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Abstract Intestinal Mesenchymal stromal cells (fibroblasts, myofibroblasts and their progenitors) have
recently emerged as key players in the interplay between the microbiota and professional immune cells
under homeostasis and chronic inflammation. Initiation of microbial interactions with host cells, including
stromal cells, requires myeloid differentiation factor 88 (MyD88). Overall, MyD88-dependent
interactions between the microbiota and the host is reported to contribute to epithelial barrier restoration
via repositioning of mesenchymal stromal cells producing COX-2/PGE-: during injury. However, whether
MyD88 signaling in mesenchymal cells is involved in this process is not known. Moreover,
mesenchymal cell MyD88 signaling is involved in mucosal tolerance via suppression of type 1 adaptive
immune responses. However, the impact of MyD88-dependent signaling within mesenchymal stromal
cells on professional innate immune cells such as macrophages within the gut mucosa is poorly
understood. Therefore, in this project | evaluate the hypothesis that MyD88-mediated signaling in
mesenchymal stromal cells is required for the control over inflammatory responses in the colon. To test
this hypothesis, | used primary human mesenchymal cells in culture, as well generated several
mesenchymal stromal cell-specific MyD88-inducible knockout mice under homeostasis and in a model
of acute colitis using DSS. Histological analysis was used to determine inflammatory and fibrotic
changes in the colonic mucosa. The intracellular and cellular responses were analyzed by using
RNAseq, qRT-PCR, ELISA, western blot, cytokine/chemokine multiplex array, flow cytometry, and
confocal microscopy. In our first aim, | found that deletion of MyD88 within mesenchymal stromal cells
in vivo resulted in inflammatory changes and increased fibrosis within the colonic mucosa as well as
moderately aggravated DSS induced acute colitis. In addition to IBD-type dysbiotic changes of the fecal
microbiota in mice lacking MyD88 within mesenchymal stromal cells, RNAseq analysis of the colonic
mucosa from these mice revealed changes in pathways controlling epithelial barrier maintenance and
innate and adaptive cell inflammatory responses in DSS-treated and non-treated animals. In order to
understand how stromal cell-intrinsic MyD88 signaling activated by the microbiota contributes to the
regulation of intestinal homeostasis and how it is disrupted during the immunopathogenesis of IBD, we
used Lactobacillus rhamnosus GG (LbGG) as a representative species of normal beneficial gut
microbiota. | demonstrated that mesenchymal stromal cells isolated from the normal human colonic
mucosa responded to LbGG with activation of the eicosanoid pathway resulting in increased expression
of COX-2 mediated PGE2. Similar observation were made in vivo, using a murine model. | also show
that in culture and in vivo this process requires MyD88 signaling within mesenchymal stromal cells.
Taken together, these data suggest that mesenchymal stromal cells are among the major contributors
to the increase of COX-2-mediated PGE: in response to the normal microbiota, contributing to the
maintenance of mucosal homeostasis in the colon via MyD88. In experiments performed in my second
aim, the inflammatory changes observed in our initial RNAseq analysis were associated with increased
infiltration of F4/80*CD11b* macrophages. Increase in CX3CR1"$"CCR2* macrophages producing
TNF-a was also observed and depletion of the macrophages with clondronate resulted in a decrease
in total TNF-a levels within the colonic mucosa. This suggests that there is increased chemotaxis of
inflammatory macrophages to the colonic mucosa. In conclusion, my data from my work suggest that
MyD88 signaling within mesenchymal stromal cells contributes to colonic mucosal homeostasis through
the production of PGE2 and the suppression of the influx of TNF-a and IL-6 producing inflammatory
macrophages.
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CHAPTER 1. GENERAL INTRODUCTION

Objective of the dissertation

My dissertation project is focused on the role of MyD88 signaling in colonic mucosal stromal
cells otherwise known as (myo-/fibroblasts, MF) in the regulation of intestinal homeostasis and
how it is disrupted during inflammation relevant to the immunopathogenesis of Inflammatory
Bowel Disease (IBD). In Chapter I, | will introduce several common concepts relevant to the
field of my study, current knowledge in the field, and identify the major gap in knowledge. In
chapter Il, using Lactobacillus GG (LbGG) as a model organism for the normal colonic flora, |
describe the role of stromal cell-intrinsic MyD88 signaling in the maintenance of colonic
homeostasis through the interaction with the gut microbiota and subsequent influence on
inflammatory processes. Chapter Il focuses on the influence of mesenchymal stromal cell
MyD88 signaling to the maintenance of homeostasis and during the inflammation relevant to
the immunopathogenesis of IBD through the interaction with macrophages. In chapter IV, | will
discuss the overall biological and translational significance of the obtained results, and provide
conclusions and future directions for my project. Briefly, my work demonstrates that
mesenchymal stromal cell-intrinsic MyD88 signaling participates in the maintenance of the
epithelial barrier, gut microbiota populations, and in the suppression of inflammatory
responses attributed by inflammatory macrophages in both in homeostasis and IBD-relevant

colitis animal model.
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Host-microbiota interactions and intestinal homeostasis.

The gastrointestinal tract is inhabited by a large number of microorganisms including viruses,
fungi, and over 1000 species of bacterial that are collectively called the microbiome[1]. In the
healthy human gut bacteriome the Firmicutes phylum is more prevalent over Bacteroidetes.
However, during dysbiosis this balance is inversed[2] Diversity in the microbial composition
exists between individuals, but the fundamental role in of the microbiota in nutrition,
metabolism, and resilience to pathogens is conserved because of the overall metagenomic

expression of the sum of the microbiota[3].

Interplay between normal gut microbiota and the host is not only essential for the digestion
and absorption, but also critical to the development of the innate and adaptive immunity,
especially in the context of the mucosal tolerance, which is critical to homeostasis in the
host.[4] These homeostatic host-microbe interactions have been shown to be implicated in
both the promotion of beneficial microbiota growth and inhibition of colonization of the gut
by pathogenic and opportunistic bacteria.[4-6] It is clearly established that complex
interactions between the microbiota and the host innate immune cells, including non-
professional immune and adaptive immune system, cooperate to maintain intestinal
homeostasis. Although, most of the knowledge about the specific mechanism(s) that drive
these interactions are drawn from the exploration of the immune responses to pathogenic
microbes in the inflammatory settings.[6] Thus, there is a need to determine the mechanisms
of how innate cells engaged in this homeostatic dialogue with commensal microbiota to
prevent maintain homeostasis and how dysbiosis contribute to the dysregulation of the innate

immune cell functions during the onset/progression of the inflammation in the gut.

Inflammatory Bowel Disease epidemiology, pathophysiology, and treatment.
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Inflammatory bowel disease (IBD) is a complex and chronic disease associated with a
dysregulated immune responses to environmental triggers (in particular dysbiotic microbiota)
in the genetically susceptible host. IBD is a chronic ~ !flammatory bowel disease

incurable disease that primarily effects people in
developed countries, with 3 million children having
been affected in the United States [7-9]. The two
major types of IBD, Crohn’s disease (CD) and

ulcerative  colitis (UC), represent distinct

pathophysiological entities. In particular, CD is o

characterized by discontinuous transmural

ulceration and fibrosis of the gastrointestinal (Gl) ‘W//

tract, and is associated with frequent relapsing

flares that result in diarrhea, abdominal pain, and
rectal bleeding.[10] In contrast to CD, inflammatory
changes in UC are more restricted to the colonic

mucosa, while CD inflammation may affect all

Figure 1. IBD is a chronic inflammatory
disease that primarily affect  the
gastrointestinal tract. The 2 major forms of
IBD are Crohn’s Disease and Ulcerative Colitis.
Adopted from Friedrich MJ. Inflammatory Bowel
Disease Goes Global. JAMA. 2018;319(7):648.
doi:10.1001/jama.2018.0365

layers of the intestinal wall.[10, 11] Up to 50% of patients with CD experience complications
associated with continuous ulceration, such as: fistula, abscess, and fibrostenoic strictures
[12, 13]. As a result of these complications, most patients with CD require surgery at least

once in their lifetime [14]. More recently, UC was also associated with mild fibrosis that is

linked to the severity and chronicity of inflammation [15].

However, the development of fibrosis in ulcerative colitis has remained largely unexplored

[16]. While the full mechanism of fibrosis is far from understood, it is clearly established that

IBD fibrosis is characterized by an exaggerated response and by accumulation of collagen-

rich but abnormally reorganized extracellular matrix (ECM).[17]
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Another chronic intestinal inflammatory disease known as microscopic colitis (MC) is
commonly under-
recognized in clinical
practice [18]. MC is
characterized clinically by

chronic non-bloody

diarrhea and histologically

Figure 2. Microscopic colitis is characterized histologically by

by two features- two features- collagenous and Iymphocytic colitis. (A)
Lymphocytic colitis with a significantly increased number of surface
collagenous and intraepithelial lymphocytes (IELs) and no crypt architectural

distortion.( B) Masson trichrome immunostaining highlight the
lymphocytic colitis (Figure  collagen band and illustrate the characteristic jagged appearance at

the deeper border. Adapted from C. Langer. Histology of
2)[19]. However, recent microscopic colitis-review with a practical approach for pathologists.

Histopathology. 2015 Apr;66(5):613-26. doi: 10.1111/his.12592.
studies have identified a
significant genetic overlap of MC with CD, suggesting a common underlying mechanism for
these diseases. Thus, both subtypes of MC were recently proposed to be included as a
subcategories of IBD. Finally, it has been observed that recurrent MC may precede the
development of CD or UC. Thus, presentation of recurrent MC symptoms leads to the

evaluation for other types of IBD. However, very little is known about the etiology and

pathophysiology of the MC and how it may progress to UC or CD.

Since there is no cure for IBD, the aim of current therapeutics are not to cure the disease, but
to achieve disease remission in order to improve quality of life. Current therapeutics involve
the use of anti-inflammatory aminosalicylates, corticosteroids, immunosuppressants such as
6-mercaptopurine or cyclosporine, biological monoclonal antibodies against TNF-alpha, and
partial or total surgical resection of the intestine in cases where these therapeutics are
unsuccessful. [20, 21] Evaluation of the changes in the IBD intestine’s barrier function, gut
microbiota, matrix remodeling, macrophage and lymphocyte activation, homing and retention
may result in the discovery of potentially novel therapeutic [22]. However, despite the improved

efficacy of novel standard of care drugs, such as biologics, to control inflammation, little of
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progress has been made to prevent progression of intestinal inflammation and subsequent
fibrosis in IBD.[17] In summary, many challenges remain in understanding the mechanisms
that contribute to the initiation and chronicity of IBD and its associated diseases. This gap in
knowledge precludes the development of curable therapeutic strategy against these

devastating diseases.

IBD Etiology: role of microbiota and innate immune system in the initiation or the

disease.

Although the etiology of IBD remains elusive, it is established that a combination of

environmental factors, result in

the alteration of the gut

Immune
microbiota, mucosal barrier . ong System
defects, and leads to overt Disturbance

inflammatory activation of innate

and adaptive immune cells in

Environmental
genetically susceptible Triggers

individuals[23]. In IBD,

dysregulated permeability of the  Figure 3. IBD is a chronic multifactorial disease. Genetic
_ _ ) ) ) _ predisposition, environmental triggers, microbiota, and
intestinal epithelial barrier (EB) in  immune responses contribute to the disease pathogenesis.
Adapted from Loddo, I., & Romano, C. (2015). Inflammatory
a hyper-immune reactive Bowel Disease: Genetics, Epigenetics, and Pathogenesis.
Frontiers in immunology, 6, 551.
environment sets the stage for  doi:10.3389/fimmu.2015.00551
immunopathogenesis. Intestinal permeability is regulated at the luminal face by linkage of
intestinal epithelial cells (IEC) via tight junctions (TJ) and adherens junctions (AJ) (Fig.3)[24,
25]. Changes in the diversity of the microbiota (a.k.a. dysbiosis) contributes to
immunopathogenesis of IBD[26]. The microbiota can help preserve intestinal EB integrity by

promoting the maintenance of TJ, promoting epithelial repair, and by forming the stem cell
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niche that regulates turnover of enterocytes[24-26]. The chronic mucosal inflammation in both
CD and UC result in hyperactivation of innate and adaptive immune cells, which produce high
levels of pro-inflammatory cytokines including, but not limited to, TNF-a, IL-1B, IL-6, as well
type 17 cytokine IL-17A.[27-29] Additionally, increase in the type 1 cytokine IFN-y produced
mostly by CD4* T helper (Th) and innate lymphoid cells (ILCs) was observed in CD. In
contrast, increase in IL-5 and IL-13 produced by Th2, NKT, NK and ILCs was observed in
UC. This burst of inflammatory cyotkines results in intestinal tissue damage.[27-29]
Furthermore, IBD-associated susceptibility cytokine loci are involved in the regulation,

development and function of intestinal Th and regulatory T cell (Treg) subsets. [27-29]

The mechanisms responsible for dysregulation of adaptive immune cell responses, and in
particular CD4* T cells in IBD, remain unknown. Innate immune cells are also among the first
cells initiating the interaction with the microbiome in the gastrointestinal mucosa[30].
Therefore, there is an emerging need to understand how these cells contibute to the
hyperactivation of the adaptive immunity and overall onset and progression fo the iflammation

in IBD.

Role of Macrophage in the homeostasis and IBD type inflammation.

Among the gut mucosal innate immune cells, macrophages constitute a large portion of
mononuclear phagocytic cells that are critical to pathogen recognition and

elimination.[31] The optimal set of markers for these cells in both the human and murine gut
mucosa remains debatable. However, it is clear that in murine intestinal mucosal and
mesenteric lymph nodes (MLN) macrophages can be identified by the expression of F4/80,
CD64, and CD11b markers [3, 4] and upon maturation, begin to express increased levels of
the homing chemokine receptor CX3CR1 [5][32, 33] In the human gut, these cells can also
be identified by their expression of pan-myeloid cell markers, including CD33, CD14, and
CD13. Additionally, humans and mice macrophages preserve positivity for CD64. When
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activated in both species, macrophages express high levels the antigen presenting molecule
MHC Il and co-receptor molecules necessary for antigen presentation such as CD68, CD80
,and CD86[31-33]. Macrophages are suggested to be able to discriminate between
pathogens from commensal microorganisms through pathogen recognition of microbial
molecules [31]. As a results of these interactions, these cells respond to the acute infection
within the burst of inflammatory responses such as increase in NO and IL-12, contributing to
the clearance of the pathogens and simultaneously mounting adaptive immune responses
via antigen presentation process [31]. In contrast, interaction of these cells with commensal
microbiome often results in in tolerogenic responses via mechanism involving the production

of anti-inflammatory cytokines [25][32, 33]

Classically, macrophages have been classified into one of two major subtypes, M1 and M2,
based on the type of expression of surface receptor and co-receptors as well the type of
secreted inflammatory mediators. M1 macrophages produce inflammatory cytokines to
support other immune cell functions, while M2 produce IL-10 to inhibit them [34]. It was initially
reported that M1 macrophages are typically activated by interferon gamma derived from Thl
cells, and secrete pro-inflammatory cytokines and chemokines. While, the alternatively
activated M2 macrophages, are anti-inflammatory and crucial to wound healing. M2
macrophages are defined by the ability to produce molecules implicated in tissue repair,
fibrosis, and dampening of inflammatory responses [33, 34]. However, over the last five years
it has been clearly shown that gut-resident macrophages do not fully fit into the M1-M2
paradigm and often portray an intermediated function between M1 and M2, demonstrating
overlap in the cytokines produced. For instance, a subset has recently been described that
produces IL-10, as M2 macrophages do, but in contrast to M2 macrophages also produce pro-

inflammatory IL-1p, IL-6 and TNF-a [33].

Additionally, macrophages in the gut are also classified as resident and de novo derived
from peripheral blood circulating monocytes. In the steady state mucosa, normal gut

resident macrophages function as sentinels, contributing to the clearance of apoptotic or
20
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senescent cells and remodeling of tissue [33]. These resident macrophages are reported to
produce a variety of cytokines, including IL-10, that helps maintain tissue homeostasis [33].
Simultaneously, these cells are critical sensors of the pathogens and shown to be highly
phagocytic and are actively bactericidal. Stimulation of Toll-like receptors (TLRs) on the
resident macrophages by the pathogenic microbiota, have been shown to stimulate the
production of inflammatory IL-1B [29][33]. In contrast to the inflammatory macrophages
freshly differentiated from peripheral blood monocytes, resident intestinal macrophages do
not elicit a full burst of inflammatory responses, such as production of TNFa, IL-1, IL-6, or
other inflammatory cytokines and chemokines upon exposure to the pathogenic bacteria and
their products [32, 33]. Proinflammatory macrophages, including those differentiated from
monocytes, are essential to resolving pathogenic bacterial infections through the production
of cytokines [13, 31-33]. While mediating bactericidal function, macrophages also
contribute to mucosal tissue repair of epithelial damage through the production of IL-10,
which is imperative to resolving intestinal inflammation [35, 36]. Accumulation of CD14" and
Ly6C" macrophages has been shown in the mucosa of IBD patients and murine models of
colitis, respectively [31-33]. These inflammatory macrophages are suggested to be critical
for the initiation of inflammation in IBD. It is also believed that altered recognition of
commensal gut microbiota by macrophage is a key contributor to intestinal inflammation and
ultimately give rise to diseases such as IBD [30]. However, mechanisms regulating the influx
of monocytes to become de novo resident macrophages within the gut mucosa is not fully

understood.

Mesenchymal stromal cells are critical contributors to homeostasis and IBD.

Myofibroblasts and fibroblasts (MFs) in colonic mucosa: tissue architecture and major

markers.
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The colonic mucosa is made up of 3 layers: the epithelium, the lamina propria and the
muscularis propria [37]. The lamina propria contains at its most external extent a layer of

smooth muscle cells, 2-3 layers thick which is called the muscularis mucosae. This the part

Commensal
/ bacteria

Tig\ht junction Mucus

Epithelium

Basement

Myo-/fibroblas membrane
»s)u@*@tp« e
Innate Gl mucosal

+  Dendritic | Macrophage @ 'ymphoid () T-cell@ B-cell@ Plasma immune system
cell " =~ cell :

Figure 4. The epithelial cells and the myo-/fibroblast in the lamina propria are innate cells
linking the microbiota and adaptive immune responses. Schematic demonstrating the cells
within the colonic mucosa. The intestinal epithelium provides a protective barrier against the
luminal intestinal microbiota from the underlying lamina propria (LP). Intestinal epithelial cells
(IECs) are comprised of distinct subpopulations. Among these subpopulations, goblet cells, which
secrete mucins and peptidoglycan, form a mucus layer overlaying IECs that provides a chemical
and physical barrier against these microorganisms. Underlying the IECs, the LP contains plasma
cells, macrophages, dendritic cells, and myo-/fibroblasts. Under homeostasis, these cells have a
limited expression of inflammatory cytokines.

of the lamina propria. The muscularis propria is the muscular layer of the gut and is made up
of interconnected bands of circular and longitudinal smooth muscle each several cell layers
thick [37].Cells of mesenchymal origin, including myofibroblasts, fibroblasts, and stromal
mesenchymal progenitor (stem) cells are major elements of the intestinal lamina propria,
making up 30% of the mucosal lamina propria [38]. (Figure 4). In humans, but not mice, most
cells of mesenchymal lineage are identified by the expression of extracellular glycoprotein
CD90, also referred to as Thy-1 [39]. In the intestinal mucosa, CD90 marks fibroblasts,
myofibroblasts and the mesenchymal progenitors [39] . Within the human colonic mucosa
these cells also reported to express type 3 intermediate filament protein subtypes of
mesenchymal cells vimentin but are negative for desmin [39].More recently platelet-derived
growth factor receptor A (PDGFRa a.k.a CD140a), has emerged in mice and humans as an

important marker for these cells [40, 41]. It has been speculated that upon injury, intestinal
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fibroblasts become activated and subsequently differentiate into myofibroblasts. In the colon,
myofibroblasts can be distinguished by the expression of intracellular cytoskeleton
microfilament protein alpha smooth muscle actin (a-SMA)[42]. Moreover, in humans and
mice, anti-reticular fibroblasts and reticular fibres antibody [ER-TR7], which have been shown
to mark thymic stromal cells, has also been identified as a potential marker for colonic
myofibroblasts in situ [43, 44]. Our team was able to use variations of these markers to further
characterize the activity of different cellular phenotypes in their contribution to homeostasis

and during injury in the context of the gastro-intestinal tract [38, 45-48].

Role of MF in the Epithelial Barrier (EB) Maintenance.

MF and their progenitors play a critical role in the promotion of EB restoration and
maintenance after intestinal injury6 [49]. MFs promote resolution of inflammatory activity
accompanied with balanced repair processes [50]. MFs are among the major contributors to
wound repair and function through the secretion of prostaglandins, secreting enzymes that
break down fibrin assembly, secreting extracellular matrix (ECM), contracting the wound,
and building collagen structures to support the cells associated with effective wound
repair[51]. During epithelial restitution, fibroblasts are activated (differentiated) into
myofibroblasts expressing a-SMA at the inflammation/injury site by professional immune
cells producing TGF-31 [50]. Activated MFs are demonstrated to be critical to the deposition
of extracellular matrix (ECM) molecules such as collagen and tenascin C, and promote
mucosal repair by appropriately adjusting the production and degradation of the ECM [50]. In
addition, myofibroblasts produce growth factors (e.g., HGF), which induces epithelial cell
proliferation [50]. The transient appearance of activated mesenchymal cells is a feature of
normal wound healing, but the persistence of these cells is associated with tissue fibrosis.
Recent studies suggest that mesenchymal cells derived from bone marrow (BM) stem cells

play a crucial role in intestinal repair and IBD fibrosis [52]. Despite our advance in the
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understanding critical role of the MF in the epithelial barrier restoration and fibrosis, little is

known how microbiota influence these processes.

MFs are critical source of COX-2 dependent PGEs under homeostasis and

inflammation.

Several intestinal mucosal cells are reported to produce COX-2-dependent PGE: during
injury, inflammation, and cancer [53]. In contrast, cells of mesenchymal origin are known to
produce PGE;, not only during inflammation and cancer but also in GI homeostasis[39, 54].
Among such cells, colonic CD90* (myo) fibroblasts (CMFs) are abundant innate immune cells
in the normal Gl mucosa that have recently emerged as key contributors to Gl mucosal
homeostasis[39, 42, 48, 55]. Following epithelial injury, intestinal (myo) fibroblasts are
reported to sense inflammatory signals and activate COX-2-dependent PGE: production,
contributing to the regeneration of the epithelium [56]. Repositioning of COX-2-expressing
mesenchymal stem cells (MSC)-like cells in the intestinal mucosa has been shown to have a
radioprotective effect and contribute to wound healing [57, 58]. Our laboratory previously
reported that human normal (N)-MFs express IL-1R and in response to IL-1, express

increased levels of COX-2 protein, resulting in higher levels of PGE[59].

It is important to note that the Gl tract, and in particular the colon, is highly populated by the
microbiota, which is important to the maintenance of homeostasis. The microbiota also
strongly influences immune responses to injury, justifying current interest in microbiota-based
probiotic therapies for several Gl pathologies[60]. However, little is known about how MF-

restricted COX-2/PGE:; is regulated by the normal gut microbiota under homeostasis.

MFs serves as innate immune cells in the normal and IBD mucosal lamina propria.
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Our laboratory published that intestinal MFs (MFs) are important innate immune cells, and

while they may serve as non-professional APCs,[38] are among the major suppressor of the

inflammatory responses in the normal mucosal lamina propria [61](Figure 5). MFs have been

shown to participate in tolerogenic responses through expression of B7 suppressor molecules,

PD-L1 and PD-L2 [61]. Our laboratory has
demonstrated that CMFs are active
contributors to both innate and adaptive
immune responses during homeostasis,
chronic inflammation, and cancer[48, 62, 63]
Using primary cell culture in situ and in vivo
experimental approach, our team reported
that normal myo-/fibroblasts play an
immunosuppressive role contributing to
mucosal tolerance [39, 48, 55, 61]. An
increase in an activated “myofibroblast’
phenotype was observed in CD by our

laboratory and others [39, 64]. When
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Figure 5. UC-CMFs strongly suppress Thl type
responses (IFN-y) in activated CD4+ T cells, while
suppression by CD-CMF is reduced. IFN-y production
was analyzed using singleplex cytokine analysis in
actiavated CD4+ T cells co-cultured with normal, UC,
and CD -CMFs. Beswick EJ, Grim C, Singh A et al
Expression of Programmed Death-Ligand 1 by Human
Colonic CD90+ Stromal Cells Differs Between Ulcerative
Colitis and Crohn’s Disease and Determines Their
Capacity to Suppress Thl Cells. Front Immunol.
2018;9:1125.d0i:10.3389/fimmu.2018.01125

compared to normal controls, these cells show a decrease expression of the Thl/Thl7

suppressive molecule PD-L1 in CD, while expression of this molecule was increase on MF in

UC [64]. Our laboratory also demonstrated that MFs function is changed in chronic IBD and

support the dysregulation of Thl immune responses (Figure 5).[64] These data differentially

support upregulation of pathogenic T cell responses (Th1 in Crohn’s disease and Th2 in

ulcerative colitis) in co-culture [64]

Interplay between cells of mesenchymal origin and macrophages.
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Newer studies suggest that MSCs can induce immunomodulatory M2-like macrophages in
vitro that can inhibit T cell and NK cell function and induce Tregs ([65-69]. In general, the main
MSC-derived molecule that promotes the M2 activation state is PGE; ([65]. Bone marrow
derived mesenchymal cells contribute to macrophage differentiation via PGE: [70].
Additionally, mesenchymal cells are involved in the recruitment of monocytes in a systemic
salmonella infection model via CCL2 in the liver and spleen [71]. However, the role of by
mesenchymal stromal cells in the regulation of inflammatory responses by macrophages in

the colonic mucosa is not known.

MyD88 is required for activating TLRs and IL-1/IL-1R signaling.

Myeloid differentiation factor-88 (MyD88) functions as a universal adapter protein to regulate
the signaling of most TLRs and interleukin 1 receptors (IL-1R)[72]. MyD88 acts as a central
hub in inflammatory responses and can induce signaling from several receptors[73]. MyD88
signaling can lead to the production of pro- or anti-inflammatory cytokines [73]. These
cytokines can further influence other immune cells and accordingly dictate the tone of an
immune response [74]. For example, bacterial stimulation of the TLR/MyD88 pathway
modulates intestinal homeostasis [75] and plays a crucial role in recognition and response to
microbial pathogens to maintain the epithelial barrier integrity in the intestinal tract [72]. MyD88
signaling pathway also plays a critical role for host defense and survival during infection [76].
Additionally, MyD88 signaling in the gut plays an important protective role in both acute and
chronic models of colitis mimicking IBD, suggesting its role in this disease [77] [78]. Signaling
of the intestinal microbiota through Toll-like receptors (TLRS) is critical to maintenance of
mucosal homeostasis and to the development/progression of IBD [48, 79]. Changes in the
diversity of the microbiota (a.k.a. dysbiosis) contributes to immunopathogenesis of IBD [25,
26]. In IBD, disruption of the intestinal EB, along with increased TLR4 and 5 signaling, leads

to the increased influx of immune cells to the site of mucosal inflammation[26]. In response to
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microbial dysbiosis, mucosal cells produce higher levels of inflammatory cytokines,

contributing to ulceration and subsequent fibrosis[1].

It has been suggested that PGE; signaling may be an important target to enhance Th17
actions and improve intestinal host defense in a Cittrobacter rodentium model of infection [80].
It has also been shown that stability of microbiota populations are influenced by COX-2
activity, and when this homeostatic process is interrupted, mice have dramatically increased
mortality and the intestinal pathology associated with Clostridium difficile infection [81].
Furthermore, signaling through TLR2 contribute to the protection against radiation injury in the

small intestine of mice through repositioning of COX-2 expressing cells[58].

MyD88 in innate immune signaling

MyD88 signaling through innate immune cells is critically involved in microbial recognition,
induction of antimicrobial products, and modulation of the adaptive immune response in the
colonic mucosa [82-84]. The consequences of MyD88 deficiency appears to be both pathogen
and tissue-specific, suggesting substantial complexity in innate defenses[85]. Cellular
compartmentalization of MyD88 signals in the intestines is essential for the maintenance of

homeostasis and to prevent deleterious inflammatory responses [86].

MyD88 signaling in IECs appears to be crucial for maintenance of gut homeostasis, since
specific deletion of MyD88 in IECs results in compromised antibacterial immunity[87]. In
particular, MyD88 signaling in intestinal epithelial cells (IEC) has been shown to be crucial for
maintenance of gut homeostasis[87]. While, MyD88 signaling in both dendritic cells and IEC
is essential to induce a full spectrum of host responses upon intestinal infection with
Citrobacter rodentium[88]. Alternatively, hematopoietic, and not epithelial cells, transmit the
MyD88-dependent response to Helicobacter hepaticus in a spontaneous chronic colitis model

[86].
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MyD88 expression in the mononuclear phagocyte (MNP) compartment, which includes
macrophages, has been shown to be required for colitis development in the absence of IL-10
[89]. However, MyD88 signaling in macrophages has been shown to facilitate the
phagocytosis of different pathogens [90] and critical for the resolution of infections [91, 92].
During acute intestinal injury in mice treated with DSS, MyD88 expression by myeloid cells
were shown to be critical for repair of the EB [82]. Although MyD88 in macrophages has been
shown to be critical for both intestinal homeostasis and response to injury models of IBD, It
has also been noted that, MyD88-dependent signaling from a non-myeloid cell type, but not
defined cell type, is required to maintain colonic homeostasis [82]. Our laboratory also show
that in the normal colonic mucosa signaling through TLR-MyD88 is required to sustain type 1

inflammatory responses in culture and in vivo [48] (Figure 6).

Role of MyD88 dependent signaling within MFs in the homeostasis and IBD.

While it is clearly established is that MF critically contribute to the EB repair and
maintenance of the tolerogenic immune responses within intestinal mucosa, the interplay
between bone marrow-derived mesenchymal cells (BMMSCs) with the microbiota is
suggested to play a critical role in the resolution of inflammatory processes that contribute to
wound healing. In the dextran sulfate sodium-induced experimental colitis mice, the normal
microbiota is required to maintain immunomodulatory properties of BMMSCs through
induction of activated T-cell apoptosis and cytokine secretion, whereas germ free-derived
BMMSCs lose the capacity to ameliorate disease phenotypes.[93] Work by Brown SL et al.
in murine models of acute intestinal injury demonstrated that Myd88 upstream of COX-2
dependent PGE: is required for the repositioning of a subset of the COX-2-expressing

mesenchymal stromal cells contributing to the epithelial repair through stimulation of the
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epithelial progenitor cells.[57] It has been also shown that expression of the Igf2bpl, a

regulator of Ptgs2
gene expression in
colonic mesenchymal
progenitor cells,
requires MyD88
signaling in mice.[94]
Innate sensing through
mesenchymal
TLR4/MyD88 has been
shown to promote
intestinal
tumorigenesis in an

animal model of colon
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Figure 6. IFN-y expression in the colonic mucosa is increased when
Fib- MyD88 signaling is disrupted. IFN-y mRNA level in colonic mucosa
of mice lacking MyD88 in stromal cells (Fib-MyD88) treated with or without
DSS was determined using real time RT-PCR. IFN- y mRNA was
normalized to B-actin. Beswick EJ, Johnson JR, Saada JI, et al. TLR4
activation enhances the PD-L1-mediated tolerogenic capacity of colonic
CD90+  stromal cells. J Immunol. 2014;193(5):2218-2229.
doi:10.4049/iimmunol.1203441

cancer.[95] Our laboratory also shows that in the normal colonic mucosa signaling through

TLR-MyD88 is required to sustain type 1 inflammatory responses in culture and in vivo

[48](Figure 6).However, the role of MF restricted MyD88 signaling within the colonic mucosa

remains largerly unknown in both homeostasis and IBD type inflammation.
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CHAPTER 2. CONDITIONAL DELETION OF MYD88 IN MESENCHYMAL STROMAL
CELLS REVEALS ITS CRITICAL ROLE IN THE MAINTENANCE OF THE EPITHELIAL
BARRIER VIA PGE2 SECRETION AND ITS DECREASED SUSCEPTIBILITY TO DSS-

INDUCED COLITIS

Modified in part from:

Lactobacillus rhamnosus GG increases cyclooxygenase-2 expression and
prostaglandin E2 secretion in colonic myofibroblasts via a MyD88-dependent

mechanism during homeostasis.

Uribe G, Villéger R, Bressollier P, Dillard RN, Worthley DL, Wang TC, Powell DW, Urdaci
MC, Pinchuk IV. Cellular Microbiology. 2018; 20:e12871.

https://doi.org/10.1111/cmi.12871

Published: June 19", 2018

Preliminary data, objective and working hypothesis

Myo-/fibroblasts (MFs) are abundant innate immune cells in the gut mucosal lamina
propria located beneath the epithelial basement membrane [96]. It has been postulated
that under homeostasis, hormal gut microbiota promote EB integrity [97, 98]. Our lab
previously published that in humans and mice MFs likely interact with the microbiota,
because they express functionally active TLRs[99] and IL-1R[100]. We have also
demonstrated that TLRs modulate MF-mediated regulation of Type 1 immune responses

via MyD88 in the normal colonic mucosa [48].
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Mucosal injury and fibrosis are major issues impeding the efficiency of current IBD therapy.
Cells of mesenchymal origin, and in particular MFs, are critical players during injury[101].
Dysregulation of MFs in response to injury is believed to contribute to fibrosis in IBD.
Dysbiosis in the gut microbiota is also shown to be among the key components contributing
IBD[102, 103]. Increases in MyD88 dependent TLR4 and 5, as well IL-1 mediated signaling
were observed in IBD[104]. While the importance of these signals in professional immune
cells during immunopathogenesis of IBD has been demonstrated, their role in MF-

mediating contribution to injury in IBD is unknown.

Our lab has successfully used several models of colitis that mimics processes relevant to
IBD. Our lab also recently reported, using in situ and ex vivo analysis of human colonic
mucosa, that human MFs may be local negative regulators of pro-inflammatory immune
responses[48, 55, 61] and that CD MFs appear to switch from an immunosuppressive
function to a pro-inflammatory function[62].Thus, the objective of the study described in
this chapter is to define the in vivo contribution of MF-restricted MyD88 signaling to the
regulation of intestinal homeostasis and during injury using recently developed fibroblast
specific gene conditional knockout animals. In particular, | proposed the working
hypothesis that MyD88 dependent signaling in mesenchymal stromal cells is involved in

EB maintenance and control over inflammation under homeostasis and IBD-type colitis.

Results

Deletion of Myd88 within stromal cells increases inflammatory responses and
aggravates mucosal damage in DSS colitis
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Figure 7. MyD88 was deleted within the a-SMA*MFs in both Fib-MyD88"" (colla 2-Cre) and MF-
MyD88"" (a-SMA-Cre) mice, but retained in other innate immune cells within the lamina propria.
Murine colonic mucosal sections of Fib-MyD88" | used in all in vivo experiments throughout my
dissertation (excluding Lactobacillus rhamnosus GG in vivo treatment in which we used a-SMA-Cre-
MF-MyD88 )were stained with anti-MyD88 mAbs (seen in red), -a-SMA mAbs (clone 1A4)(seen in
green), anti-murine CD11c mAbs (clone N418)(seen in blue), and/or anti-murine F4/80 mAbs (clone
BMS8)(seen in blue). Subsequent confocal analysis demonstrated that while MyD88 expression was
abrogated in KO mice, MyD88 expression in F480* and Cdl11c* cells were retained.

To examine the pathophysiological role of mesenchymal stromal cell-specific MyD88 in the
disease pathogenesis of the Dextran Sodium Sulfate (DSS) model of intestinal injury, we
crossed MyD88 conditional knockout mice with Col1a2cre mice (Fib-MyD88), which targets
the collagen la promoter in cells of mesenchymal origin such as fibroblast, myofibroblasts,
and mesenchymal stem cells[48](Figure 7). Deletion efficiency in Col1a2 cells was
previously verified by confocal microscopy and flow cytometry [48] (Figure 7). Mice that were
negative for Col1a2Cre, but positive for MyD88 recombination were used as controls. These
mice were derived from at least five backcrossings with B6 mice, in order to retain a similar
basal microbiota composition. After deletion of MyD88 by intraperitoneal injection of
tamoxifen, 2% DSS was administered in their drinking water to mice for 5 days (Figure 8).

At day eight mice were euthanized and histological analysis of harvested colonic tissue
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Figure 8. Fib-MyD88"" (Col1a2Cre) mice were used for selective deletion of MyD88 within
mesenchymal stromal cells. Schematic of experimental design. Control and
MyD88"1Col1a2Cre mice were injected intraperitoneally with 0.05mg/100ul of tamoxifen or
vehicle for 3 consecutive days (0-2). 2 days after administration of tamoxifen/vehicle, mice
received 2%DSS in their drinking water or regular drinking water for 5 days (4-9). Mice were
euthanized on the 10th day (9) and colonic tissue was harvested. Fecal samples were analyzed
by 16s DNA sequencing for microbiota analysis. Colonic mucosal sections were stained with
H&E and Trichrome for histological analysis and with antibodies against molecules of interest
for confocal microscopy. Colonic mucosa scrapings were used to extract RNA for RNAseq
analysis and gRT-PCR. While digested colonic tissue was used for Flow cytometry.

stained with hematoxylin and eosin showed that deletion of MyD88 in 6-8 weeks-old mice
results in epithelial erosion, increased infiltration of lymphocytes, and mucosal ulceration
(Figure 9B). Total inflammatory score was calculated based on the length of epithelial
disruption, depth of mucosal ulceration and lymphocyte infiltration and we observed
increased inflammatory score and moderately aggravated DSS induced acute colitis in mice
lacking Fib-MyD88 (Figure 9C). We also observed a significant increase in collagen
deposition within the colonic mucosa(Figure 9D), which is a molecule implicated in ECM
remodeling and wound healing. Its deposition results in fibrosis and formation of scar tissue,
contributing to an increase in fibrotic score. Fibrotic scoring was based on percentage of the
colon involved and the depth of collagen deposition in the colonic crypts. Fib-MyD88 KO

mice displayed a significantly aggravated fibrotic score in comparison to their littermate
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controls (Figures 9E). This response was further worsened in response to DSS-induced
colitis. These results suggest an important suppressive role of the MyD88 signaling pathway

in mesenchymal stromal cells in the maintenance of homeostasis and in response to injury.

Mice lacking Myd88 in stromal cells have abnormalities in microbiota that mirror

IBD-like dysbiosis
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Figure 9. Deletion of MyD88 within stromal cells increases inflammatory responses and aggravates
mucosal damage and fibrosis in DSS colitis. Histopathological analysis of colonic tissue in mice lacking
MyD88 in MFs under homeostasis and DSS treatment. (A) Deletion of MyD88 within mesenchymal stromal
cells in both KO models resulted in the inflammatory changes and infiltration of lymphocytes within colonic
mucosa and moderately aggravated DSS induced acute colitis. (B) colon length when compared to DSS
treated and untreated WT controls. Representative (C) H&E staining of colonic tissue sections show
epithelial disruption, mucosal ulceration and lymphocyte infiltration in Fib-MyD88ko when compared to WT.
(D) Histopathological analysis of DSS treated Fib-MyD88ko and WT Fib-MyD88ko. (E) Trichrome staining
and (F) fibrotic scoring of colonic tissue sections of untreated and DSS treated WT and Fib-MyD88 ko mice.
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Another compounding factor that further aggravates mucosal damage is dysbiosis of the

gut microbiota. Because MyD88 is critical for microbiota signaling, we first analyzed if

deletion of MyD88 from stromal cells had any effects on the fecal microbiota. This

analysis was carried out by using 16s DNA sequencing. We observed that mice lacking
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Figure 10. Mice lacking MyD88 in stromal cells have abnormalities in microbiota that mirror IBD-like
dysbiosis. Microbial population are altered in mice lacking MyD88 within mesenchymal stromal cells in both
homeostasis and DSS colitis that mirror changes in the microbiota of IBD patients. (A) Measurement of
changes in Defferbacteres, Tenericutes, Actinobacteria, Proteobacteria, Bacteroides, and Firmicutes phyla
byl6s DNA sequencing of the fecal microbiota in mice lacking MyD88 within MFs, versus controls under

homeostasis and in DSS induced colitis.

(B)Phylum-level median relative abundances of the fecal

microbiota composition in healthy controls, patients with UC, and patients with CD. Adapted from: Sabino
J, Vieira-Silva S, Machiels K, et al. Primary sclerosing cholangitis is characterised by intestinal dysbiosis

independent from IBDGut 2016;65:1681-1689.

MyD88 in stromal cells have abnormalities in microbiota that mirror IBD-like dysbiosis, at

the phylum level (Figure 10). In particular, we observed a decrease in Firmicutes and

increase in Bacteroides phyla.

Normal microbiota stimulates the increase in COX-2 and PGE; within the

eicosanoid pathway but not 5-LO in human colonic myofibroblasts (CMFs).

COX-2/PGE: is critical modulator of tight junction protein expression, epithelial cell

proliferation and thus maintenance of the intestinal barrier. Alterations in these signaling
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processes influence the gut microbiota and modulate immune functions. CMFs are known
to be the major producers of COX-2-dependent PGE; in the normal colonic mucosa [59].
Thus, we determined the contribution of CMFs to microbiota-induced PGE; synthesis.
Probiotics have been clinically evaluated for use as treatment of IBD, irritable bowel
syndrome, and diarrhea associated with the use of antibiotics [105-107]. Among the
probiotics used, studies using Lactobacillus rhamnosus GG (LbGG), a bacteria known to
be a part of the normal microbiota, has been demonstrated to promote anti-apoptotic and
anti-inflammatory activity in mice [58, 108, 109]. More recent studies demonstrated that
LbGG induced COX-2/PGE: production via TLR2 in neoplastic colonic epithelial cells [58].
For this reason, we chose LbGG as a representative of a “good” commensal to co-culture
with normal primary human CMF isolates to explore its effect on normal stromal cells. . We
observed that 24h treatment with LbGG led to a significant increase in both cPLA2 and
COX-2 protein levels in CMFs (Figure 11A-B). In contrast, 5-LO enzyme production was
slightly decreased (Figure 11C). Moreover, CMFs responded to stimulation by LbGG with
an increase in PGE; production (Figure 11D). These results suggest that LbGG
preferentially induced COX-2 and PGE; rather than 5-LO mediated leukotriene synthesis

in CMFs.
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Figure 11. LbGG activated the COX-2-dependent PGE; pathway, but not 5-LO pathway in primary human
CMFs. Primary CMFs isolated from normal colonic mucosa were exposed to LbGG for 24 hr at a ratio of 10
bacteria per one CMF. Western blotting (WB) using antibodies specific to (a) cPLA2, (b) COX-2, and (c) 5-
lipoxygenase proteins demonstrated that the total cPLA2 and COX-2 levels are increased in LbGG-treated CMFs
cultures compared with the untreated controls. The representative WB and summary of the adjusted density are
shown. The summary of adjusted density results for each studied molecule is shown as means + SEM. Student's
t test was used to calculate the significance of the obtained results n = 3, *p < 0.05; **p < 0.01; ****p < 0.0001.
(d) PGE2 concentrations determined by ELISA were increased in the condition media of CMFs after exposure
to LbGG. Student's t test (Panels a, b, ¢) and Wilcoxon signed-ranked test (Panel d) were used to calculate the
significance of the obtained results. Results from three experiments running in duplicate are shown as
means £ SEM, n =6, *p <0.05. CMF: CD90+ myofibroblasts/fibroblast; COX-2: cyclooxygenase-2; cPLA2:
cytosolic phospholipase A2; LbGG: Lactobacillus rhamnosus GG; PGE2: prostaglandin E2

Normal microbiota-induced COX-2 upregulation in CMFs is MyD88-dependent.

Because LbGG is reported to protect the murine intestinal epithelium from radiation
injury through a MyD88/COX-2-dependent mechanism [58], we analyzed whether the
MyD88 adaptor is required for LoGG-induced modulation of COX-2 in human CMFs.
Using a siRNA approach, we demonstrated that silencing of the myd88 gene in CMFs

abrogated the LbGG induced upregulation of COX-2 protein expression (Figure 12).
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These data suggest that LbGG-induced increase of COX-2 in human CMFs likely

involves signaling through Toll-Like Receptors (TLRs) that requires MyD88.
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Figure 12. Silencing of myD88 gene expression in normal primary human isolates of CMFs inhibits
the increase in LbGG-dependent COX-2 production. CMFs were transfected with MyD88 siRNA or
control siRNA 10 days prior to exposure to LbGG. COX-2 expression was analyzed 24 hr post-LbGG
exposure using Western blot (WB) analysis. A representative WB and summary of WB adjusted density
analysis for COX-2 expression are shown. One-way analysis of variance was used to calculate the
significance of the obtained results. Results are shown as means + SEM, n=3, **p<.01 and

***¥p < 0.0001. CMF: CD90+ myofibroblasts/fibroblast; COX-2: cyclooxygenase-2; LbGG: Lactobacillus
rhamnosus GG

Normal microbiota activates the AA metabolic pathway in vivo

LbGG has been shown to up-regulate COX-2 and PGE; in murine models of intestinal
injury. However, little is known about the effect of lactobacilli on this pathway under
colonic homeostasis. Our results obtained with normal human CMFs strongly suggest
that under homeostasis CMFs respond to LbGG with an increase in AA mobilizing
enzyme cPLA, and COX-2 protein expression. Next, we determined whether LbGG can
stimulate AA release and upregulate COX-2 during colonic homeostasis in vivo. For this

purpose, 5x108 CFU/dose of LbGG were administrated daily by oral gavage to C57BL/6
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mice for 5 days and AA and COX-2 levels were measured in the colonic mucosa. We
observed that LbGG administration resulted in an increase in colonic mucosal levels of
AA (Figure 13A) and an increase in total colonic mucosal COX-2 protein expression
(Figure 13B). Using COX-2 specific immunostaining followed by confocal microscopy, we
confirmed results obtained by WB and observed a significant increase in COX-2
expression (in red) in the colonic mucosa of mice treated with LbGG when compared to
the control group (Figure 13D). Interestingly, the LbGG-induced increase of COX-2 is
mostly observed in the mucosal lamina propria, while only sparse and an occasional
increase in COX-2 expression was seen in the colonic epithelium. CMFs are a major
component of the colonic mucosal lamina propria [39, 96, 110]. To clarify our in vitro and
in vivo observations, we determined whether CMFs are among the major cells that
increase COX-2 expression in response to LbGG administration in vivo. Mouse colonic
mucosa sections were stained with anti-a-smooth muscle actin (a-SMA) mAbs that
identify the activated subset of CMFs (shown in green) and anti-COX-2 mAbs (red). We
observed that a significant fraction of the COX-2-expressing cells are a-SMA™ (Figure
13C, orange-yellow color formation on the merged images) in the lamina propria of the
LbGG treated group. This suggests that, during homeostasis, CMFs are important

contributors to LbGG-induced COX-2 expression in the colonic mucosa.
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Figure 13. LbGG activates the arachidonic acid (AA) metabolic pathway in vivo and increased
COX-2 expression in lamina propria aSMA+ CMFs. 5 x 108 CFU/dose of the LbGG was delivered
daily by oral gavage for 5 days to C57BL/6 mice. (a) AA levels in the harvested, homogenized mucosa
were determined by ELISA. Exposure to LbGG significantly enhanced the release of AA in the colonic
mucosa of LbGG-treated mice. The results are shown as means £ SEM, n =5, ***p <0.001. (b)
Western blot analysis demonstrated an increase in COX-2 expression in the colonic mucosa of LbGG-
treated mice. The results are shown as means + SEM, n =6, *p <0.05. (c) Representative tissue
sections of the colonic mucosa from control and LbGG treated mice were immunostained and analyzed
by confocal microscopy (see Section 4). Expression of COX-2 is increased within the a-SMA+ CMFs in
the colonic mucosa of mice treated with LbGG. DAPI was used to stain cell nuclei (blue); activated
CMFs were detected by anti-a-SMA mAb (green; clone A4); anti-COX-2 mAb (red; clone 33) was also
used. A yellow-orange color on merged images indicates colocalization of a-SMA and COX-2 (indicated
by arrows). Scale bar represents 20 um. Representative cross sections are shown, n =5 animals per
group. (d) The summary of changes in the corrected total cell fluorescence intensity from in situ COX-
2 protein expression in the LbGG-treated and control murine colonic mucosa. Student's t test was used
to calculate the significance of the obtained results. The means + SEM are shown, n =5 per group
**p < 0.01. CMF: CD90+ myofibroblasts/fibroblast; COX-2: cyclooxygenase-2; LbGG: Lactobacillus
rhamnosus GG

MyD88 signaling in a-SMA* CMFs is required for COX-2 production in response to

normal microbiota in vivo.
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Our experiments in culture demonstrated that LbGG induced the upregulation of COX-2
in CMFs in a MyD88 dependent manner. This observation raised the question whether
MyD88 is required for COX-2 expression in CMFs in response to LbGG in vivo. In the
colonic lamina propria, a-SMA is expressed by myofibroblasts in the stroma. Therefore,
we generated an a-SMA-specific tamoxifen-inducible conditional KO mouse selective for
MyD88 (MF-MyD88 KO). The a-SMA-specific tamoxifen-inducible conditional KO mouse
was used solely in this experiment. Selective deletion of MyD88 in MFs was
accomplished in the same manner as Colla2-Cre mice (Figure 8). The specificity of
MyD88 deletion within the a-SMA*CMFs, as well as retained MyD88 expression in other
innate immune cells (such as CD11c+ dendritic cells, F4/80+ macrophages) within the
lamina propria was confirmed by confocal microscopy analysis (Figure 7). Additionally,
we did not observe any change in MyD88 expression in the epithelial compartment of the

murine colonic mucosa, which was identified by location (first layer from lumen).

Using immunostaining followed by multi-color confocal microscopy in this animal model,
we observed that deletion of MyD88 within the CMFs resulted in an overall reduction in
COX-2 protein expression (in red) within the mucosal stroma (lamina propria) in situ
(Figure 14A-B). This was further confirmed by western blot analysis of total colonic
mucosal tissue (Figure 14C). Finally, these results taken together with our data with
human cultured CMFs, suggest that under homeostasis, administration intraluminally
and in vivo of LbGG may induce mobilization of AA and increase in COX-2 level in a

MyD88-dependent manner in colonic myofibroblasts (stromal cells).

In Summary, our data generated under the Aim1l demonstrated that:

* Under homeostasis, mesenchymal stromal cell- intrinsic MyD88 may contribute to
epithelial barrier integrity/permeability through its regulation of molecules involved in EB

maintenance and repair (COX-2-mediated-PGEZ2).
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» Deletion of MyD88 from myofibroblasts resulted in shifted microbial populations that
resemble that seen in IBD patients and this may contribute to the inflammatory milieu

resulting in observations above.

+ The absence of MyD88 in mesenchymal stromal cells of the mouse further

aggravates mucosal damage in an epithelial injury model
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Figure 14. MyD88 signaling in a-SMA+ CMFs is required for COX-2 production in response to
LbGG. 5 x 108 CFU/dose of the LbGG was delivered daily by oral gavage for 5 days to MF-MyD88 KO
or control mice. Control mice negative for Acta2-Cre but positive for MyD88fl/fl recombination were
derived from at least five backcrossing of MF-MyD88 KO with C57BL/6 animals. (a) Immunostaining of
colonic mucosal tissue cross sections was performed, followed by confocal microscopy. DAPI was used
to stain cell nuclei (blue); activated CMFs were detected by anti-a-SMA mAb (green; clone A4) and the
sections were stained for COX-2 with mAb (red; clone 33). Scale bar represents 20 um. (b)
Measurement of corrected total cell fluorescence intensity from confocal microscopy images of COX-2
protein and (c) Western blotting using antibodies specific to COX-2 demonstrated that the total COX-2
levels increased in colonic tissue of LbGG-treated mice compared with the untreated controls. Deletion
of MyD88 within CMFs reduced this response. One-way analysis of variance was used to calculate the
significance of the obtained results. Results are shown as means + SEM. Four—five animals per group
were used in the above experiments, *p <.05. CMF: CD90+ myofibroblasts/fibroblast; COX-2:
cyclooxygenase-2; LbGG: Lactobacillus rhamnosus GG
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The resulting changes in microbiota composition, along with alterations in COX-2/PGE:
signaling upon deletion of MyD88 in MFs, suggests that MFs may play a critical role in
the regulation of signals initiated by the microbiota, and the consequence of the changes
may have a downstream effect on the abundance of microbial populations. While we are
unable to determine how fibrosis is increased when MyD88 is inactivated in the cells that
are the major producers of collagen, it may be possible that these global changes are
attributed to non-cell autonomous event. Alternatively, there may be changes in the
expression of other molecules in newly recruited macrophages or MFs resulting from
deletion of MyD88 in MFs. For example, our lab recently found that MFs isolated from
CD tissue show a higher level of matrix metalloproteinase (MMP)-7 , 9, and MMP-10
(enzymes responsible for the degradation of ECM) mRNA when stimulated with
lipopolysaccharide (cell wall component of gram negative bacteria) (Aguirre J, under
revision). However, this response occurred with a functionally active microbiota
mediated-MyD88 signal. While disruption of MyD88 may hinder the increase of ECM-
degrading MMPs, this does not fully explain the significant increase in collagen resulting
from the deletion of MyD88 in MFs. On the other hand, macrophage have also been
shown to produce collagen and secrete ECM proteins[111]. Moreover, while
macrophages have also been correlated with increased MMP expression in IBD, Crohn's
disease endoscopic index of severity (CDEIS) value have been shown to positively
correlate with macrophage TIMP-1[112] (inhibitors of MMPs). Therefore, these
compounding factors may lead to the dysregulated response to increased collagen
deposition in our model. While the source of collagen in response to MF-MyD88 deletion
remains unknown, and while we are uncertain if other innate immune cells may
contribute to this increased inflammatory response, we are certain that there is cross-talk
between MFs and macrophage (see Chapter 3). Therefore, having a better
understanding of how these cells influence one-another may give us more insight on the

mechanisms leading to these processes.
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CHAPTER 3

MF INTRINSIC MYD88 SIGNALING SUPPRESSES INFLAMMATION IN THE COLONIC
MUCOSA BY INHIBITING THE INFLUX OF INFLAMMATORY MACROPHAGES

Preliminary data, aims, and hypothesis

Signaling through MyD88 in innate immune cells is critically involved in eliciting and
regulating immune responses to the microbiota in the colonic mucosa under homeostasis
and in inflammatory bowel disease (IBD). MyD88 signaling in intestinal macrophages is
implicated in the regulation of inflammatory responses in the colonic mucosa and involve
mesenchymal stromal cells. MyD88-dependent signaling in mesenchymal stromal cells
(fibroblasts, myofibroblasts and their progenitors) are reported to be involved in epithelial
barrier restoration and in tolerance by controlling TLR- and type 1-inflammatory responses.
However, the role of MyD88-dependent signaling by mesenchymal stromal cells in the
regulation of inflammatory responses by macrophages in the colonic mucosa is poorly
understood. Because we observe that colonic mesenchymal stromal cells respond to MyD88
activation with production of molecules involved in the regulation of macrophages (PGE2,
PD-L1, etc.)[48, 113] we hypothesize that stromal cell-intrinsic MyD88 signaling contributes
to the suppression of inflammatory responses by innate immune cells in homeostasis and

IBD-like colitis.

Results

MF intrinsic MyD88 signaling suppresses expression of markers of macrophages and

inflammatory cytokines implicated in the pathogenesis of IBD
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To identify the changes in MF intrinsic MyD88 gene expression, we performed RNA
sequencing of the colonic mucosa from control and Fib-MyD88 knockout mice treated with or
without DSS. A representative heatmap of the RNAseq data demonstrated that Fib-MyD88
knockout (KO) mice had a significantly altered gene expression profile in comparison to the
control mice (Figure 15A). Comparison of untreated control and Fib-MyD88KO mice with the
DSS treated control and Fib-MyD88KO samples showed that 307 pathways within the
colonic mucosae require MF-MyD88 signaling under homeostasis and in DSS colitis (Figure
15B). An Ingenuity Pathway Analysis (IPA) of changes in these MyD88-dependent pathways
revealed differences related to inflammation and immune responses, indicating the failure of

these mice to acquire an innate identity under homeostasis (Figure 15C).
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Figure 15. Deletion of MyD88 in stromal cells results in dysregulation of pathways involved in the regulation of
the EB. Changes in gene expression profile in the colonic mucosa of mice lacking MyD88 in MFs. A) Representative
heatmap of differentially expressed genes in DSS treated or non-treated control and Fib-MyD88 KO mouse colonic
mucosa. Ingenuity pathway analysis used to develop a B) Venn diagram showing the number of overlapping differentially
regulated pathways between untreated and DSS treated control and Fib-MyD88 KO.C) Pathways altered by MyD88
indicated as bold in (B).

To further analyze the differences between DSS treated or untreated control and Fib-

MyD88KO mice, we next analyzed the expression of genes associated with inflammatory
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responses. We found significant changes in many
genes, particularly those encoding innate immune
mediators, and genes associated with the
macrophage repertoire. We observed in increase
in IL-1B, IL-6 and TNF-a genes of inflammatory
cytokines produced by macrophage populations in
both DSS treated and untreated Fib MyD88KO
mice (Figure 16). Among the altered genes were
elevated levels of CD11b, F480, and CD209f,
macrophage surface markers with important
functions in differentiating macrophage
phenotypes, in the colonic mucosa of mice lacking
MyD88 in MFs compared to controls, and this
response was further aggravated in mice treated
with DSS (Figure not shown). We then validated
the increase in the pan marker of gut macrophage
F4/80 using gRT-PCR. We observed an increase
in {480 mMRNA in both untreated and DSS treated
mice lacking MyD88 in MFs (Figure not shown).
Thus, deletion of MyD88 in stromal cells appears
to result in an increase in lamina propria

macrophages.

Since there was significant differential expression
of pro-inflammatory genes in the colonic mucosa

of Fib-MyD88 KO mice, we also measured the
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Figure 16. Deletion of MyD88 in stromal
cells results in increased expression of
inflammatory cytokines in murine
colonic mucosa (A) Fold expression of
inflammatory cytokine known to be
produced by macrophages and
confirmatory RT-PCR measuring mRNA
fold change of (b) 1I-183, (C) IL-6, and (C)
TNF-a. Data represent mean + SEM. *p <
0.05, #*p < 0.01, **xp < 0.001,

infiltration of inflammatory cells by flow cytometry. We observed a statistically significant

increase in cell populations bearing CD11b*/F480* markers, but lacking CD11c, CD11c is
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predominantly a dendritic cell marker). Thus the infiltrating cells are of the macrophage

phenotype (Figure not shown). Therefore, these data suggested that Fib-MyD88KO mice

display altered immune regulation toward a more pro-inflammatory microenvironment with

an enhanced number of inflammatory macrophage. Taken together, these results indicate

that MF-intrinsic MyD88 signaling is critical to the regulation of inflammatory responses in

the colon by suppressing the influx of inflammatory macrophages under homeostasis and

during initiation of the inflammation.

My88 signaling in MFs suppress migration of inflammatory macrophages to the
colonic mucosa
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Figure 17. Deletion of MyD88 in stromal cells results in increased chemokine expression
involved in the influx of monocytes. CX3CR1"a"CCR2* cells producing TNF-a were predominant
within the macrophage populations in mice lacking MyD88 in stromal cells.(A) RNAseq fold expression
and (B) gPCR of chemokines and their respective receptors that are associated with macrophage
homing to the gut. (C) Human colonic macrpophages were identified and characterized for the
expression of F480, CX3CR1, and CCR2. Flow cytometry demonstrated an increase of cells bearing
CX3CR1MMehCCR2*F480* markers. Data represent mean £ SEM. #p < 0.05, =xp < 0.01, ***p < 0.001.
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Murine intestinal macrophages in the lamina propria preferentially express CX3CR1
chemokine receptor [114]. CX3CR1 is a specific marker for lamina propria macrophages and
a critical component in maintaining homeostasis in lamina propria [114].While interactions of
CX3CR1 are believed to be important for maintaining an anti-inflammatory environment in
the lamina propria, the CCR2/CCL2 and/or other chemokine axes are believed to regulate
the accumulation of proinflammatory macrophages in the inflamed mucosa.[32, 115, 116] In
IBD, macrophages phenotypes and distribution are distinct from normal tissue resident
macrophages in homeostasis. While the exact mechanism of action is not well known, the
CX3CL1/CX3CR1 chemokine axis is also strongly associated with IBD. Specifically, the
increase of CX3CL1 transcription is associated with the inflamed lesions of the colonic
mucosa in patients with CD [117]. Peripheral blood mononuclear cells migrate to tissue sites
where there is inflammation, then differentiate into pro-inflammatory macrophages as
opposed to switching from ant-inflammatory to proinflammatory macrophage phenotype.
However, there are number of limitations in proving chemotaxis in vivo. Having observed an
increase in F4/80" macrophages in the inflamed colonic mucosa of mice when MyD88 was
deleted from MFs, we performed experiments to determine if CX3CR1 was increased and

whether CCR2 influenced the accumulation of macrophages in the colonic mucosa.

RNAseq analysis of the murine intestinal lamina propria demonstrated an increase in the
expression of CX3CR1, CCL2, and its putative receptor CCR2 (Figure 17A). The total cell
number of CX3CR1""CCR2*F480* macrophages was increased (Figure17C) in the colonic
mucosa of mice lacking MyD88 in MFs in both homeostasis and in DSS colitis model. This
mimics several inflammatory processes observed in IBD. We also observe that these cells

were CD11b*, a marker shared between monocytes and macrophages.

Furthermore, tissue-infiltrating intestinal macrophages have been shown to produce pro-
inflammatory cytokines such as TNF, IL-6, IL-8, IL-23, IL-1B3, and IFNy as well as the
chemokine CCL2 [118-120]. Among the accumulated macrophages in the colonic mucosa

following deletion of MyD88 in MFs, we were curious to determine if they contributed to the
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pro-inflammatory environment through the production of these cytokines. We observed an
increase in macrophage cell populations bearing Cd11b*F480* that are known produce TNF-

a and IL-6 , but not CD11c¢ dendritic cells(Figure 18A and B).

This suggests that MFs interaction with the microbiota toll like receptors and/or through the
IL-1 receptor is critical to their role as sentinels of intestinal homeostasis through the

suppression of the influx of the monocyte derived CCR2* macrophages.
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Figure 18 . Loss of MyD88 in stromal cells results in increases inTNF-a and IL-6 producing
macrophages. Flow cytometry demonstrates an increase of cells bearing CD11b*F480*CD11c
markers expressing (A)TNF and (B) IL-6 in mice lacking MyD88 in mesenchymal stromal cells. Data
represent mean £ SEM. #p < 0.05, ##p < 0.01, #»#+p < 0.001.
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Migration of inflammatory macrophages are critical to inflammatory responses

observed in mice lacking mf intrinsic MyD88

Although the underlying cause of IBD is not completely understood, it is known that TNF-a is
an early potent pro-inflammatory cytokine in the inflammatory processes underlying
IBD.[121] Clinical studies demonstrating a significant therapeutic response from the
neutralization of TNF with antibodies implicated a significant role for TNF-a in the
pathogenesis of IBD.[122] Because macrophages are major contributors of TNF-a [123], we
next determined if macrophages were a major source of TNF-a in the colonic mucosa of our
model. Depletion of macrophages with the use of parenteral clondronate liposomes
(FormuMax) [124](Figure 19A and B) results in a dramatic decrease of the TNF-a producing
cells (Figure 19C). Subsequently, we confirmed that these inflammatory macrophage
populations resulting from the deletion of MyD88 from MFs were critical to the increase of
total TNF-a in the colonic mucosa (Figure 19C ). Whether the inflammatory changes
observed in chapter 1 were attributed by these macrophages will require further histological
analysis of the colonic mucosa of mice lacking MyD88 in MFs. These observations suggests
that the accumulated inflammatory macrophages in the colonic mucosa is likely to be a
critical process negatively regulated by the MF intrinsic MyD88. Taken together, these data
suggests that MFs may play a critical role in the suppression of newly migrated, TNF-a
producing inflammatory macrophages to the colonic mucosa through the modulation of
stromal cell MyD88 signaling. The contribution of MF-intrinsic MyD88 signaling to the
regulation of TNF-a producing macrophages, may have major implications in

responsiveness to anti-TNF therapy.
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Deletion of MyD88 within MFs leads to changes in transcription that demonstrate a pro-

inflammatory signature, as well as those involved in the maintenance of the epithelial barrier.

While we are unable to pinpoint the exact effects of MyD88 on global transcriptional

changes, and in turn specific pathways effected, we were able to definitively implicate the

critical pathways as those that are associated with alterations in MF-MyD88 signaling.

Ultimately, changes in macrophage-associated pathways appeared to be a critical

component for gut inflammation. We were able to confirm the role of macrophage in

perpetuating/initiating inflammation through the production of pro-inflammatory cytokines.

Further, it appears that is de novo migrating macrophages that are critical to the overall

increase in colonic TNF-a. This suggests that MF-macrophage interplay is critical to the
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Figure 19. Depletion of macrophages with anionic liposomal clodronate blocks macrophage-induced
TNF-a increase in mice lacking MyD88 in stromal cells. (A) Clodronate liposomes (7 mg/mL) were given
intraperitoneally to control and Fib-MyD88KO mice (200 ul/20 g mouse) at 4 days, (100 ul/20 g mouse) at 2
days, (100 ul/20 g mouse) at 8 hours before, and finally 100 pl/20 g mouse) at 2 days after 3 consecutive days
of intraperitoneal tamoxifen injections. Data are means+SEM for 5 mice per group. **P<0.001, ***p<0.0001
compared with controls. (B) Flow cytometry of cells bearing CX3CR1"eh CCR2*F480* markers or (C)TNF-a.
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maintenance of colonic homeostasis. Although we cannot exclude that other innate immune
cells may contribute to these changes, these data and supporting literature provide a
platform to further elucidate the critical role of MFs interaction with the microbiota in

maintaining colonic homeostasis.
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CHAPTER 4

OVERALL DISCUSSION AND CONCLUSION

My dissertation research focuses on the contribution of MF-intrinsic MyD88 signaling to the
maintenance of colonic homeostasis and how this signaling is involved in the initiation of the

inflammatory responses within the colonic mucosa.

Our data revealed a novel role of MF MyD88 in shaping the composition of the murine
intestinal microbiota. Upon deletion of MyD88 from MFs, there is a shift in the microbiota
composition that resembles IBD-like dysbiosis, with an increase in Bacteroides and
decrease in Firmicutes populations. At the phyla level, Firmicutes are critical to the
composition of the intestinal microbiota in healthy Individuals [125]. In IBD, dysbiosis
consists of decreased proportions of Firmicutes, increase of Bacteroidetes, and increased
proportions opportunistic enterobacteria [126]. Individuals with IBD have increased intestinal
permeability, dysregulated immune responses and fibrosis, all of which are believed to
contribute to and possibly be causative factor in the change in the proportions of the
microbiota [127]. Interestingly, H&E or trichrome stained colonic sections scored for
inflammation or fibrosis, respectively, were increased in mice lacking MyD88 in MFs.
Increased collagen deposition is a hallmark of microscopic colitis (MC)[128]. Although this
has not been studied well, evidence points to the fact that, much like IBD, MC pathology
involves changes in the microbiota[129]. For instance, one study has demonstrated that a
patient with UC began to develop MC following a fecal microbiota transplantation[130]. In
general, there have been few studies that shed light on the potential role of the microbiota in
MC. Therefore, the implications for these finding are that the interaction microbiota with the
MFs via MyD88 may play a key role in not only maintaining homeostasis, but in controlling
inflammatory responses that elicit dysbiosis which in turn further perpetuate inflammation in

either IBD, including in MC.
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Moreover, deletion of MF-MyD88 disrupted the potential interaction of the microbiota in
promoting homeostasis and epithelial barrier restoration through the production of PGE.. We
demonstrate that normal human CMF isolates uniformly responded to LbGG stimulation with
an increase in cPLA2, COX-2, and PGE: upregulation. Our in vivo study confirmed our
observation in culture showing that oral gavage of healthy adult mice with LbGG for 5 days
results in increased levels of AA and COX-2 protein expression in the colonic mucosa. Thus,
our studies demonstrate that LbGG-mediated induction of these molecules also occurs in
vivo under homeostasis. Previously, the effect of lactobacilli on upregulation of COX-2 and
PGE: has been demonstrated in animal models of injury. For example, the use

of Lb. fermentum ZYL0401 in a lipopolysaccharide-induced hepatic injury model resulted in
the increased ileal expression of COX-2 and production of PGE; [131]. LbGG-induced COX-
2-expression protected the intestinal epithelium in mice against radiation injury.[58]
Interestingly, these authors did not observe an increase in COX-2 expressing cells but rather
demonstrated repositioning of lamina propria COX-2 expressing mesenchymal stem-like
cells closer to the epithelium. Mesenchymal stem cells are progenitors of CMFs but do not
express a-SMA. Although our study does not exclude modulation of LbGG-induced COX-2
in mesenchymal stem cells during injury, we have shown that under homeostasis, a
significant part of the increase in COX-2 expression is associated with differentiated a-
SMA* CMFs. We previously observed that lack of Toll-like receptor/MyD88-dependent
signaling in CMF abrogates inflammatory responses in vivo.[48] In the present study, we
demonstrate that deletion of MyD88 in human CMFs in cultures and murine a-SMA* CMFs in
vivo decreases LbGG-induced mucosal COX-2 levels. Although it remains to be evaluated
whether subepithelial CMFs come in direct contact with the LbGG in the non-injured
epithelium (homeostasis), it is likely that LbGG secreted compounds and/or bacteria cell wall
components (e.g., LPS) do make contact with CMFs. In fact, Ciorba et al[58] showed that

oral administration of LbGG condition media is sufficient to induce the COX-2-mediated
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intestinal radioprotective effect in vivo. Further, we have shown that oral gavage of LbGG in

normal mice increases COX-2 expression within CMFs in the lamina propria.

In this work, we highlighted the ability of the normal microbiota to induce COX-2-dependent
PGE: production in the entire colonic mucosa and in subepithelial (myo) fibroblasts through
a MyD88-dependent mechanism. Taken together with the previously described functions of
PGE: in the colonic mucosa, our data suggest that probiotic treatment with LbGG could
participate in the maintenance of epithelial barrier integrity and mucosal tolerance through
increased release of COX-2-mediated PGE> by mucosal (myo) fibroblasts. However, the
fact that some colon carcinoma epithelial cells express COX-2 and can respond to LbGG
with tumorigenic PGE; secretion suggests that probiotics should be used with caution in

patients with known colorectal cancer.

For my third chapter, we focus on the influence of MF-MyD88 signaling on the innate
immune system. Our in-vitro data demonstrated that the pathways downstream of innate
sensing in MFs via MyD88 involves the regulation of genes for inflammatory cells and
molecules in the colonic mucosa. Among them are cells bearing F480 and CD11b markers
that identify macrophages, as well as increased IL-6 and TNF-a cytokines produced by
macrophages. The deletion of MyD88 in MFs led to the increased infiltration to the colonic
mucosa of CD11b*F480*CD11c inflammatory macrophages expressing TNF-a and IL-6. In
active IBD, macrophages in the colon are reported to be the major source of TNFa [132,
133]. Upregulation of M1(high IL-12,low IL-10) inflammatory, macrophages are implicated in
IBD and can induce tissue damage [134]([135]. In addition to IL-6 and TNF- a, other effector
molecules such as chemokines and their putative receptors were regulated by MyD88
signaling in MFs. Macrophage populations bearing CX3CR1 and CCR2" markers were
observed to be increased in the colonic mucosa of mice lacking Myd88 in MFs. This suggest
that the macrophages present in the colonic mucosa during inflammation are peripherally

derived and not resident macrophages. We also demonstrated that recruited inflammatory
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macrophage were critical to the cascading inflammatory response that was observed in mice
lacking MyD88 in MFs. We have demonstrated that microbiota-stimulated MFs function as
gatekeepers to suppress a hyper immune response brought about by an influx of
proinflammatory macrophages. We also demonstrated MF-MyD88 signaling to be important
in the regulation of the microbiota composition. Thus, our data suggest that MyD88 signaling
within mesenchymal stromal cells contributes dysbiosis and to the maintenance of colonic
mucosal homeostasis through suppression of the influx of TNF-a producing inflammatory

macrophages, and alteration of this signaling is likely to contribute to IBD.

Finally, herein presented data together with our previous reports strongly suggest that
MyD88 signaling within mesenchymal stromal cells contributes to colonic mucosal
homeostasis and epithelial barrier maintenance through the regulation of several pathways
involved in epithelial tight junction function and barrier integrity. We have shown also that
stromal cell MyD88 signaling is critically involved in the control the pathways involved in the
inflammatory innate and adaptive immune responses. These MyD88 restricted MF
regulatory functions include production of the regulatory molecules such as PD-L1 and
PGE; and the suppression of the influx of TNF-a and IL-6 producing inflammatory

macrophages.
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APPENDIX A

METHODS

Experimental Procedures
Antibodies

Rabbit polyclonal anti-human COX-2, rabbit polyclonal anti-phospho-5-lypoxygenase (5-LO)
and cPLA; rabbit polyclonal antibodies (Abs), were purchased from Cayman Chemical (CA,
USA), R&D (MN, USA), and Cell Signaling (MA, USA), respectively. Rabbit monoclonal anti-
mouse COX-2 monoclonal Abs, mAbs (clone SP21) was purchased from Thermo Fisher
Scientific (MA, USA). Unconjugated mouse anti-human COX-2 mAbs (clone 33) was
purchased from BD (CA, USA) and labeled using Zenon Mouse IgG labeling kit was
purchased from Invitrogen (CA, USA). Rabbit monoclonal anti-B-actin mAbs (clone RM112)
was purchased from Millipore (MS, USA). Precision plus Dual Color standard, Western C
standard, and StrepTactin-HRP Conjugate were purchased from BioRad, (CA, USA.).
Fluorochrome-conjugated murine anti—a-smooth muscle actin (a-SMA; clone 1A4)

monoclonal mAb was purchased from Sigma-Aldrich (St. Louis, MO).

Bacterial strain and culture conditions

Lactobacillus rhamnosus GG (LbGG) was isolated from probiotic Culturelle®, which was
purchased from iHealth Inc. (Cromwell, CT, USA). Additionally, the following collection of
strains were used in this study: Lactobacillus casei ATCC 334, Lactobacillus paracasei
20006, Lactobacillus plantarum LR3, Lactobacillus acidophilus 42, and Lactobacillus brevis 1
(LMBA laboratory, Bordeaux). Lactobacillus strains were grown in De Man, Rogosa and
Sharpe (MRS) medium (BD, CA, USA) at 37°C under aerobic conditions.

Cells

Human colonic epithelial cell lines Caco-2, HT-29, HCT-116, LS-174T, and SW-480 were
purchased from ATCC (Manassas, VA , USA) grown in MEM culture medium (Gibco, CA,
USA) supplemented with 10% fetal calf serum (Sigma), 100 pg/ml streptomycin, 100U/ml

penicillin, 2 mM L-glutamine and 1 mM non-essential amino acids. For CMF isolation, full
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thickness fresh human colonic mucosa samples were obtained from discarded surgical
resections under UTMB approved IRB protocol #99-061. CMFs were isolated from the
normal margin of mucosal colonic tissue of patients undergoing colectomy for colon cancer
as described previously and routinely used in our laboratory [96]; [136]. The purity of isolated
CD90* CMFs (98-99%) was confirmed by flow cytometry, as previously described [96].
Studies were performed with primary CMF isolates at passages 4-10 and cultured as
described previously [96].

Silencing of MyD88 gene in CMFs

Primary human CMFs lacking MyD88 expression were generated in our lab using Stealth™
SiRNA probes (Invitrogen, CA). Negative siRNA controls with appropriate GC content were
included in each experiment. An optimal concentration of each siRNA (0.3 nM) was used for
each transfection. Transfection of primary cells was performed using Nucleofector™

technology (Amaxa Biosystems, MD, USA) according to the manufacturer's instructions.

Bacteria: cell co-cultures.

Human epithelial cell lines or primary human CMF isolates were seeded in 6 well plates and
monitored until 95% confluency, then LbGG was added at 1:10 cell to bacteria ratio. In
some experiments epithelial cell lines were grown on permeable membranes in transwells in
order to form polarized cell monolayers, prior exposure to LbGG. In these experiments, 12 h
cultures of LbGG growing in MRS broth were harvested and washed once with PBS, pH 6.8
by centrifugation at 503 x g, 4°C for 10 min. After washing the pellet, bacteria were
resuspended in MEM medium and added to cell cultures as described above. For the
transwell cell culture system, LbGG were added to the apical compartment of the epithelial

cell monolayer.

Western Blot analysis

Western blot (WB) analysis were performed as previously described [96]. Briefly, human
cells in culture were washed with ice-cold PBS and lysed in Laemmli sample buffer. While
murine tissue samples were homogenized in 5 pL lysis buffer (Cell Signaling Technology)
per mg tissue and homogenized. 10 ug of protein per sample were used for WB analysis.

Expression differences are shown as adjusted density following normalization to B-actin. The
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Image Lab software version 5.2.1 was used to calculate adjusted density. Adjusted density
values for samples were calculated by dividing the relative density of each sample lane by

the relative density of the untreated control for the same lane.

Arachidonic acid and PGE; determination

Arachidonic acid (AA) production was determined in human cell extracts by gas
chromatography as previously described by a method adapted from [137]. Briefly, 10 pL of
10 mg/mL heptadecanoic acid (C17) were added to 10 million cells (pellet) as an internal
standard. Lipids were extracted according to the method by [138] by homogenization of the
pellet with 2:1 chloroform-methanol mixture (v/v) to a final dilution 20-fold the volume of the
tissue sample. The extract was centrifuged and the supernatant was vacuum-dried before
solubilization with methanol/benzene/acetyl chloride (4/1/0.5 v/viv). After 1 h incubation at
100 °C, 2.5 mL of 6% potassium carbonate solution (w/v) was added to the mixture and
centrifuged for 10 min at 3500 rpm. 1 pL of the upper phase was injected on Innowax
column (L = 30 m, internal diameter = 0.25 mm, stationary phase thickness = 0.25 um, S&W
Scientific, USA) with a 2 mL/min helium flow. Chromatographic analysis was performed on a
gas chromatography-mass spectrometry system QP2010 series (Shimadzu, Japan).
Injection was assessed in split mode (division 1:20) at 250 °C and the column temperature
fixed at 180 °C. AA was identified by comparison of relative retention times and was
guantified after establishment of an arachidonic acid standard curve and comparison with
the internal standard (Sigma, MO, USA). AA concentrations from murine tissue samples
were also measured using the AA ELISA Kit (TSZ ELISA, USA). PGE; concentrations were
determined using the Prostaglandin E2 Parameter Assay ELISA Kit (R&D systems)

according to the manufacturer’s protocol.

Confocal microscopy.

Frozen murine colon tissue sections were fixed in 1% paraformaldehyde for 20 minutes at
room temperature, blocked with normal rabbit serum (1:10 in PBS) and murine serum (1:10
in PBS) for 15 min at room temperature. Sections were incubated overnight at 4°C with anti-
murine COX-2 mAbs (clone33) conjugated with AF®647 (1 ug/mL). In some experiments,
sections were then stained with AF® 488 conjugated anti-a-SMA mAbs (clone 1A4), anti-
murine CD11c mAbs (clone N418), and/or anti-murine F4/80 mAbs (clone BM8) for 2 hrs at
room temperature. Each staining step was followed by six washes with PBS with Ca*™/Mg*".
The sections were then mounted in SlowFade® Gold antifade reagent with DAPI (Invitrogen,
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CA, USA). Confocal microscopy was performed with a Zeiss LSM510 META laser scanning
confocal microscope (Carl Zeiss, Thornwood, NY).

Animals

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of Texas Medical Branch at Galveston. C57BL/6 mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). In the colonic mucosa, a-SMA is
specifically expressed by MFs and Colla2 is expressed by fibroblasts, MFs, and their
progenitors. Tamoxifen-inducible MyD88 floxed mice specific to a-SMA™ or cells Colla2*
were generated in our lab (Fib-MyD88 KO and MF-MyD88 KO). Previously generated Acta2-
CreER' mice [139, 140] expressing CreERT under the a-SMA promoter (Acta-2) were
crossed with MyD88™ mice (The Jackson Laboratory). The presence of the transgenes was
controlled as previously described by using standard PCR protocols as previously
described[48, 140]. Control mice negative for Acta2-Cre or Colla2-Cre but positive for
MyD88" recombination derived from at least five backcrossing with C57BL/6 animals were
used in this study in order to have similar microbiota composition. Deletion of MyD88 was
induced by intraperitoneal (i.p.) injection of tamoxifen (TMX, 0.5 mg/mice for 4 days, total
injection volume/animal is 100 yL). All mice (female, 6-12 weeks of age) were housed under
pathogen-free conditions.

Lactobacillus rhamnosus (LbGG) in vivo treatment

Three days after the last tamoxifen or vehicle injection, animals received 5x10® CFU/dose of
lyophilized LbGG in suspension in PBS or PBS only for 5 days. Colonic tissue samples were

then harvested for further analysis.

Clondronate liposome in vivo treatment for depletion of macrophages

Anionic liposomal clodronate were purchased from FormuMax (Sunnyvale, California, USA).
Clondronate liposomes (7 mg/mL) were administered by intraperitoneal injection as

previously described by Riehl et al.[124] and per manufacturer’s instructions.

Flow cytometry analysis of murine colonic mucosa for macrophage characterization
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Five days after the final tamoxifen injection, mice were euthanized and colons were scraped
to isolate mucosa. Tissue was digested with 40 L of collagenase I, Il and IV (25000 U/mL
stock solutions, Sigma) in 10 mL of HBSS with Ca++& Mg++ (final concentration of each
enzyme will be 100 U/ML) at 37°C for 1hr. After run on gentle MACS Dissociator and
addition of 50 uL of DNAase stock solution, samples were incubated at 37°C for 30m. Cells
were filtered through a 100 pm cell strainer and washed with FACS buffer (0.5 % BSA and
0.02 % NaN3 in DMEM). The cell suspension was centrifuged, resuspended in FACS buffer
and cells were counted. Anti-Fc Receptor (anti-CD16/32) antibody (Biolegend) was used to
prevent non-specific binding. For staining, 1-2 million cells were incubated with the following
antibodies: Cells were stained with the following antibodies: PE-Vio770-conjugated anti-
CCR2 (REA538, MACS), BV421-conjugated anti-CX3CR1 (SA011F11, Biolegend), and
eFluor660-conjugated anti-F4/80 (BM8, eBiosciences), or F4/80 eFluor 570 (BM8, Thermo
Fisher), APC eFluor 780- conjugated anti- CD11b (M1/70, Thermo Fisher), and anti-CD11c.
Cells were washed twice, fixed and permeabilized (eBioscience solution) and then incubated
with fluorochrome-conjugated antibodies against intracellular antigens including ), BV510-
conjugated anti-TNF (Mabl11, BD), and FITC-conjugated anti-IL-6 (BVREA1034, MACS) for
30 minutes. At the end of the incubation period, cells were washed, then fixed in 0.5 % PFA
solution before being analyzed with BD LSRFortessa cell analyzer (Biosciences) per the
manufacturer's procedure. Flow cytometry data were analyzed using FACSDiva 6.2 (Becton

Dickinson) and FlowJo (Tree Star, USA) software.

Dextran sodium sulfate (DSS) in vivo treatment

Administration of 2% Dextran Sulfate Sodium (DSS) to the drinking water for animals is used
to induce epithelial injury. Two days after the final tamoxifen injection (day 4), mice receive
2% DSS for 5 days, to induce acute injury, while control mice receive regular drinking water.
On the 5" and 7" day, water supplies were refilled. On day 9 the DSS solution was replaced
by regular water. Mice were anesthetized (80 pl of ketamine at 80 mg/Kg and xylazine 10

mg/Kg, i.p.) and euthanized by cervical dislocation.

Histopathological evaluation

Colonic tissue sections were fixed in 4% paraformaldehyde, embedded in paraffin.
Assessment of inflammatory score was evaluated by a blinded pathologist specialized in IBD
pathology. Hematoxylin and eosin stained sections were evaluated based on the following

criteria: destruction of crypts/mucosa, length of colon affected, lymphoycyte infiltration,
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disruption of goblet cells, and dysplasia. Each of these criteria was scored from 0 to 3, with 0
absent, 1 slight, 2 moderate and 3 severe, and the inflammatory score was based on the

sum of these scores.

Real-time RT-PCR

Analysis was performed according to FastStart TagMan® Probe Master two-step RT real-
time PCR protocol (Roche, Branchburg, NJ). Briefly, all reagents were purchased from
Roche Molecular Systems Inc. The appropriate gene expression assay mix for murine beta
actin RNA and the gene of interest (a 2x mix of unlabeled PCR primers and TagMan® MGB
probe, FAM™ dye-labeled) and 2 uL of cDNA were added to the PCR reaction step. 20 uL
reactions were analyzed with the protocol 2 min at 50°C, 10 min at 95°C (1 cycle) and 15
sec at 95°C and one min at 60°C (40 cycles), using the BioRad CFX96 real time PCR

system.

RNA-Seq sequencing

= 200ng with RNA Integrity Number (RIN) > 7 of RNA extracted from the murine colonic
mucosa were analyzed by RNA-Seq quantification using Illumina NovaSeq and HiSeq
platforms with paired-end 150 bp (PE 150) sequencing strategy (Novogene).

Analysis of RNaseq data

Heatmaps were used to demonstrate the expression pattern of differentially expressed
genes using CLC Genomics Workbench 12.0.01. Outcomes from RNAseq analysis were
uploaded into Ingenuity Pathway Analysis (IPA, QIAGEN) to identify canonical pathways and
associated diseases. Venn diagrams of RNAseq canonical pathways were generated using
BioVenn.

Statistical analysis

Unless otherwise indicated, the results were expressed as the mean + SEM of data obtained
from at least three independent experiments done with duplicate sets in each experiment.
For experiments comparing the results between two groups, Student’s t-test was used. If
necessary, the Wilcoxon signed-ranks test was used. For multiple group comparison, one—
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way ANOVA with post-hoc Tukey’s Honestly Significant Difference (HSD) test was used.
Values of p < 0.05 were considered statistically significant.
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