of
inflammatory genes regulated by frem-the encedsd GFR4 gene.
«Personal Protective | Chemical safety glasses/goggles; chemical resistant gloves (eg. Nitsile), full buttoned
Equipment front or back closing Jab coat; long pants, closed loed shos.
*Engineering and All handling and preparation will be in a centified fume haod/ biosafety cabine: under

Ventilation Controls

sterile conditions. The floor of the hood will be covered with plastic backed paper
liner, All extrangous equipment will be removed from the hoad before work begins.
All equipment required for preparing the solutions shosld be i place before
continuing with chemical. Containers conteining these malerials can only be removed

from flime hood if tightly capped and the exterior wel wipsd,

Designated Use Aren
of Carcinogens,
Reproductive Toxing
or Acufe Toxing

N/A

Special Use
Procedures
Special Handling and
Storage
Requirements

Conlainer of this chemical should be removed from hood ealy when tightly capped.
Store away from incompatibles: Acids, bases, and axidrzers

Avoid pralonged contact with skin or eyes, Wash hands thoroughly after handling.
Avoid contact with acids, bases, and oxidizers. Shouid be kept below 40 degree
Celsius at all limes, Keep container tightly closed ina dry and well-ventilated placc.
Keep in a dry plage. Keep away from freezing and extreme heal.

“Spill and Accident
Procedures

Clean spills only if proper materials are available and il rescarcher is properly Irained
ta do 30, All other spitls should be reported 1o EH&S for clean-up. Avoid breathing
vapors, mist, or gas. Ensure adequate ventilation i present. Prevent further leakage of
spillage if safe to do so. Do net let product enter drains. Pick up and arrange disposal
in a lightly sealed container, Sweep up and shovel. Keep in suitable, closed containers
for disposal. PPE as listed above must be worn during spil] and accident procedures.

*Waste Minimization

Use minimum amount of chemicals for each experiment

P § Pk

Plan

*Hazardous Waste Disposable of hazardous waste shall be completed by EH&S Waste Management,

Disposal Collect and store hazardous waste according to fedenl, state and university
regulations, Empty containers should be rinsed thee times with warer and disposed
as iornal trash, R

Decontamination If necessary hood will be decontaminated by removing the paper liner and wiping the

Procedures hood interior surfaces from top to bottom then back lo front with soap and water.
(PPE as listed above must be wom during deceniamination.)

Animal Care Animal care workers in this area should wear stendard required PPE.

Precautions

*("hemical Smallest quantity required will be purchased

Procurement _

*Revision Date | July 20, 2017

Hew /17
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