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Abstract

Goblet cells in the mucosal layer of the gastrointestinal tract are the primary source of gel-forming
mucins, representing front-line defense. Sterile alpha motif-pointed domain ETS family
transcription factor (SPDEF) has a crucial role in terminal differentiation, proliferation and
maturation of goblet cells. Gut microbiota is an integral part of our internal environment. In a
murine model of intestinal helminthic infection Trichuris muris, the interaction between host
microbiota and parasite was seen to play critical roles in immune defense. This interaction is
mediated through various mechanisms, including Toll-like receptor (TLR) and nucleotide-binding
oligomerization domain (NOD)-like receptor signaling cascades. However, the precise role of
intestinal microbiota and NOD/TLR signaling in regulating SPDEF is not yet understood. Hence,
we investigated the role of SPDEF in intestinal goblet cell response, the role of helminth-

microbiota axis and NOD/TLR signaling in modulating SPDEF during 7. muris infection.

Experiments were conducted in wild-type (SPDEF ") and SPDEF-deficient (SPDEF"") mice on
BALB/c background at different timepoints of 7 muris infection. We observed increased PAS+
goblet cells and higher expression of SPDEF and Muc2 in SPDEF** mice following infection
with elevated levels of IL-4 and IL-13. SPDEF"* mice showed decreased worm burden from day
14 to 21 post-infection. Microbial analysis revealed altered composition in SPDEF** and SPDEF-

’~ after infection.

Microbiota was transplanted from naive and 7. muris infected mice to separate groups of antibiotic-
treated (ABX-treated) mice. Increased PAS+ goblet cells and higher expression of SPDEF and
Muc2 were observed in ABX-treated mice after receiving naive and 7. muris-altered microbiota.

Goblet cell number, the expression of SPDEF and Muc2 were higher in ABX-treated mice who
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received 7. muris-altered microbiota. Microbial analysis revealed differences in 7. muris-altered

microbiota compared to naive microbiota.

In vitro experiment was conducted in human colonic mucin secreting LS174T cells where we
observed stimulated mRNA expression of SPDEF and MUC2 by T. muris excretory-secretory
products. These findings reveal new information about major interactions among parasites,

microbiota and SPDEF-mediated intestinal goblet cell response in the context of host defense.
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Chapter 1: Introduction

1.1 Gastrointestinal (GI) tract and mucus membrane

The gastrointestinal or GI tract is composed of a long passageway of hollow organs extending
from the mouth to the anus, which is a part of the digestive system. The complete digestive
system is composed of the GI tract and other accessory solid organs including the liver,
pancreas and gallbladder. The upper GI tract extends from mouth to small intestine
(anatomically, from mouth to the suspensory ligament of Treitz between the third and fourth
parts of duodenum), whereas the colon, rectum and anal canal form the lower GI tract. Other
than digestion and absorption of food as its major functions, the GI tract performs many other
functions, such as regulating the immune system, secreting enteroendocrine hormones and
modulating inflammatory reactions. There are many factors that can affect the GI physiology
and functions that include intestinal microbiota, inflammatory reactions, neural pathways,
aging, neuroendocrine regulation, stress [1]. The histological structure of the GI tract includes
a hollow lumen and the wall surrounding the lumen which consists of mucosa, submucosa,
muscularis propria and serosa from inside outwards. The intestinal mucus membrane consists
of epithelium coated with a mucus layer and the underlying lamina propria. The intestinal
epithelium is composed of a variety of cells which include absorptive epithelial cells and
secretory cells like goblet, Paneth and enteroendocrine cells (EECs) within the intestinal
crypts. There is also a villus structure seen along the mucus membrane of small intestine as
projections. The large intestine or colon lacks these villus projections and Paneth cells in their
epithelium.

The mucus coat, epithelium, intercellular tight junctions and lamina propria form the protective

intestinal barrier, protecting the wall against the luminal contents [2].
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1.1.1 Goblet cells
Goblet cells are specialized cells originating from the secretory lineage that reside in the
epithelial membrane of the GI tract, respiratory tract and conjunctiva. The mucosa of these
systems is called the wet-surface mucosa due to the presence of these secretary goblet cells [3]
[4]. The goblet cells are the main source of gel-forming mucins which are the major
components of the mucus coating of the epithelium. Other than mucins, the goblet cells secrete
a variety of factors which include trefoil factors, resistin-like molecule p (RELMP) and Fc-y
binding proteins (Fcgbp), which also provide intestinal defense in the epithelial membrane
along with mucins [2]. The goblet cells are the most abundant secretory cell-types originating
from the intestinal stem cells (ISCs) located at the base of the intestinal crypts [5]. In the GI
tract, the goblet cells are found in increasing numbers from the small intestine to the distal
colon. In the colon, these cells contribute to forming a two-layered mucus gel which provides
protection, lubrication and hydration to the membrane, and helps in the transportation of
molecules [2] [4]. This mucus layer also harbors the gut flora in its loose outer layer, whereas
its adherent and less porous inner layer usually acts as a sterile coverage. The inner layer
protects the colon and maintains an almost bacteria-free environment, thus creating a barrier

between the mucosal epithelium and gut microbiota [4].

1.1.2 Mucins
Mucins are high molecular weight glycoproteins that form the major building block of mucus.
Around 21 different mucin genes have been identified [2] [4]. Mucins can be
transmembrane/membrane-bound and secreted; the secreted mucins can be further classified

into gel-forming and soluble/non-gel forming [6]. Transmembrane mucins are expressed on
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enterocytes which include MUC1, MUC3, MUC4, MUC12, MUC13, MUC16, MUC17 [7].
The gel-forming secreted mucins, which include MUC2, MUC5AC, MUC5B, MUC6 form the
skeleton of the mucus membrane, providing a protective lubricant blanket along the mucosal
epithelium [5] [7].

The structure of mucins is highly hydrophilic, polymeric and viscoelastic with an average mass
of 2x10° Daltons, which forms a gel-like covering in the mucus membrane by binding with
H>O [2] [5]. This gel covering prevents contact between the epithelium and the contents inside
the gut lumen, the disruption of which may lead to abnormal immune responses in the host
leading to various inflammatory conditions and infections [2]. More than 80% of its contents
are carbohydrates (CHO) which are concentrated into mucin domains [5]. The mucin domains
represent the key element of its chemical structure surrounded by O-glycans, forming a central
protein core [5]. The protein sequence of these domains is rich in amino acids (AAs) proline,
threonine and serine, which is why they are also called the PTS domains, organized as variable
number tandem repeat (VNTR) [7] [8]. Serine and threonine are the most prevalent AAs. With
the help of their hydroxyl groups, this protein core is linked with the oligosaccharide chains
around the core via O-glycosidic bonds. There are five types of sugars in the oligosaccharide
chains which include fucose (Fu), galactose (Gal), N-acetylglucosamine (GIcNAc). N-
acetylgalactosamine (GalNAc) and sialic acid (SA) [5].

The mucins are synthesized in the endoplasmic reticulum (ER) where they undergo N-linked
glycosylation followed by transportation into the Golgi complex and O-linked glycosylation.
They are then stored into the secretory mucinogen granules where they become highly
concentrated and are eventually secreted from the granules after they merge with the plasma

membrane. The secretory granules account for 75% of the cytoplasmic volume and are the
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source of secreted mucins from the cells [2]. The secretion of mucins from the granules
happens in two ways: the continued constitutive secretion under normal physiological
condition, and stimulated secretion in response to various factors or stimuli [2] [4]. During
stimulated secretion, more or the entire secretory content is secreted from the granules. These
factors include microbial factors, inflammatory cytokines, growth factors, neuropeptides,
autonomic neural pathways, and lipids [2] [9] [10] [11] [12] [13]. The secretion of mucins can
also be regulated by various cellular responses like nucleotide-binding oligomerization
domain-like (NOD) receptors binding protein 6 (NLRP-6) mediated activation of the
inflammasome, autophagy, production of reactive oxygen species (ROS) and endocytosis [2].
In terms of worm infection, the gel-covering in the mucus membrane formed by mucins helps
in lubrication, traps the worms in the viscoelastic mucus layer, and inhibits their motility and

feeding capacity [14].
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Figure 1. Intestinal mucus barrier and different kinds of mucins

The gastrointestinal epithelium is a double-layered mucus membrane, majorly formed by gel-
forming mucins secreted by the goblet cells and transmembrane mucins expressed on the
enterocytes. The outer mucus layer is in close proximity to the intestinal lumen containing gut
flora, while the inner layer is almost bacteria-free. Various kinds of immune cells are located
in the lamina propria underneath the mucosal layer, which show immune and inflammatory

responses to infections and other stimuli. The picture is generated by the author.
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1.2 Goblet cell differentiation and transcription program
The intestinal crypts of small and large intestine contain intestinal stem cells or ISCs, also
known as progenitor cells. In the colon, the multipotent, undifferentiated ISCs of monoclonal
origin reside at the base of the intestinal crypts (at the lower 2/3™), and the upper 1/3 of the
crypts towards the luminal side contains the differentiated epithelial cells [15]. These intestinal
stem cells produce rapidly proliferating daughter cells, also called the transit-amplifying (TA)
cells, which generate precursor cells. The precursor cells differentiate into 2 lineages- the
absorptive lineage giving rise to the enterocytes (called colonocytes in the colon) and secretory
lineages that differentiates into goblet, Paneth (in small intestine) and enteroendocrine cells
(EECs) [16]. The differentiation of ISCs into four major types of cells (enterocytes, goblet
cells, Paneth cells and EECs) requires a variety of complex pathways, namely Wnt B-catenin
(canonical), Notch, bone morphogenetic protein (BMP) and phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) pathways [2]. Wnt B-catenin and Notch cascades are the key
regulators in determining the cell-fate of ISCs into the secretory and absorptive lineages
respectively [17] [18]. Hairy and enhancer of split or HES family basic helix-loop-helix
(bHLH) Transcription Factor-1 or HES-1 acts as the downstream component of Notch that
determines the cell fate of ISCs into the absorptive enterocytes. Atonal bHLH Transcription
Factor-1 (ATOH-1) is the downstream component of [-catenin that activates several
transcription factors like sterile alpha motif (SAM) pointed domain ETS family transcription
factor (also termed as SPDEF), growth factor independent-1 (Gfi-1) and regulates the cell-fate

of ISCs into the secretory goblet cells [19].
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Figure 2. Differentiation of intestinal stem cells (ISCs)

The ISCs differentiate into absorptive and secretory lineage giving rise to enterocytes, goblet
cells, Paneth cells and enteroendocrine cells (EECs) via Wnt and Notch signaling pathways

and their transcription factor networks. The picture is generated by the author.
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1.2.1 Role of SPDEF in goblet cell differentiation
SPDEF is an epithelium specific ETS family transcription factor, also known as the ESE family
protein. The ESE family of transcription factors is a subgroup of E-26 transformation specific
transcription factors or ETS family of proteins [20]. The ETS family proteins bind the
GGAA/T regulatory sequence of DNA with their H3-helix of DNA binding domain, which has
85 amino acids [20]. SPDEF, a Wnt responsive transcription factor was first described as a
prostate-derived transcription factor and was later found to be also expressed in breasts,
intestine, lungs, salivary glands and conjunctiva [20] [21] [22]. SPDEF was seen to interact
with androgen receptor in vitro which regulates the expression of prostate specific antigen
(PSA) promoter [21]. Twenty seven types of different mammalian ETS proteins have been
identified [22]. Several studies have indicated that SPDEF regulates the terminal
differentiation, homeostasis and maturation of intestinal goblet cells. A study conducted in
mice showed that the inactivation of SPDEF does not impair the cell-fate determination of the
ISCs into the secretory lineage, but the maturation and terminal differentiation of the secretory
cells were hampered leading to the accumulation of immature secretory cells [19] [23]. CRE-
binding protein-4 (CREB4), an endoplasmic reticulum or ER stress transducer has also been
seen to act as a downstream component of SPDEF to promote the terminal differentiation and

maturation of goblet cells in mice [19].

1.3 Goblet cell response in enteric parasitic infection
Previous studies have shown that goblet cells at the colonic crypts can go through non-specific
endocytosis and convert into sentinel goblet cells (senGCs). The endocytosed senGCs are

killed, undergo complex exocytosis and are expelled into the gut lumen [24]. The goblet cells
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in small and large intestine form goblet cell-associated antigen passages or GAPs, through
which they deliver the luminal antigens (Ags) to the dendritic cells (DCs) in the lamina propria
[25]. The DCs and macrophages provide the processed Ags to naive CD4+ T cells and convert
them into helper T cell type-2 or TH2 cells [2] [25]. Alterations in the goblet cell response and
mucin production have been seen in many intestinal infections including parasites, bacteria
and virus [5]. Hyperplasia of mucus secreting goblet cells has been observed in intestinal
parasitic infections such as Ascaris galli, Trichinella spiralis, Trichuris muris and
Nippostrongylus brasiliensis, which helps in providing innate defense to the host [5] [26].
Qualitative changes in mucins were also observed in parasitic infections, namely N.
brasiliensis, which include alteration in the composition of mucins from neutral to acidic
nature and change in terminal sugars [5]. Elevated levels of Muc2 and Muc4 were observed in
T. spiralis infection in mice [5]. MUC2 (in human) or Muc2 (in mice), also called the goblet
cell mucin expressed in both small and large intestine, is an important component of innate
defense in nematode infection. During 7. muris infection, significantly higher number of goblet
cells and increased secretion of Muc2 were observed in resistant BALB/c mice than in
susceptible AKR mice, correlating with worm expulsion [27]. Genetic background of mice
plays an important role is determining resistance or susceptibility to 7. muris and in C57BL/6
resistant strain, delayed worm expulsion due to the absence of Muc2 was observed following
T. muris infection [27]. Muc5ac, also called gastric foveolar mucin which is normally
expressed in the stomach and lungs has been seen to increase in the colon only in resistant mice
following 7 muris infection, and around the time of worm expulsion, a remarkable increase in
Muc5ac was found in Muc2 deficient mice [27] [28]. Muc5ac was also seen to be critical for

worm expulsion, whereas its lacking resulted in susceptibility to chronic infection [26]. Other
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mucins such as Muc4, Muc13 and Muc17 were also seen to increase during 7. muris infection
in a study conducted on BALB/c mice, which resulted in increased thickness of glycocalyx,
the carbohydrate-rich zone projecting from the apical surface of the epithelium composed of
glycoproteins like mucins [26].

Intestinal parasitic infections induce TH2 immune response that triggers worm expulsion by a
variety of pathways [29]. TH2 immune response can mediate the release of cytokines or
interleukins, which include 1L-4, IL-5, IL-9, IL-13. During parasitic infection in mice model,
IL-13 was seen to cause goblet cell proliferation via signal transducers and activators of
transcription-6 or STAT-6 pathway triggering worm expulsion [27]. Also, overexpression of
exogenous IL-25 and IL-9 was associated with goblet cell proliferation and mucin expression.
Several studies indicated that IL-13 also helps in upregulation of MucSac [27]. In human
colonic cancer cell lines, [L-4 and IL-13 induced the expression of trefoil factors and mucins.
IL-17, a TH17 cytokine and IL-6 were seen to promote overexpression of Muc5ac and Muc5b
[24]. Another TH17 cytokine IL-22 was seen to help in goblet cell proliferation and mucin
expression. TH1 cytokine tumor necrosis factor-a or TNF-o has been observed to increase
Muc2 by nuclear factor-kappa beta or NF-kp-inducing kinase (NIK) and Akt/PI3 pathways

[24].

1.4 Mucin and host intestinal microbiota
The microbiota is an integral part of the internal environment of our body and has a major role
in its maintenance. This microbial environment resides throughout our body. Among them, the
intestinal microbiota is composed of trillions of microorganisms including bacteria, viruses,

protozoa and fungi. The gut microbiome not only helps in the development and maintenance
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of normal gut architecture, but it also plays roles in immune system maintenance, host
nutrition, homeostasis and energy balance such as production of short-chain fatty acids
(SCFAs), vitamin synthesis and amino acid metabolism [30]. In the GI tract, microbial density
gradually increases from the proximal to distal [31]. In the colon, there are approximately 10'2
microbial cells per gram of intestinal contents and they are composed of bacteria of
approximately 1000 different species [32] [33]. The most abundant intestinal microbiota are
from the phyla Bacteroidetes and Firmicutes [34]. The highest number of bacterial species
from the gut has been found to reside in the lumen of the gut, whereas from the lumen to the
epithelial membrane, the bacterial density decreases [31]. Again, from the luminal to the distal
portion of the mucus membrane, the microbial density has been seen to decrease due to the
increasing thickness of the mucus. The luminal microbiota shows differences in their diversity
and ecosystem as opposed to the microbiota residing in the mucus membrane [31].

The colon has two layers of mucus. Usually, the outer layer contains all the bacteria, which are
mostly mucolytic or mucin-degrading microbes like Bacteroides, whereas the inner mucus
layer, even though generally bacteria-free since the mucin polymers stagger on top of each to
form a net against the invasion; has still shown the presence of some bacteria along the colonic
crypts, most of which are from the Actinobacter species and Proteobacteria [35] [36] [37].
Also, a-diversity was found to be higher in the inner colonic mucus layer than the fecal sample.
The composition of luminal, mucosa-associated and fecal microbial composition also shows
differences between small and large intestine [35] [36].

Gut microbiota helps in the proper formation of intestinal mucus [31]. In the germ-free (GF)
mice, the colonic mucus layer was found to be thinner and more penetrable to bacteria with

fewer number of filled goblet cells than the conventionally raised mice [3]. The glycosylation

11



MSc Thesis — Z. T. Haider; McMaster University — Medical Sciences

profile of mucus was also different in two groups [38]. When certain bacterial products like
lipopolysaccharide (LPS) or peptidoglycan (PGN) were introduced into the GF mice, they
showed higher mucus secretion, similar to conventionally raised mice [4]. The inner colonic
mucus layer of GF mice showed penetrability to bacteria-sized particles, which showed an
impenetrable characteristic after 7 weeks of receiving microbiota transplant [37]. Revealing
non-penetrable property by the colonic of GF mice after being transplanted with cecal
microbiota indicates the importance of gut microbiota in the maturation and development of
the mucus [10] [11] [38]. One possible mechanism by which the microbiota can modulate the
mucus can be that the microbiota helps in shaping the glycan profile and expressing
glycosyltransferases in the mucus [41] [42]. This glycan profile of the mucus changes from
species to species, also from small gut to large gut [41] [42].

The gut microbiota and the mucus layer of the host share a symbiotic relationship. The presence
of glycan helps the microbiota to adhere to the mucus [7] [43] [44]. The microorganisms have
their glycan binding capacity, which helps them to colonize in the mucus [44] [45] [46]. This
glycan binding capacity also depends on the glycan profile of the mucus. There are other
bacterial outer membrane proteins like lectins, adhesins, capsules and appendages like pili or
flagella that also contribute to the adherence of the microorganisms to the mucus [13] [45]
[46]. Other factors such as O gradient, diet, antimicrobials and antimicrobial peptides (AMPs),
invasion by pathogenic bacteria, physiological and metabolic state of the host, host genetics,
age of the host and host immune system also play roles in the distribution of the gut microbiota
[31] [33]. This glycan can also act as a source of nutrients for certain mucolytic or mucin
degrading bacteria, who ingest the glycan by their glycosidase or glycan-degrading enzyme

[32] [47] [48]. When the glycan binding enzyme removes all the glycans from the mucin-
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glycan chain, protein core of the mucin is degraded, leading to mucus degradation [49] [50].
While using glycan as an energy source, SCFAs from the glycan-degrading enzymes are
created that are absorbed by the colonocytes and the energy spent for the synthesis and
secretion of mucin is partly recovered this way [49] [50]. Some of these mucolytic bacteria are
helpful for the maintenance of the mucus, some can modulate the immune system by forming
capsular polymer with the help of glycan [31]. This also confirms the bidirectional relationship

between the host and the commensal microbiota.

1.5 Intestinal helminth and host microbiota interaction
Intestinal parasites are among the most prevalent pathogens infecting the animal kingdom
worldwide affecting health, productivity and agriculture [51] [52]. Among the intestinal
parasites, intestinal helminths, the multicellular parasitic worms, are the most common and
they are persisting now as a worldwide health concern [51] [53]. Helminths are multicellular
parasitic worms and a matter of global health concern that can cause long-lasting infection by
modulating host immunity. This alteration of host immune response can help them persist
inside the host for a long time and avoid immune-mediated expulsion [53]. Over 1.5 billion
people worldwide along with many other mammalian species are infected with at least one
species of intestinal helminths with their eggs and larvae, which happens either due to the
chronicity of the infection or when the host is unable to prevent re-infection[34] [51] [54] [55].
Even though these helminths have been largely eradicated from developed countries and the
tropical-subtropical regions, about one-fourth of the population remain at risk [56]. Most of

the intestinal helminths that cause infection in humans are soil-transmitted helminths (STH).
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The parasites and host microbiome share a bidirectional relationship. The helminths can
modulate the changes in the bacterial diversity and community composition following
infection which can vary from parasites to parasites [33]. One study has shown that the murine
helminth Heligmosomoides polygyrous causes increased abundance in the species of
Lactobacillaeceae family in small intestine, while no change was seen in the cecal bacterial
community [57]. Chronic infection by the soil transmitted murine helminth 7. muris in naive
mice showed decreased bacterial diversity and increased relative abundance of Lactobacilli
[58][59].

Some indirect factors can also contribute to the alteration of gut microbial environment, which
include the glycosylation profile and secretion of mucus, pH alteration, epithelial damage,
parasitic worms and their eggs, and intestinal motility [56]. There are also direct factors that
can modulate the microbial composition by parasites. The 7. muris eggshell has a component
named chitin that acts as an energy source for bacteria and its dietary supplementation into the
mice and pigs showed altered bacterial composition [56]. Moreover, adult worms can directly
compete with the microbiome for nutrients. The secreted products from the parasites like
acetate and lactate are utilized by some bacteria as their energy source, leading to a change in
their growth [60]. The helminths also compete with the microbiota for nutrient like glucose,
which can affect its availability for the bacteria [61]. The helminths secrete AMPs that can alter
microbial communities [62]. The intestinal microbiota also produces and utilize many
intestinal metabolites (SCFAs) including acetate, butyrate and propionate, which help in
immune system development [53]. The SCFAs are released when the microbiota carries out
anaerobic fermentation of carbohydrates in the intestine, so their altered composition following

helminthic infection can also alter carbohydrate metabolism, observed in Trichuris suis model
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in pigs [53]. In naive mice, the most abundant microbiota was found to be from the phylum
Bacteroidetes, which breaks down fiber to SCFAs. These act as energy sources for the host
[63]. The SCFAs are also anti-inflammatory and can stimulate the differentiation and
suppressive capacity of FOXp3+ Treg cells (Regulatory T cells) [61]. They can also decrease
the release of inflammatory cytokines by inhibiting NF-kB pathway, stimulate mucus
production, and decrease allergic airway inflammation and IL-10 expression in mesenteric
lymph nodes in mice [53]. The direct alteration of these intestinal metabolites can alter immune
response and the colonization of pathogens as well [53].

The microbial bacterial environment also helps in establishment of infectivity by the intestinal
parasites. The bacteria can associate with the egg-polar plug of the intestinal helminths,
contributing to the emergence of their infective larvae [33]. Again, to facilitate the worm-
growth, the parasites alter the bacterial community for their advantage [33]. It was observed in
a study that, a high burden of helminthic infection in humans during early life in endemic areas
altered the composition and stability of microbiota [64] [65]. Since the microbial composition
has been observed to play a role in the establishment of parasitic infestation, it may be
suggested that regulation of the microbial components play a role in controlling parasitic

infection [34].

1.6 Effect of helminth-microbiota interaction on host immunity
The intestinal microbiota is an important part of the functional innate immune system. The
interaction between parasitic helminths and gut microbiota has influence on homeostasis and
host immune response [30]. The GI helminths have immune-suppressive properties, which

changes immune-mediated response [54]. It can be said that, this microbiota-parasite-host
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interaction forms a three-way synergy [66]. Also, due to host-parasite interaction, the immune
and structural cells of humans and other mammals achieve ‘tolerance’, the ability to restrict
the tissue damage actively without creating an impact on the parasite-load, for the maintenance
of the host’s fitness [52]. The intestinal helminths can cause long-term infection by avoiding
immune-mediated expulsion, which helps them not only to persist in the body, but also they
can impair the immune system, observed in both humans and mice models [56]. Studies
suggested that the parasite mediated TH2 response was associated with some changes in the
mucosal environment with subsequent changes in the gut microbial environment. As
mentioned before, the mucosal environment also has impact on host microbiota [66].
Furthermore, changes in the microbiome have revealed its association with some inflammatory
diseases like inflammatory bowel disease (IBD), diabetes, allergy [67]. Live helminthic
infection is associated with decreased prevalence of allergic disease in humans and decreased
allergic airway inflammation in mice [68] [69]. The decrease in parasite infections in the
developed world may be a cause for the rise in the frequency of immune associated disorders
in these populations [56]. Even without the infection, the helminth-altered microbiota can also
modulate host immunity. Some studies revealed that the transfer of altered microbiota in the
absence of live infection was associated with decreased airway inflammation in mice [53].

The intestinal helminths usually are expulsed through TH2 effector mechanism, but
sometimes, this type-2 immune response is not able to cause the complete expulsion of the
worms. This is because some helminths show certain regulatory mechanisms [61]. The
helminths can secrete excretory-secretory products (ESPs) like immunomodulatory proteins,
defensins, glycoproteins and microRNA (miRNA), that can modulate the immune cells of the

host’s body and can also directly induce certain regulatory cells like FOXp3+ Tregs. This gives
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them the opportunity to survive longer in the host and increases host susceptibility to infections
and inflammation [61]. The helminths can modulate microbial composition through their ESPs
and AMPs. Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-
like receptors are pattern recognition receptors (PRRs) that can detect the metabolites secreted
by intestinal microbiota [61]. The helminths and their derived products can also change the
expression of these PRRs, which modulate host recognition of microbes. Thus, the helminths,

microbes and host immunity, all act interpersonally and modulate each other [61].
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Figure 3. Immunological Regulation of Goblet Cell Function and Role of Microbiota in Enteric

Parasitic Infection

The goblet cells present antigens (Ags) through GAPs to the antigen-presenting cells (APCs)
in the lamina propria, which include dendritic cells (DCs) [2] [25]. The DCs process Ags,
present them to the CD4+ T-cells and convert them into TH2 cells, which secrete various
cytokines (IL-4, IL-13) that cause goblet cell hyperplasia through a STAT-dependent pathway
and increase mucin secretion, providing immunity to the host [2] [27]. Cytokines secreted from
enterocytes and other types of immune cells in the lamina propria (innate lymphoid cell-2/ILC-
2, TH17) can also induce goblet cell hyperplasia directly or indirectly by inducing TH2-
mediated cytokine secretion. The microbiota in the gut lumen can induce changes in the mucin
property secreted by the goblet cells in response to a parasite. The parasites can modulate

changes in the microbial community and the microbiota also plays important roles in parasitic
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establishment, indicating a synergistic relationship between the parasite and the microbiota.

The picture is generated by the author.

1.7 Intestinal parasitic nematode (Trichuris muris)
Soil-transmitted helminths or STH affect more than 1 billion people worldwide [51]. Trichuris
muris is a soil-transmitted helminth and murine pathogen having similarities in genomic,
transcriptomic and morphological aspects with Trichuris trichiura, which is the most common
intestinal whipworm causing gastrointestinal infection in humans around the world [26] [27]
[29]. Trichuris species are epithelial dwelling parasites that can infect humans, livestock and
mammals, also potentially showing relative drug resistance and re-infection [51]. 7. trichiura
itself infects around 800 million people worldwide, most of them being children who show
symptoms of malnutrition and intellectual retardation [51] [70] [71]. T. muris in mice is a
common laboratory model used to study the various pathophysiological, immunological,
microbiological and inflammatory changes that occur in the GI tract following infection [72]
[73]. T muris secrete ESPs by which they invade the host tissue and promote microbiological

alteration, tissue remodeling, and evasion of immunological and inflammatory responses [53].

1.7.1 Life cycle of T. muris
The infection with 7. muris occurs after the ingestion of eggs excreted through the feces of
the infective hosts [29]. The eggs excreted through the feces become embryonated in a
period of approximately two months, which cause the infection [51]. In the large intestine,
the eggs mostly hatch in the wall of caecum and proximal colon, where they undergo 4

larval molting, namely L1, L2, L3 and L4. The first larval molting occurs within 90
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minutes of infection and the subsequent stages happen around 9-11, 17 and 22 post-
infection (p.i.) days respectively [29]. The expulsion of worms starts from day 14 p.i. and
by day 21, most of the worms are expelled from the gut in resistant mice [28]. After 21
days, worm expulsion gradually decreases [63]. Between day 32 and 35 post-infection, full
larval development occurs and the adult worms are released from the epithelial wall of the
caecum and proximal colon into the gut lumen [51] [63]. By day 35 p.i., complete worm
expulsion occurs in resistant strains of mice, although the susceptible strains may harbor
worms after 35 days [27] [63]. The anterior part of the adult worms is covered by parasite-
modified epithelial cells forming a structure similar to ‘syncytial tunnel’. An electron
microscopy study showed that adult worms live in direct contact with the modified

epithelial cell cytoplasm [51].

20



MSc Thesis — Z. T. Haider; McMaster University — Medical Sciences

@ Cecum/colon
o 2 months & Ingestion @
{ ) — ) ———
Unembryonated eggs are
released through the feces Infective
@ \ Adult worms are embryonated eggs
@ released into the
@ lumen
90 minutes
Ju
Trichuris muris
life cycle
3235 days
-11 day
{ L 9-11 days
L4 L3
« -
22 days 17 days

Figure 4. Life cycle of T. muris

The infection with 7 muris is initiated by ingestion of embryonated eggs. The hatching of the
eggs in the cecal epithelium is facilitated by the intestinal microbiota, where they undergo 4
larval molting stages (L1-L4). After 32 days, the larvae become adult worms and can be found
in the cecal and colonic lumen. The unembryonated eggs are released into the environment
with the feces and take around 2 months to become embryonated. The picture is generated by

the author, adapted from Klementowicz et al., (2012) [51].

21



MSc Thesis — Z. T. Haider; McMaster University — Medical Sciences

1.7.2 Responses to T. muris by resistant and susceptible strains
The intestinal helminth 7. muris survives in the host by eliciting a Helper T-cell type-1 or
TH1 immune response, whereas the resistance to 7. muris is achieved by TH2 immune
response. A study conducted on BALB/c mice showed that a high dose infection with more
than 150 eggs of T muris resulted in expulsion of worms by TH2 immune response and a
low-dose infection with less than 15 eggs resulted in chronic infection in mice resulting
from their survival in the gut [26]. More than 70% of the mouse strains such as BALB/c,
BALB/k, C57BL/6 are resistant to 7. muris who expel the worms by day 35 p.i. by eliciting
TH2 immune response if high infective dose is given, whereas the susceptible strains such
as AKR and B10Br elicit TH1 immune response and cannot expel 7. muris worms resulting
in chronicity [29]. Also, C57BL/6 and BALB/c are susceptible to 7. muris chronic infection

if low infective dose is given [29].

1.8 Effects of T. muris on host immunity

1.8.1 Effects on goblet cells and mucins
The intestinal mucus forms part of the front-line defense. In acute 7. muris infection, activation
of transcription factors leading to goblet cell hyperplasia was observed [26] [27]. Following T
muris infection, hyperproliferation of goblet cells was seen in the mice models who were able
to expel the worms, and hyperproliferation of enterocytes was seen in the mice who could not
expel the worms resulting in chronic infection [26] [27] [74] [75]. Although the goblet cell
hyperplasia is considered largely under the control of TH2 immune response, IL-4/IL-13
independent hyperplasia of goblet cells can also happen according to some studies [76] [77]

[78].
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In the resistant BALB/c mice during acute infection with high dose of 7. muris eggs, significant
upregulation of Math-1 (mouse Atoh-1) and SPDEF was observed leading to increased
differentiation and number of goblet cells, whereas during chronic infection with low dose of
T. muris eggs in the same strain of mice, there was increased expression of Hes-1 leading
towards the enterocyte differentiation [26]. Acute infection in mice also led to increased
thickness of glycocalyx layer composed of glycans and various cell-surface mucins compared
to WT mice and mice with chronic infection. Although hypersecretion of glycoprotein was
observed in both acute and chronic infections, the IL-13 regulated glycoprotein hypersecretion
mediated by GABA-a3 receptors was more pronounced in acute infection versus chronic after
21 p.i. days [26]. The glycosylation profile also altered after infection which showed mucins
with relatively more charge in acute compared to chronic infection, which might have
increased the barrier function of the mucus leading to worm expulsion [26]. Muc2 mucin, the
major secretory mucin of goblet cells showed significant upregulation with increased goblet
cell numbers in 7. muris infected resistant BALB/c mice during day 21 and 35 p.i. as opposed
to infected susceptible AKR strain. This also correlated with worm expulsion in resistant mice
[27]. Muc2 deficiency in mice resulted in not only a delay in worm expulsion, but also an
aberrant loss of goblet cell phenotype, abnormal mucosal morphology in the colon, and
perpetuation of dextran sulphate sodium-induced colitis [27] [79]. Goblet cell hyperplasia
mostly is mediated by TH2 cytokines IL-4 and IL-13 through STAT-6 dependent pathway. A
previous study has shown that Stat-6" mice during T. spiralis infection presented with
diminished goblet cell number and impairment in worm expulsion compared to WT mice [77].
Muc5Sac, which is normally expressed in the stomach and lungs was seen to be a critical

mediator for worm expulsion of the resistant C57BL/6 mice with 7. muris infection [28]. In
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infected WT mice, hypersecretion of IL-13 induced Muc5ac was observed, whereas MucS5ac”
mice, despite having a prominent TH2 response, showed high susceptibility to 7. muris
harboring chronic infection with lower goblet cell number and Muc2 expression compared to
infected WT [28]. In the same study it was seen using human colon cancer cell lines that worms
are creating less ATP (adenosine triphosphate) in MUCSAC producing cells, which is thought

to be an important mediator for worm viability.

1.8.2 Effects on other innate immune cells

Other than goblet cells in the mucus barrier and PRRs (which are discussed later), various types
of innate immune cells provide protection against 7. muris, some of which include APCs like
dendritic cells (DCs), natural killer (NK) cells, macrophages, innate lymphoid cell type-2 (ILC-
2), basophils and mast cells [51]. Epithelial cells have also been seen to provide immunity
against 7. muris and to act as a bridge between innate and adaptive arms. Intestinal epithelial
cells secrete IL-25, IL-33 and thymic stromal lipoprotein (TSLP) which were seen to induce
ILC-2 and multipotent progenitor (MPP) cells and they subsequently promoted CD4+ T-cell
proliferation and differentiation towards TH2 phenotype resulting in increased IL-4, IL-5, IL-
13 during T muris infection [29] [80] [81]. Resistant mice were seen to secrete higher amount
of IL-33 from enterocytes on day 3 p.i. and recombinant I1L-33 administration into the
susceptible mice at an early stage of infection helped the mice to expel the worms, the
phenomenon which was otherwise not observed if administered during the late stage of
infection or into the severe combined immunodeficiency (SCID) mice [80] [82] [83].

The DCs are potent APCs which take up the Ags and present them to T-cells promoting TH2

differentiation and releasing of cytokines. The DCs express class-1I major histocompatibility
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complex (MHC-II), CD80, CD86, CCR7 and lower endocytic activity [84]. DCs migrate to
the mesenteric lymph nodes (MLNs) in the lamina propria where the naive T-cells are located
to stimulate TH2 differentiation. These recruited DCs mature at the site of infection on day 7
p.i. in the resistant mice following 7. muris infection [29]. This mobilization of the DCs to the
site of the infection in resistant mice is stimulated by certain chemokines, such as CCL2, CCL3,
CCL4, CCL20 and TSLP [84]. There are various subsets of DCs that can show varied responses
to infection and among them, CD11b+ DCs have been seen to enhance TH2 response during
T. muris infection [85].

Previous study has shown that NK cells can also produce IL-4 and IL-13 and activate TH2
cells during 7 muris infection [51]. They were also seen to play a role in sex-based differences
during T. muris infection where these cells in male 1L-4"" mice showed increased expression
of CXCR3 receptor that enhances interferon- y (IFN-y) secretion and TH1 immunity resulting
in susceptibility [86] [87]. The DX5+ NK cells in female IL-4"" mice, on the other hand,
produced more IL-13 and expelled the worms [88].

Mast cells and eosinophils are some of the hallmarks of parasitic infection and their
accumulation was also seen at the site of 7. muris infection in resistant mice [29]. Both types
of cells have been seen to promote TH2-mediated response in acute 7. muris infection [29]
[89]. The basophils have also been seen to produce some TH2-inducing cytokines that

facilitated DC-mediated TH2 differentiation leading to resistance to infection [51].

1.8.3 Effects on adaptive immune response
There are several studies that have already shown that intestinal helminth 7. muris survives in

the host by eliciting a type-1 (TH1) immune response, whereas the resistance to 7. muris is
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achieved by TH2 immune response. Lee et. al. showed that when naive mice receive T-cells
but not B-cells, they show resistance to 7. muris [90]. In another study, it was seen that the
nude or T-cell deficient mice who showed susceptibility to 7. muris partially restored resistance
and showed worm expulsion after they received splenocytes or MLNs or thymocytes [91]. The
deficiency of CD4+ T-cells in mice causes susceptibility to 7. muris and the adoptive transfer
of these cells from BALB/c to SCID mice showed worm expulsion [51] [92]. The mice with
chronic infection secrete I[FN-y from the TH1 cells with the production of immunoglobulin-
G2a (IgG2a) that helps in survival of the worms and with the administration of anti-IFN-y-
antibody (Ab) or recombinant TH2 cytokine IL-4, they showed resistant phenotype [93].

The susceptible mice produce high levels of TH1 cytokines such as IFN-y, IL-18, IL-12 and
pro-inflammatory mediators like TNF-o and IL-17 that can lead to prolonged inflammatory
reactions resulting from chronicity [93] [92] [95] [96]. TH2 cytokines IL-4 and IL-13 play the
major role in worm expulsion in resistant mice and their deficiency cause susceptibility to 7.
muris [97] [98]. B-cells and their antibodies also represent the adaptive arm of the immune
system and it was seen in resistant mice that T-cells can stimulate B-cells to secrete antibodies
that can facilitate antibody-dependent cellular cytotoxicity (ADCC) process, providing more
immunity to 7. muris [29]. The susceptible strains, however, showed higher IgG2a production
which is a TH1-associated Ab, whereas the resistant strain produced more TH2-associated Ab

IgG1 [29] [99].

1.8.4 Effects on PRR-mediated signaling
NOD-like receptors (NLRs) and Toll-like receptors (TLRs) are pattern recognition receptors

(PRRs) expressed in the cytoplasm or on the surface of various immune and non-immune cells
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including macrophages, DCs, NK cells, neutrophils, epithelial and endothelial cells. They
recognize the pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) that act as ligands for the receptors. The PRRs provide first-line
defense against microbes by acting as a bridge between innate and adaptive host defense,
leading to the subsequent activation of adaptive response [100]. To date, there are ten human
and thirteen murine subtypes of TLRs that have been identified, most of which are
transmembrane proteins [101]. The NLRs, on the other hand, are intracellular proteins that
have twenty three subtypes in humans and thirty four in mice [102].

Goblet cells in the colon express high levels of TLR1/2, TLR4 and TLRS on their surface, and
NOD1 and NOD?2 intracellularly [103]. Previous studies have shown that ESPs from certain
helminths like Hymenolepis diminuta increased the expression of TLR2 and TLR4 in the
mouse intestine and increased TLR2 in murine colonic DCs was also observed in Schistosoma
Jjaponicum infection [104] [105]. In the context of 7. muris, research from our lab has shown
both in vivo and in vitro that T. muris ESPs can directly act through the TLR2 receptors in NF-
kP dependent pathway to cause increased 5-hydroxytryptamine (5-HT) or serotonin production
from the enterochromaffin (EC) cells in the gut [103].

The NOD?2 receptor plays an important role in colonic epithelial cell response to 7. muris and
in recruitment of colonic DCs to the site of infection [106]. Our lab has demonstrated that 7.
muris infected NOD1/2- DKO (double knock-out) C57BL/6 mice had decreased number of
goblet and Muc2-expressing cells in the colon along with decreased IL-4 secretion and
increased worm burden in contrast to infected WT mice [107]. When the naive mice were
treated with NOD1 and NOD?2 agonists, they showed an increase in goblet cell number and

Muc?2 expression [107]. The human colonic adenocarcinoma cell line LS174T has goblet cell-
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like properties and secretes high levels of MUC2 [108]. Our study has also shown in vitro that
there was increased expression of MUC2 in this cell line when treated with NOD1 and NOD2
agonists [107]. However, whether the 7. muris ESPs can directly act through the NOD

receptors in enhancing SPDEF and mucin expression is yet to be determined.
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Figure 5. Immune responses generated against T. muris infection in resistant and susceptible

mice

The resistant strains of mice generate TH2-mediated immune response with production of 1L-4,
IL-5, IL-9 and IL-13 from activated TH2 cells. The TH2 response facilitates worm expulsion by
causing hyperplasia of goblet cells, increased Muc2 and Muc5ac secretion from the goblet cells,
accelerated epithelial cell turnover and increased smooth muscle contractility of the colon. These
effector mechanisms are reversed in susceptible strains of mice where TH1-mediated immune
response is observed with production of IFN-y, which causes chronic infection due to failure in
worm expulsion. The goblet cells in the colon express a variety of PRRs (TLR2, TLR4, NODI,
NOD?2) [103]. These receptors bind with a couple of ligands that include bacterial LPS, LTA, PGN
and flagellin, and ESPs from 7. muris worms. The receptor-ligand binding generates downstream
intracellular signaling pathways (NF-kf, MAPK), which help in transcriptional activation of

Muc2. The pictures are generated by the author.
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1.9 T. muris and host microbiota interaction

The interaction between the intestinal parasite and host microbiota has been the most studied
in the context of GI worms, like the Trichuris species [30]. The microbiota acts as an essential
component in the establishment of worms in the gut and the worms can subsequently alter the
microbial composition. In acute 7. muris infection in mice, the gut microbiota contributes to
the establishment of worms by facilitating their egg hatching. The established 7. muris
infection alters the microbial environment into a less favorable condition, and this altered
microbiota facilitates chronic infection by inhibiting the hatching of eggs of a second dose of
infection [51]. A study conducted in C57BL/6 mice demonstrated that pre-treatment of mice
with antibiotics before the ingestion of eggs resulted in reduced infection level [63]. T. muris
can alter gut microbiota in different ways that include alteration of the mucus, physiological
changes in the internal environment and secretion of AMPs like Ang4. Housing condition of
the animal model can also cause changes in the internal microbial environment [51]. A chronic
inflammatory diarrhea (CID) model in macaques showed that 7. trichiura infection was
associated with an increase in a-diversity of gut microbiota, altered the microbial composition
and abundance and decreased the clinical signs of CID [30].

Adult 7. muris worms reside in the cecum and colonic mucosa on the GI tract, the highest
abundance being in the proximal colon [51]. It was noticed that chronic 7. muris infection in
mice caused by low infective dose resulted in diminished a-diversity in cecal and colonic
microbiota and changes in the abundance of bacterial taxa, whereas acute 7. muris infection
with high infective dose did not show any significant change in the o or B-diversity [63] [109]
[110]. In chronic 7. muris infection in C57BL/6 mice, the changes in the microbial composition

and o, B-diversities of microbiota in stool samples started appearing as significant between 14
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and 28 p.i. days, and were maintained until the end of experiment after 91 days [63]. A different
species of Trichuris, a T. suis model study conducted in pigs showed that infection with 7. suis
was associated with an increased abundance of Prevotellaceae tamily and Mucispirillum
genus. Mucispirillum colonizes in the GI mucus layer, so its increased abundance resulted in
increased production of mucus following infection, indicating an association between
alteration of mucus production and microbial change [109] [111].

Intestinal luminal microbes help 7. muris larvae to properly hatch in the colonic epithelium.
Oral administration of Lactobacillus casei in mice can increase the susceptibility to 7. muris
[112] [113]. Reducing the number of bacteria in the gut resulted in significant decline in the
number of hatched 7. muris eggs [112]. In a study, 7. muris eggs were hatched in vitro and
incubated at 37°C with mouse cecal explants containing four different species of bacteria-
Escherichia coli, Staphylococcus aureus, Salmonella typhimurium and Pseudomonas
aeruginosa. It was observed that 7. muris eggs could hatch successfully almost at a similar rate
in every bacterial suspension, whereas the removal of bacteria through filtration or their
structural disruption prevented hatching of the eggs [112]. This suggests that not only the
presence of bacteria, but also their intact morphology play key roles in the establishment of
parasitic infections [112]. Administration of antibiotics into the mice can reduce aerobic and
anaerobic bacteria, subsequently affecting the hatching of 7. muris eggs [114]. All these
findings suggest how crucial the gut microbial environment is for the survival of the intestinal
dwelling parasites and how the parasites can also modulate a change in the microbial

community.
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1.10 Effects of T. muris in SPDE F-mediated transcription program

The role of SPDEF in goblet cell hyperplasia and mucin hypersecretion, and its induction
through TH2-mediated inflammatory response in the airway and conjunctiva have been
previously studied, along with its role in the intestine [115] [116] [115]. It has already been
observed that transcription factors Atoh-1 and SPDEF were upregulated in acute 7. muris
infection in BALB/c mice around the time of the worm expulsion and the transcription factor
Hes-1 which helps in enterocyte differentiation was upregulated in chronic infection [26]. This
indicates a bias towards higher goblet cell differentiation in mice during acute 7. muris
infection.

Although upregulation of SPDEF around the time of worm expulsion is observed in resistant
mice during 7. muris infection, the precise role of SPDEF in worm expulsion and the role of
interaction between intestinal microbiota and NOD/TLR innate immune signaling in activation

of SPDEF during T muris infection remain to be determined.
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Chapter 2: Hypothesis and aims

Based on the literature presented on the role of SPDEF in goblet cell response, the innate and
adaptive immune responses in 7. muris parasitic infection, and the changes in microbial diversity
and composition by the parasite; this thesis hypothesizes that 7. muris infection modulates
intestinal goblet cell response and mucin production by activating SPDEF mediated transcription

program.

Aim 1

To determine the role of SPDEF in intestinal goblet cell response and mucin production
during 7. muris infection

Rationale: In previous studies, as discussed in Chapter 1, upregulation of SPDEF was observed
in BALB/c mice during acute 7. muris infection in association with increased colonic goblet cell
numbers [26]. However, the precise role of SPDEF in goblet cell response and in 7. muris
expulsion remains to be determined. Herein, we investigated the role of SPDEF in regulation of
goblet cell response and production of mucins (Muc2, Muc5ac), worm expulsion and generation
of TH2 cytokines (IL-4, IL-13) following acute 7. muris infection utilizing SPDEF-deficient
(SPDEF”") mice and WT counterparts on BALB/c background. Microbial analysis was also

performed in 7. muris infected WT and SPDEF” mice.
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Figure 6. The experimental plan carried out between WT (SPDEF"*) and SPDEF-deficient
(SPDEF~) mice to observe the role of SPDEF in goblet cell response in T. muris infection

Aim 2

To understand the role of 7. muris-microbiota axis in activating SPDEF to regulate goblet
cell response and mucin production

Rationale: The changes in microbial composition and diversity in 7. muris infection and its role
in parasite establishment in the gut are well-documented [51] [63] [109] [110]. The relationship
between parasite and host microbiome is mediated by a variety of mechanisms, which include
ESPs and AMPs secreted by the parasite, worm-induced TH1/TH2 immune responses leading to
mucosal and bacterial changes and modulation of PRR-mediated signaling pathways [9] [117]. In

this aim, we investigated the effects of adoptive microbial transfer from naive and 7. muris infected
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mice to antibiotic-treated (ABX-treated) mice in regulation of SPDEF and mucin production. We
also performed microbial analysis to observe the differences in ABX-treated groups with or

without microbial transfer to study the role of parasite-microbiota axis in this context.
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Figure 7. The experimental plan carried out among 3 groups of ABX-treated mice, with or
without microbial transfer to observe the role of T. muris-microbiota interplay in modulating

SPDEF

Aim 3
To understand the role of SPDEF in mediating the effect of NOD/TLR innate immune

signaling in mucin production during 7. muris infection

Rationale: Our lab has shown that 7. muris ESPs exert a direct effect on TLR2 receptors in human
enterochromaffin (EC) cell line BON-1 cells [103]. TLR2 expression was also seen to be affected
by gut microbiota observed in GF and ABX-treated mice [103]. The stimulation of LS174T cells

with NOD1 and NOD2 agonists upregulated MUC2 expression, and treatment with NOD1, NOD2
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agonists in WT and GF mice also showed increased goblet cell numbers and Muc2 expression
[107]. LS174T cells possess human colonic goblet cell-like properties and secrete higher levels of
MUC?2. Herein, we investigated whether the change in SPDEF is mediated through NOD/TLR

immune signaling pathways during 7. muris infection utilizing this cell line (Figure 8).
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Figure 8. The experimental plan carried out using LS174T cells to observe the role of NOD/TLR

signaling in modulating SPDEF during T. muris infection

37



MSc Thesis — Z. T. Haider; McMaster University — Medical Sciences

Chapter 3: Methods

3.1 Animals

All the mice used in the experiments were from BALB/c background. Each group had a
combination of both male and female mice and were 6-8 weeks old. The breeding pairs of WT
(SPDEF**) and SPDEF"~ mice on BALB/c background were obtained from Cincinnati Children's
Hospital Medical Center (Cincinnati, Ohio, USA). The SPDEF”- mice were produced by genetic
mutation. The BALB/c mice for antibiotic treatment were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All the mice were kept in sterile, filter-topped cages at McMaster
University Central Animal Facility (CAF) under specific pathogen-free (SPF) conditions where
they were adapted to the environment for a duration of 7 days before starting any experiment. The
mice received autoclaved food and water at 21-22°C and were kept in a 12-hour light-dark cycle.
All animal experiments were conducted in accordance with Canadian guidelines for animal

research and were approved by Animal Research Ethics Board (AREB) at McMaster University.

3.2 T. muris infection

To generate a batch of 7. muris eggs, a number of immunodeficient mice (C57BL/6 SCID, The
Jackson Laboratory, stock no. 001913) were infected with around 300 7. muris eggs by oral gavage.
Following their sacrifice after day 35, 7 muris worms were carefully removed from their cecum
and were harvested in 5 ml RPMI 1640 media with 500 U/ml penicillin and 500 pg/ml
streptomycin. The culture was incubated at 37°C for 4 hours and then overnight. Eggs from this
culture were resuspended in autoclaved distilled water. The eggs are then stored in a 175 ml flask
in dark at room temperature for 2 months before preparing them for oral gavage. To prepare the
eggs for gavage, the stored eggs were washed, transferred to a 15 ml falcon tube with autoclaved

distilled water and the solution was centrifuged at 1500 rpm for 5-6 minutes. The eggs were then
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transferred to a foil-wrapped 15 ml falcon tube. The live, mature eggs were counted per 50 pl under
a light microscope. The counting was adjusted to approximately 300 eggs for high dose (acute)
infection and the eggs were suspended in 200 pl autoclaved distilled water for the preparation of
gavage. A group of SPDEF*" and SPDEF” mice for aim 1 experiments received a single dose of
approximately 300 7. muris eggs per 200 pl sterile water solution to establish acute infection. In
acute infection, the majority of the worms in resistant mice are expelled between 14 and 21 days,
so the timepoints of sacrifice were set at day 14 and 21 p.i. for two different groups of
SPDEF""*and SPDEF"~ mice (Figure 6). Throughout the time of infection, the mice received
adequate autoclaved food and water, and their weight and physical condition were assessed twice

weekly.

After sacrifice, the cecal samples were collected and stored at -20°C to assess the worm burden
under a dissecting microscope. The counting of worms was done by scraping the tissue and
suspending the cecal contents in sterile water. The colonic and fecal samples were also collected

and stored in -80°C for other experiments.

3.3 Antibiotic treatment

3 groups of BALB/c mice (each group containing 4 mice) received a cocktail of broad-spectrum
antibiotics consisting of neomycin, ampicillin, vancomycin, and metronidazole (all 0.5 g/L) in
sterile drinking water for 10-12 days (Figure 7). During the time of treatment, their body weight,
water and food consumption were recorded daily. One set of mice was sacrificed at the end of the

treatment period and their cecal, colonic, and fecal samples were collected for experiments.

3.4 Adoptive microbiota transfer
At the end of the antibiotic treatment, 2 sets of antibiotic treated BALB/c mice received 200 pl of

cecal content diluted with sterile water from either naive BALB/c or 7. muris infected donors by
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oral gavage for 3 consecutive days. The cecal contents from 7. muris infected donors were
collected at day 35 p.i. . The cecal contents from both donors were diluted in sterile phosphate
buffer saline (PBS), incubated in 37°C water bath for 20-30 minutes with vigorous shaking every
5 minutes and were aliquoted in small tubes before transfer. The rest of the aliquoted contents were

stored in -80°C for microbial analysis.

3.5 Tissue preparation

After sacrifice, the colonic tissue was collected from each mouse. The tissue was divided into 5
sections of approximately 1.5 cm length, the sections were flash frozen in liquid nitrogen before
storing them at -80°C and was used for different assays according to the location of the sections.
From proximal to distal, the sections were used for the following assays: quantitative polymerase
chain reaction (qPCR), 5-HT/ serotonin assay (if needed), cytokine assays, histology,
myeloperoxidase assay (if needed) and an extra segment of tissue for any other supplementary
experiment. For histology, tissue of 1-2 mm length was placed in histology cassettes. Some cecal

contents and fecal matters were stored for subsequent microbial analysis.

3.6 Histology (goblet cell staining)

Colonic tissues (around 2 mm in length) were placed in histology cassettes following sacrifice and
were fixed in 10% neural buffered formalin for 24-48 hours. The cassettes were transferred to 50%
ethanol and then to 70% ethanol before embedding the tissues in paraffin wax. A periodic acid-
Schiff (PAS) stain was used to stain the paraffin-embedded tissue slides in order to detect the
colonic goblet cells. The PAS+ goblet cells were counted per 10 colonic crypts in 4 different

quadrants (12, 3, 6, and 9 o’ clock regions) for each mouse.
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3.7 Immunofluorescence (I1FC)

The formalin-fixed, paraffin-embedded colonic tissues cut to around 5 um were stained for mouse
Muc2 and SPDEEF to observe their expression. The sections were first deparaffinized by heating at
60°C for 40 minutes and cleaned with CitriSolv (Fisher Scientific, ON, Canada). The sections were
rehydrated using a graded ethanol series in decreasing concentration from 100% to 70% and later
quenched for 5 minutes in 3% hydrogen peroxide in methanol. After then, the slides were washed
3 times with PBS for 5 minutes and subjected to heat-induced epitope retrieval in 0.01 M citrate
buffer (pH: 6.0) at a sub-boiling temperature for 10-15 minutes. The slides were again washed with
PBS 3 times for 5 minutes and blocked with 5% normal goat serum (VECTASTAIN®) for 30
minutes before incubating them with primary antibodies overnight at 4°C. The primary antibodies
were polyclonal rabbit anti-SPDEF (1:50, LSBi0-C749124) and polyclonal rabbit anti-Muc2
(1:75, sc-15334, Santa Cruz Biotech). The sections were washed 3 times for 5 minutes before
incubating them with secondary antibodies for 1 hour. The secondary antibodies used were Alexa
Fluor 488-conjugated goat anti-rabbit Immunoglobulin G (IgG) (1:1000, Invitrogen) for SPDEF
staining and Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:1000, Invitrogen) for Muc2
staining. After washing 3 times with PBS for 5 minutes, the sections were mounted with 4’,6-
diamidino-2-phenylindole (DAPI) (Thermo Fisher, lot 2476677) for nuclear counterstaining and
kept in the dark overnight. A Nikon digital camera attached to a fluorescence microscope (Nikon
Eclipse 801) with 40x magnification lens was used to capture the images and immunostaining was
examined using NIS Elements Basic Research imaging software. The number of SPDEF+ and

Muc2+ cells were counted per 10 crypts in 4 different quadrants for each section.
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3.8 Enzyme-Linked Immunosorbent Assays (ELISA)

Approximately 15 mg of colonic tissues were first homogenized for 5 minutes at 30 Hz in 1 ml
lysis buffer with protease inhibitor cocktail (PIC) (10 ml lysis buffer supplemented with 50ul of
PIC) and centrifuged at 13000 rcf for 5 minutes. The supernatants were collected and stored at -
80°C for protein quantitation which was performed according to the manufacturer’s instructions
using the DC Protein Assay Kit (catalogue no: 5000111, Bio-Rad Laboratories). The protein
concentration of each sample was compared to a standard curve of known concentration using
bovine serum albumin (BSA) (BioShop® Canada Inc., Burlington, ON). Mouse anti-inflammatory
cytokines IL-4 and IL-13 were measured using commercially available ELISA kits (Quantikine
Murine, lot P293959 for IL-13 and lot P284248 for IL-4; R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s protocol. The results were normalized to the total protein

concentration measured by protein assay.

3.9 Microbial analysis

To analyze the changes in microbial composition and diversity in SPDEF*and SPDEF”- groups
at both uninfected and 7 muris infected (14, 21 p.1.) stages for aim 1 and antibiotic-treated groups
(with or without microbiota transfer) for aim 2, 16s rRNA sequencing of fecal samples was
conducted via amplification of V3V4 regions. The amplicons were sequenced via [llumina Mi Seq
[llumina (Farncombe Institute) and were compared against SILVA taxonomy database following
the processing via DADA2 pipeline. An online tool for microbial analysis

(https://www.microbiomeanalyst.ca/) developed by Xia Lab at McGill University was used for the

analysis of the microbial data. This software broadly uses R package phyloseq for statistical
analysis and visualization [118]. This tool has various modules to perform microbial analysis

among which, Marker Data Profiling module-based 16s rRNA marker gene data was used. The
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data were reduced to a minimum library size to resolve any uneven sequencing depth, or under-

sampling problems in the data.

The B-diversity was shown using Bray-Curtis dissimilarity index and statistical analysis was
performed via permutational multivariate analysis of variance (PERMANOVA) visualized on
principal coordinates analysis (PCoA) plots and interactive 3D plots generated by the software. In
terms of a-diversity analysis, Chaol index was used to address species richness in samples.
Student’s unpaired t-test, one-way analysis of variance (ANOVA) and PERMANOVA were used
to assess pairwise comparison for post-hoc statistical analysis. To observe the abundance of various
bacterial genera separately, linear discriminant analysis effect size (LEFSe) was performed. A
corrected p-value of <0.05 was considered statistically significant and was adjusted using false
discovery rate (FDR). The relative abundance of phylum and genus levels was also observed to

observe the changes in microbial composition.

3.10 In vitro experiment: cell culture

The human colonic adenocarcinoma cell line LS174T was utilized to investigate the role of SPDEF
in mediating the effect of NOD/TLR innate immune signaling in mucin production (Figure 8),
which was obtained from Kris Chadee (Gastrointestinal Research Group, University of Calgary,
Canada). These are adherent cells that secrete high amount of MUC2 and they were primarily
cultured in a T75 tissue culture flask in Dulbecco’s modified Eagle medium—nutrient mixture F-
12 or DMEM F-12 (Gibco BRL Life Technologies, Burlington, Canada). The media was
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin, and
streptomycin, and 20 mM of HEPES buffer (pH 7.5) (Invitrogen Life Technologies, Burlington,
Canada). The cells were subcultured a few times in T175 tissue culture flasks and cells from

passages 3 to 5 were chosen for subsequent seeding. The cells were seeded at half a million density
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(0.5x10° cells/well) in a 12-well plate and at 5.5x10%/dish in 200 mm culture dishes at 37°C for 24
hours in 5% CO2 and 95% relative humidity before treating them with T. muris ESPs, agonists
and antagonists for NOD1, NOD2, TLR2 and TLR4 receptors. For these experiments, the
following treatments were used and the optimum concentrations were chosen according to
published papers: NOD1 agonist (C12-iE-DAP)- 1 ug/ml, NOD2 agonist (L18-MDP) and TLR2/1
agonist (Pam3CSK4)- 10 pg/ml, TLR4 agonist (LPS)- 100 ng/ml, T. muris antigen- 50ug/ml,
NOD-1 antagonist (ML130)- 10 uM, NOD?2 antagonist (GSK717)- 15 uM, TLR2 antagonist (CU-
CPT22)- 1 uM and TLR4 antagonist (LPS-RS)- 5 pg/ml [103] [107] [119] [120] [121]. CU-CPT22
and ML130 were purchased from Tocris Bioscience (Burlington, ON), LPS and GSK717 from
Sigma Aldrich (Oakville, ON), and others from InvivoGen (San Diego, CA). PBS was used as the
reagent for control cells. The cells were incubated at 37°C for 24 hours in 5% CO2 following
treatment. Trypan Blue (Thermo Fischer Scientific, Burlington, Canada) was used to perform a
Trypan Blue exclusion assay to check the viability of the treated cells. Cell death is indicated by
blue staining. Cells remained viable following treatment with the drug of interest.

After 24 hours of incubation, TRIzol RNA extraction was performed to extract the RNA from the
samples in al2-well plate to perform qPCR to observe the expression of human MUC2 and
SPDEF. Similarly, from the 100 mm culture dishes, cells were scraped out with PBS and stored at
-80°C to perform protein extraction and assay for Western blot to detect the protein expression of

MUC2 and SPDEF.

3.11 RNA extraction
Total RNA was extracted from the colonic samples (approximately 15 mg of tissue) and cell culture
using TRIzol™ reagent (catalog no. 15596026, Thermo Fischer Scientific, Burlington, Canada).

500 pl of TRIzol was added to each sample and homogenized for 5 minutes at 30 Hz followed by
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incubation at room temperature for 5 minutes. 100 pl of chloroform (lot no. 11305, APC, Montreal,
Canada) was added per sample, vortexed for 10 seconds and incubated at room temperature for 5
minutes to allow phase separation. The samples were centrifuged at 12000 rcf for 15 minutes at
4°C which separated the samples into a lower phenol-chloroform layer and upper colorless,
aqueous layer containing extracted RNA. The upper layer was carefully pipetted (100 pl) into a
new set of tubes and 250 pl of cold isopropanol (lot no. 93501, Georgetown, Canada) was added
into the layer to allow RNA precipitation. The samples were incubated for 10 minutes at room
temperature and centrifuged at 12000 rcf for 10 minutes at 4°C. The supernatant was discarded
after centrifugation and the RNA pellet at the bottom was washed with 75% cold ethanol twice
with centrifugation at 7500 rcf for 10 minutes in between. At last, the pellet was air-dried for 15
minutes and dissolved in 20 pl RNAse-free water (UltraPure distilled water, lot 2277163,

Invitrogen) per sample before storing them in -80°C for complementary DNA (cDNA) synthesis.

3.12 Quantification of RNA and purity assessment

The quantity and purity of RNA were assessed using a UV-Vis spectrophotometer- NanoDrop 2000
(Thermo Fischer Scientific, Burlington, Canada). The nucleic acid concentration is measured using
260 nm wavelength and using the 260/280 ratio, the purity of RNA was assessed. Generally, a
range between 1.8 and 2.2 for 260/230 and 260/280 values are accepted as ‘pure’. Deviation from
the range indicates contamination by urea, acid, or phenols that might happen during the process

of extraction.
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3.13 Complementary DNA (cDNA) synthesis:
cDNA synthesis was performed according to the manufacturer’s protocol using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher, lot 2587565) which contains RNA H+ reverse

transcriptase enzyme preventing RNA breakdown.

3.14 Real-time Quantitative Polymerase Reaction Chain (RT-qPCR)

The expression of target genes relative to the housekeeping genes (expressed in every cell at all
states) was assessed by gPCR. Each 20 pul PCR reaction mixture (carried out in duplicates)
contained 10 pl of 2 x SsoFast Evagreen SYBR Green PCR Master Mix (catalog no. 1725201,
Bio-Rad, Mississauga, Canada), 7 pul of nuclease-free water, 1 ul of cDNA, and 1 pl of forward
and reverse primers each (10 pumol/L concentration). A CFX96 qPCR system (Bio-Rad) was used
to carry out gPCR. Expression of target genes was normalized to the reference gene coding for
mouse 18S rRNA for aims 1 and 2, and human 18S rRNA for aim 3 experiments. The relative
abundance of mMRNA was analyzed by 2-AACT methods using mean + SEM. The sequences (5°-

3”) of mouse and human primers are provided in the following tables (Table 1 and 2).

Table 1: List of human primers

Forward (5'-3") Reverse (5'-3")
18S TCCACAGGAGGCCTACACGCC | TTTCCGCCGCCCATCGATGTT
SPDEF CGCTCCATCCGCCAGTATTA GTGCACGAACTGGTAGACGA
MUC?2 ACCCGCACTATGTCACCTTC GGACAGGACACCTTGTCGTT
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Table 2: List of mouse primers

Forward (5'-3")

Reverse (5'-3)

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Spdef | AAGGCAGCATCAGGAGCAATG | CTGTCAATGACGGGACACTG

Muc2 | CTGACCAAGAGCGAACACAA CATGACTGGAAGCAACTGGA
Mucsac | GTGATGCACCCATGATCTATTTTG | ACTCGGAGCTATAACAGGTCATGTC
p-catenin | TTAAACTCCTGCACCCACCAT AGGGCAAGGTTTCGAATCAA
Atoh-1 | GTGCGATCTCCGAGTGAGAG GGGATAAGCCCCGAACAACA
(Math-1)

3.15 Western blot

Protein extraction and measurement of total protein concentration of the cells scraped out with

PBS from the 100 mm culture dish was performed using the DC Protein Assay Kit (catalogue no:

5000111, Bio-Rad Laboratories) as per the manufacturer’s protocol. Using the protein quantitation

template developed by our lab, equal amounts of protein (20 pg) for each group were loaded and

separated by 8 to 12% SDS—polyacrylamide gel electrophoresis. Following the separation of

protein, the gels were transferred to a polyvinylidene difluoride (PVDF) membrane (catalogue no:

1620177. Bio-Rad Laboratories) using Trans-Blot Turbo transfer system developed by Bio-Rad

according to the manufacturer’s instructions. Membranes were blocked with 5% bovine serum

albumin or BSA (BioShop® Canada Inc., Burlington, ON) in Tris-buffered saline—Tween 20

(TBST) at room temperature for 1 hour before the membranes were incubated overnight with
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primary antibodies at 4°C. The primary antibodies used were against MUC2 (1:250, sc-515032,
Santa Cruz Biotech), SPDEF (1:1000, LSBi0-C749124), and B-actin (1:1000; catalog no. 4970,
CST). Membranes were washed 3 times with TBST at an interval of 15 minutes and incubated
with anti-rabbit horseradish peroxidase—linked antibody (1:5000; catalog no. 7074, CST) for 1
hour at room temperature. Following incubation, the membranes were again washed 3 times and
the proteins were treated with Clarity Max™ Western enhanced chemiluminescence (ECL)
substrate (catalog no. 1705062, Bio-Rad Laboratories). The membranes were exposed to a
luminescent image analyzer (ChemiDoc Touch Imaging System) where the proteins could be
visualized. The analysis of the bands was performed using GelQuantNET software, normalized to

housekeeping protein B-actin.

3.16 Statistical analysis

The statistical analysis of all data was performed using GraphPad Prism version 9.0.0 for Windows
(GraphPad Software, San Diego, California, USA) and the results were expressed as mean + standard
error of the mean (SEM). Unpaired Student's t-test was used for comparison between the two groups.
One-way ANOVA with Tukey’s post-hoc multiple comparison test was used when comparing more
than two groups with a single variable and two-way ANOVA with Tukey’s post-hoc test applied for

two variables. P value of <0.05 was presented as statically significant.
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Chapter 4: Results

4.1 SPDEF regulates intestinal goblet cell response and mucin production following T.
muris infection associated with TH2-mediated immune response

To explore the role of SPDEF in goblet cell response and mucin production during 7. muris
infection, the number of PAS+ goblet cells, mRNA expression of Spdef, Muc2 and Muc5ac, and
the number of Muc2+ and SPDEF+ cells were determined in WT (SPDEF™*) and SPDEF" mice
with or without 7 muris infection (day 14 and 21 p.i.) (Figure 9-12). The number of PAS+ goblet
cells significantly increased following infection with 7. muris in SPDEF** mice at day 14 p.i.
which remained unaltered at day 21 (Figure 9A, B). The SPDEF’ mice did not show any
significant increase in PAS+ goblet cells after infection. Moreover, fewer PAS+ goblet cells were
observed in SPDEF”" mice compared to SPDEF"" (Figure 9A, B). Since SPDEF, Muc2 and
MucS5ac are important markers of goblet cells and were seen to be upregulated during 7. muris
infection in mice in previous studies, their mRNA expression was observed via qPCR (Figure
10A-C). The SPDEF"" mice showed significant upregulation of Spdef at day 14 p.i. and
downregulation by day 21 (Figure 10A). The SPDEF"* mice also showed increased expression
of Muc?2 at day 14 p.i. which remained unchanged at day 21 (Figure 10B). Muc2 expression was
also significantly lower in SPDEF”" mice as opposed to SPDEF*"* mice during both uninfected
and infected periods (Figure 10B). Muc5ac, a mucin normally expressed in stomachs and lungs
but seen to be increased in colons in the resistant mice following 7. muris infection did not,

however, show any significant change in its expression (Figure 10C).

Since the genetic expression of Spdef was higher in SPDEF* mice after infection, the number of
SPDEF+ cells per 10 crypts was then assessed via immunofluorescence (IFC) in SPDEF*" mice.

The data presented a similar trend regards to protein expression of SPDEF following 7. muris
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infection, which showed that SPDEF+ cells significantly increased at day 14 p.i. and were depleted
by day 21 (Figure 11A, B). The number of Muc2+ cells in SPDEF™* and SPDEF"" mice was also
determined via IFC, which showed that Muc2+ cells in SPDEF"* mice increased at day 14 and
remained unchanged at day 21 p.i. (Figure 12A, B). The downregulation of SPDEF and higher
expression of Muc2 at day 21 in SPDEF"" mice might suggest that there are other factors which
induce Muc2 expression in goblet cells. In addition, SPDEF”- mice showed lower number of
Muc2+ cells compared to SPDEF " mice (Figure 12A, B). All these findings suggest that SPDEF

modulates goblet cell response and secretion of mucin (Muc2) following 7. muris infection.

The BALB/c mice are the resistant strains which show TH2 immune response with a higher dose
of T. muris infection (>150 eggs) by secreting TH2 cytokines (IL-4, IL-13) that helps in expulsion
of worms. To see if the changes in SPDEF and Muc?2 were associated with TH2-mediated immune
response in SPDEF** and SPDEF" mice, the levels of IL-4 and 1L-13 were assessed via ELISA.
The data showed increased levels of IL-4 and 1L-13 in SPDEF** mice at day 14 p.i. and significant
depletion of both cytokines by day 21 (Figure 13A, B). On the other hand, the SPDEF" mice
showed a gradual increase in IL-4 and 1L-13 levels from day 14 to day 21, which was significant
for IL-4 (Figure 13A, B). Compared to SPDEF"- mice, the SPDEF*'* mice showed higher levels
of IL-4 and IL-13 at day 14, but a lower level of IL-4 at day 21 (Figure 13A, B).

The worm burden data showed a significantly higher number of worms in the cecum at day 14 p.i.
in SPDEF** mice compared to SPDEF”, which declined significantly by day 21 (Figure 13C).
The SPDEF” mice, however, started showing an elevation in their worm count from day 14 to 21.
This result in combination with the TH2 cytokines data may suggest that SPDEF** mice show an
elevated TH2 response around day 14 p.i. which helps in worm expulsion and subsequently

reduces the number of worms remarkably by day 21. The increased worm count observed in

50



MSc Thesis — Z. T. Haider; McMaster University — Medical Sciences

SPDEF mice at day 21 could suggest delayed or impaired hatching of T. muris eggs in these
mice. The delayed expulsion of worms observed in SPDEF” mice at day 21 p.i. may have also
been associated with a delayed TH2 response, however, this needs to be determined further.

ATOH-1 (or Math-1 in mice) acts as a downstream component of Wnt canonical B-catenin
signaling cascade and regulates the cell-fate differentiation of ISCs into the secretory cell-types. It
activates several transcription factors and one of them is SPDEF, which differentiates the secretory
progenitors into goblet cells. To observe whether these upstream regulators of SPDEF are
differently expressed following T. muris infection, the mRNA expression of S-catenin and Atoh-
1/Math-1 was determined via gPCR in SPDEF*"* and SPDEF’ mice during uninfected and
infected (14 and 21 p.i.) periods (Figure 14A, B). No significant difference was observed in /-
catenin expression in SPDEF*"* and SPDEF" mice during T. muris infection (Figure 14A).
However, Atoh-1 showed increased expression in SPDEF** and SPDEF” mice following
infection at day 21 p.i. (Figure 14B), indicating that the differentiation of ISCs was directed more

towards the secretory cell-types during T. muris infection.
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Figure 9. Effect of T. muris on intestinal goblet cells in SPDEF"* and SPDEF 7~ mice with (day
14 & 21 p.i.) or without infection

Representative images of (A) PAS-stained colonic goblet cells observed by microscope, and (B)
Number of PAS+ goblet cells counted per 10 crypts in SPDEF™* and SPDEF " mice with (day
14 & 21 p.i.) or without 7. muris infection. Data are represented as mean+/- SEM, *p<0.05 is

considered as statistically significant.
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Figure 10. Effect of T. muris on relative mRNA expression of Spdef, Muc2 and Muc5ac in
SPDEF"" and SPDEF *~ mice with (day 14 & 21 p.i.) or without infection

Relative mRNA expression of (A) Spdef, (B) Muc2, and (C) MucSac assessed by qPCR in
SPDEF"" and SPDEF "~ mice with (day 14 & 21 p.i.) or without 7. muris infection, normalized to

mouse 18s. Data are represented as mean+/- SEM, *p<0.05 is considered as statistically

significant.
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Figure 11. Effect of T. muris on SPDEF+ cells in SPDEF™* mice with (day 14 & 21 p.i.) or

without infection
Representative images of (A) SPDEF-stained colonic cross sections observed by IFC, and (B)
Number of SPDEF+ cells counted per 10 crypts in SPDEF™* mice with (day 14 & 21 p.i.) or

without 7. muris infection. Data are represented as mean+/- SEM, *p<0.05 is considered as

statistically significant.
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Figure 12. Effect of T. muris on Muc2+ cells in SPDEF** and SPDEF 7~ mice with (day 14

& 21 p.i.) or without infection

Representative images of (A) Muc2-stained colonic cross sections observed by IFC, and (B)
Number of Muc2+ cells counted per 10 crypts in SPDEF™* and SPDEF *~ mice with (day 14 &
21 p.i.) or without 7 muris infection. Data are represented as mean+/- SEM, *p<0.05 is considered

as statistically significant.
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Figure 13. Effect of T. muris on the levels of TH2 cytokines IL-4 and IL-13 in colonic tissues
in SPDEF"* and SPDEF - mice with (day 14 & 21 p.i.) or without infection and worm burden
in SPDEF"* and SPDEF - mice with T. muris infection (day 14 & 21 p.i.)

Levels of TH2 cytokines (A) IL-4, and (B) IL-13 assessed by ELISA in SPDEF** and SPDEF -
mice with (day 14 & 21 p.i.) or without 7. muris infection, and (C) Worm burden in SPDEF**
and SPDEF * mice with T. muris infection (day 14 & 21 p.i.). Data are represented as mean+/-

SEM, *p<0.05 is considered as statistically significant.
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Figure 14. Effect on T. muris on relative mRNA expression of f-catenin and Atoh-1 in SPDEF"*

and SPDEF - mice with (day 14 & 21 p.i.) or without infection

Relative mRNA expression of (A) S-catenin, and (B) Atoh-1 assessed by qPCR in SPDEF** and
SPDEF " mice with (day 14 & 21 p.i.) or without 7. muris infection, normalized to mouse 18s. Data

are represented as mean+/- SEM, *p<0.05 is considered as statistically significant.
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4.2 T muris infection alters cecal microbial community in SPDEF** and SPDEF”- mice

The interaction between 7. muris and gut microbiota is well-documented in various studies, even
more so in terms of chronic infection, where it was seen that chronic 7. muris infection in C57BL/6
mice was associated with changes in microbial diversity, a decline in the relative abundance of
Bacteroidetes phylum and a rise in Lactobacillaceae family [109] [122]. A study from our lab
conducted on C57BL/6 mice with acute 7. muris infection demonstrated that microbial
composition was altered in infected mice at day 36 p.i. compared to uninfected mice, which is yet
to be published. To observe the differences in microbial community in SPDEF** and SPDEF”
mice on BALB/c background following 7. muris infection, relative abundance of microbial
composition at genus level, linear discriminant analysis effect size (LEFSe) of various bacterial
genera and o, PB-diversities with post-hoc analysis were assessed in both groups at various
timepoints (Figure 15-17, Table 3, 4). The timepoints were designated as D-0 (uninfected), D-14
and D-21 (p.i). The relative abundance plots are shown in Figure 15A. To determine the
significantly different (p-value <0.05) bacterial genera in both of these groups, linear discriminant
analysis effect size was conducted (Figure 15B, C). SPDEF”" mice showed increased abundance
of Bacteroides and Streptococcus after T. muris infection at day 14 p.i. and higher abundance of
Eubacterium, Anaerofustis, Incertae and members from Prevotellaceae family without 7. muris
infection compared to SPDEF*™* mice (Figure 15B). On the other hand, SPDEF** mice showed
higher abundance of Rikenella, Musicpirillum, Bifidobacterium and members from
Lachnospiraceae family without infection, while the infected SPDEF*" mice showed increased
abundance of Oscillibacter, Faecalibaculum, Oscillospira at day 14 and Pseudomonas at day 21
p.i. (Figure 15B). Figure 15C shows the graphical presentations of some of the most abundant

bacterial genera present in the gut in SPDEF™* and SPDEF"~ mice at different timepoints.
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To take a look into the changes in microbial diversity in SPDEF"* and SPDEF” mice, a-diversity
was determined using Chaol index to observe species richness in each group and B-diversity was
determined via Bray-Curtis distance using PCoA plot to observe the similarities in microbial
distribution between different groups (Figure 16, 17). Post-hoc pairwise comparison was
conducted to observe the differences in diversity between multiple groups (Table 3, 4). SPDEF”-
mice showed decreased a-diversity compared to SPDEF™* mice at day 14 p.i. (Figure 16, Table
3). Although the SPDEF"" and SPDEF’ mice did not show any significant difference in a-
diversity after infection compared to their uninfected timepoints, SPDEF*" mice showed
decreased a-diversity at day 21 compared to day 14 p.i. (Figure 16, Table 3). The B-diversity data
showed different distribution of microbial communities between SPDEF*" and SPDEF”~ mice at
day 14 p.i. (Figure 17, Table 4). Both groups also showed different distributions of microbiota at

day 14 and 21 p.i. compared to their uninfected timepoints (Figure 17, Table 4).
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Figure 15. Analysis of microbial composition in SPDEF"* and SPDEF - mice with (day 14 &
21 p.i.) or without T. muris infection

(A) Relative abundance of microbial community on genus level, (B) Graphical summary of
significantly different bacterial genera in SPDEF™* and SPDEF * mice with a p-value cutoff

0.05, analyzed via LEFSe, (C) Graphical presentations of the most abundant bacterial genera in

SPDEF** and SPDEF * mice, analyzed via LEFSe
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Figure 16. Analysis of alpha-diversity in SPDEF"* and SPDEF 7~ mice with (day 14 & 21

p.i.) or without 1. muris infection

Alpha-diversity assessed by Chaol index in SPDEF™* and SPDEF " mice with (day 14 & 21

p.i.) or without (day 0) 7 muris infection.
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Table 3: Post-hoc pairwise comparison of alpha-diversity between different groups of

SPDEF"* and SPDEF~- mice, *p<0.05 is considered as statistically significant.

Pair P-value
D 0(WT)vs D 0(KO) 0.107
D_14(WT) vs D_14(KO) <0.001 *
D 21(WT) vs D_21(KO) 0.088

D 0(WT)vs D 14(WT) 0.531

D 0(WT)vs D 21(WT) 0.187
D_14(WT) vs D_21(WT) 0.01 *

D 0(KO) vs D_14(KO) 0.094

D 0(KO) vs D 21(KO) 0.236

D 14(KO) vs D _21(KO) 0.77
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Figure 17. Analysis of beta-diversity in SPDEF** and SPDEF ~~ mice with (day 14 & 21 p.i.)

or without T. muris infection

Beta-diversity assessed by PCoA plot using Bray-Curtis dissimilarity index in SPDEF"* and

SPDEF - mice with (day 14 & 21 p.i.) or without (day 0) 7. muris infection.
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Table 4: Post-hoc pairwise comparison of beta-diversity between different groups of SPDEF"*

and SPDEF”- mice, *p<0.05 is considered as statistically significant.

Pair P-value
D 0 (WT)vsD 0 (KO) 0.309
D_14(WT) vs D_14(KO) 0.026 *
D 21(WT) vs D_21(KO) 0.858
D _0_(WT) vs D_14(WT) 0.009 *
D _0_(WT)vs D 21(WT) 0.01 *
D 14(WT)vs D 21(WT) 0.756
D _0_(KO) vs D_14(KO) 0.029 *
D 0 _(KO) vs D 21(KO) 0.008 *
D 14(KO) vs D_21(KO) 0.401
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4.3 T. muris-altered microbiota stimulates the expression of SPDEF and modulates goblet
cell response (Muc2 secretion)

T. muris and host microbiota interaction plays a critical role in immune response. The intestinal
mucus plays a major role in providing first-line defense to the host and gut microbiota also helps
in proper formation and maintenance of the membrane. To determine if T. muris-microbiota
interaction has an influence on the expression of SPDEF and goblet cell response; the number of
PAS+ goblet cells, mRNA expression of Spdef, Muc2 and Mucb5ac, and the number of Muc2+ and
SPDEF+ cells were assessed in the following groups of mice on BALB/c background: WT,
antibiotic-treated WT (ABX-WT), ABX-WT transplanted with microbiota from naive (WT) mice,
and ABX-WT transplanted with T. muris-altered microbiota from T. muris infected (WT) mice
(Figure 18-21). The data showed a significant increase in PAS+ goblet cells in ABX-WT mice
that received microbiota either from naive or T. muris infected mice compared to only antibiotic-
treated (ABX-WT) mice (Figure 18A, B). ABX-WT mice transplanted with T. muris-altered
microbiota showed higher number of PAS+ goblet cells in contrast to ABX-WT mice transplanted
with naive microbiota (Figure 18A, B). The mRNA expression of Spdef and Muc2 observed via
gPCR showed that both Spdef and Muc2 increased in ABX-WT mice after they received
microbiota from naive or T. muris infected mice (Figure 19A, B). Also, the mice who received
altered microbiota showed higher expression of Spdef and Muc2 compared to the mice who
received naive microbiota (Figure 19A, B). Mucbac expression, however, did not show any
significant increase in the mice transplanted with normal or altered microbiota (Figure 19C).

In relation to the changes observed in the genetic expression of Spdef and Muc2, the number of
SPDEF+ and Muc2+ cells was observed via immunofluorescence (Figure 20,21). The number of

SPDEF+ and Muc2+ cells showed a significant rise in ABX-WT mice after receiving microbiota
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from naive or T. muris infected mice (Figure 20,21). Figure 20-21 also showed that after receiving
T. muris-altered microbiota, ABX-WT mice showed greater number of SPDEF+ and Muc2+ cells
compared to the group receiving naive microbiota. All these findings suggest that T. muris-
microbiota interaction stimulates the expression of SPDEF and Muc2 with no significant alteration

in Mucbac expression.
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Figure 18. Effect of T. muris-microbiota interplay on intestinal goblet cells in WT mice,
antibiotic-treated WT (ABX-WT) mice, antibiotic-treated WT mice transplanted with naive
microbiota, and antibiotic-treated WT mice transplanted with T. muris-altered microbiota
Representative images of (A) PAS-stained colonic goblet cells observed by microscope, and (B)
Number of PAS+ goblet cells counted per 10 crypts in WT mice, antibiotic-treated WT (ABX-
WT) mice, ABX-WT mice transplanted with naive microbiota, and ABX-WT mice transplanted

with 7. muris-altered microbiota. Data are represented as mean+/- SEM, *p<0.05 is considered as

statistically significant.
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Figure 19. Effect of T. muris-microbiota interplay on relative mRNA expression of Spdef, Muc2
and Muc5ac in WT mice, antibiotic-treated WT (ABX-WT) mice, antibiotic-treated WT mice
transplanted with naive microbiota, and antibiotic-treated WT mice transplanted with T. muris-

altered microbiota

Relative mRNA expression of (A) Spdef, (B) Muc2, and (C) Muc5ac assessed by qPCR in WT
mice, antibiotic-treated WT (ABX-WT) mice, ABX-WT mice transplanted with naive microbiota,
and ABX-WT mice transplanted with 7 muris-altered microbiota, normalized to mouse 18s. Data

are represented as mean+/- SEM, *p<0.05 is considered as statistically significant.
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Figure 20. Effect of T. muris-microbiota interplay on SPDEF+ cells in WT mice, antibiotic-
treated WT (ABX-WT) mice, antibiotic-treated WT mice transplanted with naive microbiota,

and antibiotic-treated WT mice transplanted with T. muris-altered microbiota

Representative images of (A) SPDEF-stained colonic cross sections observed by IFC, and (B)
Number of SPDEF+ cells counted per 10 crypts in WT mice, antibiotic-treated WT (ABX-WT)
mice, ABX-WT mice transplanted with naive microbiota, and ABX-WT mice transplanted with
T. muris-altered microbiota. Data are represented as mean+/- SEM, *p<0.05 is considered as

statistically significant.
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Figure 21. Effect of T. muris-microbiota interplay on Muc2+ cells in WT mice, antibiotic-treated
WT (ABX-WT) mice, antibiotic-treated WT mice transplanted with naive microbiota, and

antibiotic-treated WT mice transplanted with T. muris-altered microbiota

Representative images of (A) Muc2-stained colonic cross sections observed by IFC, and (B)
Number of Muc2+ cells counted per 10 crypts in WT mice, antibiotic-treated WT (ABX-WT)
mice, ABX-WT mice transplanted with naive microbiota, and ABX-WT mice transplanted with
T. muris-altered microbiota. Data are represented as mean+/- SEM, *p<0.05 is considered as

statistically significant.
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4.4 T. muris-altered cecal microbiota shows difference in composition compared to naive
microbiota following microbial transplantation in antibiotic-treated mice

The antibiotic-treated WT (ABX-WT) mice showed increased number of PAS+ goblet cells and
higher expression of SPDEF and Muc? after they received T. muris-altered microbiota, compared
to the mice that received naive microbiota (Result 4.3). To observe the differences in microbial
community, bacterial profiling of the cecal contents was performed in the following groups: WT,
ABX-WT, ABX-WT with naive microbiota transplant, and ABX-WT with T. muris-altered
microbiota transplant. Relative abundance of microbial composition on genus level, a-diversity
using Chaol index, B-diversity using Bray-Curtis dissimilarity index and post-hoc pairwise
comparison of microbial diversity were assessed in those groups of mice (Figure 22-24, Table
5,6). The relative abundance data on genus level showed that there was relatively higher abundance
of Gram-positive bacteria Enterococcus in ABX-WT group compared to WT or naive/T. muris-
altered microbiota transplant groups (Figure 22). The ABX-WT group did not show any relative
presence of certain Gram-negative bacteria such as Alistipes, Helicobacter, Odoribacter,
Bacteroides, Akkermansia, Anaeroplasma, Parabacteroides and members from Lachnospiraceae
family, which were seen to be present in other groups (Figure 22). ABX-WT mice transplanted
with T. muris-altered microbiota showed relatively higher abundance of Alistipes, Odoribacter and
members from Lachnospiracea family; whereas the mice transplanted with naive microbiota
showed higher abundance of Helicobacter, Intestinimonas and members from Rikenellaceae and
Prevotellaceae families (Figure 22).

In regard to microbial diversity, ABX-WT group showed diminished a-diversity compared to WT
and naive/T. muris-altered microbiota transplant groups (Figure 23, Table 5). No significant

difference in a-diversity was observed between naive and T. muris-altered microbiota transplant
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groups. On the contrary, the B-diversity data has shown that ABX-WT group that received T.
muris-altered microbiota are separately distributed from the naive microbiota transplant group
(Figure 24, Table 6). All these data suggest that T. muris-altered microbiota shows different
microbial composition and diversity compared to naive microbiota following microbial

transplantation in antibiotic-treated mice.
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Figure 22. Analysis of microbial composition in WT mice, antibiotic-treated WT (ABX-WT) mice,
antibiotic-treated WT mice transplanted with naive microbiota, and antibiotic-treated WT mice
transplanted with T. muris-altered microbiota

Relative abundance of microbial community on genus level observed in WT mice, antibiotic-
treated WT (ABX-WT) mice, ABX-WT mice transplanted with naive microbiota, and ABX-WT

mice transplanted with 7 muris-altered microbiota.
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Figure 23. Analysis of alpha-diversity in WT mice, antibiotic-treated WT (ABX-WT) mice,
antibiotic-treated WT mice transplanted with naive microbiota, and antibiotic-treated WT mice

transplanted with T. muris-altered microbiota

Alpha-diversity assessed by Chaol index in WT mice, antibiotic-treated WT (ABX-WT) mice,
ABX-WT mice transplanted with naive microbiota, and ABX-WT mice transplanted with 7. muris-

altered microbiota.
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Table 5: Post-hoc pairwise comparison of alpha-diversity in WT mice, antibiotic-treated WT
(ABX-WT) mice, antibiotic-treated WT mice transplanted with naive microbiota, and
antibiotic-treated WT mice transplanted with T. muris-altered microbiota, *p<0.05 is

considered as statistically significant.

Pair P-value
D _0(WT) vs ABX 0.003 *
ABX vs ABX-naive_microbiota 0.04 *
ABX vs ABX-altered_microbiota <0.001 *
ABX-naive microbiota vs ABX- 0.18
altered microbiota
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Figure 24. Analysis of beta-diversity in WT mice, antibiotic-treated WT (ABX-WT) mice,
antibiotic-treated WT mice transplanted with naive microbiota, and antibiotic-treated WT mice

transplanted with T. muris-altered microbiota

Beta-diversity assessed by PCoA plot using Bray-Curtis dissimilarity index in WT mice,
antibiotic-treated WT (ABX-WT) mice, ABX-WT mice transplanted with naive microbiota, and

ABX-WT mice transplanted with 7 muris-altered microbiota.
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Table 6: Post-hoc pairwise comparison of beta-diversity in WT mice, antibiotic-treated WT
(ABX-WT) mice, antibiotic-treated WT mice transplanted with naive microbiota, and
antibiotic-treated WT mice transplanted with T. muris-altered microbiota, *p<0.05 is

considered as statistically significant.

Pair P-value
D _0(WT) vs ABX 0.026 *
ABX vs ABX-naive_microbiota 0.031 *
ABX vs ABX-altered_microbiota 0.024 *
ABX-naive microbiota vs ABX- 0.03 *
altered_microbiota
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4.5 T. muris ESPs directly stimulate the mRNA expression of SPDEF and MUC?2 through
NOD/TLR signaling pathways in human colonic mucin secreting cell line LS174T

As discussed in the rationale for aim 3 in chapter 2, previous research from our lab has shown how
T. muris ESPs exert a direct effect on TLR2 expression in human EC cell line BON-1 cells and
stimulate the secretion of 5-HT [103]. Our lab has also shown that treatment with NOD1 and
NOD?2 agonists in mice with acute T. muris infection resulted in increased number of goblet cells
and Muc2 secretion [107]. The expression of MUC2 in human colonic LS174T cells also increased
following NOD1 and NOD?2 treatment [107]. The colonic goblet cells have been seen to express
higher levels of TLR2, TLR4 on their surface and NOD1, NOD2 in their cytoplasm. To investigate
whether T. muris ESPs influence the expression of SPDEF and MUC2 through NOD/TLR
signaling pathways in LS174T cells, we cultured the cells and treated them in 2 different sets, each
set containing cells from 3 different passages. The first set was treated with a control reagent (PBS)
and agonists for NOD1, NOD2, TLR2 and TLR4 receptors; while the second set was treated with
the same control, T. muris ESPs and the antagonists against the NOD1, NOD2, TLR2 and TLR4
receptors with T. muris ESPs simultaneously. (Figure 25A). We assessed the mRNA expression
of SPDEF and MUC?2 via gPCR (Figure 25B-E) and their protein expression via Western blot
(Figure 25A-D) in each set.

SPDEF and MUC2 showed higher expression in LS174T cells after treatment with TLR2 and
TLR4 agonists (Figure 25B, C). Figure 25C also showed higher MUC2 expression in the cells
after treatment with NOD2 agonist. These receptors can modulate intracellular downstream
signaling cascades, such as NF-kf} or mitogen-activated protein kinase (MAPK) pathways and
regulate the expression of certain genes by activating several transcription factors [123]. The cells

also showed higher SPDEF and MUC2 mRNA levels after being treated with T. muris ESPs
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(Figure 25D, E). However, treatment with TLR2 antagonist and T. muris ESPs simultaneously
showed a significantly lower expression of SPDEF (Figure 25D, E). Expression of MUC2 was
also seen to be depleted in the cells after treatment with NOD2 and TLR2 antagonists along with
T. muris ESPs compared to only T. muris ESPs treatment group (Figure 25D, E). These data may
suggest that T. muris ESPs can directly stimulate the genetic expression of SPDEF and MUC2
through NOD/TLR receptor-mediated pathways in human colonic cell line LS174T. On the
contrary, the protein expression of SPDEF and MUC2 observed via Western blot in Figure 26A-
D did not show any significant changes post-treatment with NOD/TLR agonists, T. muris ESPs or
antagonists, which was one of the limitations of this study that has been discussed in the next

chapter.
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Figure 25. Effect of NOD/TLR signaling on relative mRNA expression of SPDEF and MUC2
in LS174T cells treated with a control reagent, agonists for NOD1, NOD2, TLR2 and TLR4
receptors, 1. muris ESPs and antagonists against NOD1, NOD2, TLR2 and TLR4 receptors
with T. muris ESPs

(A) Graphical image of LS174T cells cultured and treated in a 12-well plate with a control
reagent, agonists for NOD1, NOD2, TLR2 and TLR4 receptors, 7. muris ESPs and antagonists
against NOD1, NOD2, TLR2 and TLR4 receptors with 7. muris ESPs simultaneously; relative
mRNA expression of (B) SPDEF, and (C) MUC?2 assessed by qPCR in the first set of cells treated
with a control reagent and agonists for NOD1, NOD2, TLR2 and TLR4 receptors; relative mRNA
expression of (D) SPDEF, and (E) MUC?2 assessed by qPCR in the second set of cells treated
with a control reagent, 7. muris ESPs and antagonists against NOD1, NOD2, TLR2 and TLR4
receptors with 7 muris ESPs; normalized to human 18s. Data are represented as mean+/- SEM,

*p<0.05 1s considered as statistically significant.
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Figure 26. Effect of NOD/TLR signaling on SPDEF and MUC?2 protein levels in LS174T cells
treated with a control reagent, agonists for NOD1, NOD2, TLR2 and TLR4 receptors, T. muris

ESPs and antagonists against NOD1, NOD2, TLR2 and TLR4 receptors with 1. muris ESPs

Western blot images and quantification of SPDEF protein in LS174T cells treated in 2 different
sets: (A) first set with a control reagent and agonists for NOD1, NOD2, TLR2 and TLR4 receptors;
(B) second set with a control reagent, 7. muris ESPs and antagonists against NOD1, NOD2, TLR2
and TLR4 receptors with 7. muris ESPs; Western blot images and quantification of MUC?2 protein
in LS174T cells treated in 2 different sets: (C) first set with a control reagent and agonists for
NODI, NOD2, TLR2 and TLR4 receptors; (D) second set with a control reagent, 7. muris ESPs
and antagonists against NOD1, NOD2, TLR2 and TLR4 receptors with 7. muris ESPs. Data are

represented as mean+/- SEM, *p<0.05 is considered as statistically significant.
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Chapter 5: Discussion

Goblet cells and the secreted mucins play important roles in providing innate defense to the host
in several enteric parasitic infections, the most common of them being the soil-transmitted
helminths/STH in mammals. The stimulated mucin secretion from these cells ensures a robust
mucosal barrier that helps in parasite expulsion from the gut. 7. muris in mice has been well-
studied for many years as a common laboratory model for 7. trichiura in humans, which affects
more than a billion people worldwide [51]. Changes in goblet cell response and other
immunological and pathophysiological changes with reference to acute and chronic 7. muris
infections have been well-documented across several studies. Goblet cell hyperplasia during acute
T. muris infection is observed in resistant mice who are capable of worm expulsion, whereas
hyperplasia of absorptive enterocytes is observed during chronic infection and in susceptible mice
which results in failure in worm expulsion [27] [74] [75]. The BALB/c mice are resistant to 7.
muris infection, which otherwise showed increased expression of Hes-1 and enterocyte
differentiation during chronic infection [26]. The same resistant strain has shown upregulation of
Math-1 and SPDEF during acute infection, resulting in increased goblet cell differentiation [26].
Hyperplasia of goblet cells is an immune-protective mechanism against parasites which helps in

trapping the worms and their expulsion through increased mucin secretion.

Consistent with these studies, we have witnessed increased PAS+ goblet, SPDEF+ and Muc2+
cells and higher expression of Spdef and Muc?2 in resistant (BALB/c) SPDEF " mice following
acute infection with 7. muris at day 14 and 21 p.i., compared to SPDEF" mice. The resistant mice
start expelling the worms from day 14 and by day 21, majority of the worms are expelled, which
was one of the reasons for selecting two different timepoints of infection for the experiments.

SPDEF is known to be one of the major transcription factors regulating the terminal differentiation,
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proliferation and maturation of intestinal goblet cells, the lack of which causes significant
depletion of goblet cells and secreted mucins. In relation to this fact, we have observed significant
difference between SPDEF*" and SPDEF" mice in terms of number of goblet, SPDEF+ and
Muc2+ cells, along with the genetic expression of their markers. In SPDEF*" mice, however, we
have witnessed lower mRNA and protein expression of SPDEF at day 21 p.i., while the expression
of Muc2 remained high. This could suggest that there are other transcription factors that induced

Muc2 expression in goblet cells, which could be studied for future research.

In a previous study, Muc5ac” mice showed delayed worm expulsion despite generating a robust
TH2 response during acute 7. muris infection. The absence of Muc5ac gene in mice also has a
delayed effect on worm expulsion in other parasitic infections, such as 7. spiralis and N.
brasiliensis [28]. Also, higher expression of MucSac was observed in C57BL/6 mice around the
time or worm expulsion [27]. However, our data did not show any significant changes in Muc5ac
after infection and between SPDEF** and SPDEF-~ mice. Muc5ac is not typically expressed in
the colon and it has a negative effect on worm viability observed in human colon cell lines, the
mechanism which is yet to be explored [28]. The genetic background of mice used in our
experiments was BALB/c and the expression of MucSac was not previously assessed in this
particular genotype, which might be associated with such changes in this mucin. This might be a

topic for future studies to elucidate the variability of its changes in our experiments.

The resistance and susceptibility of mice to T. muris are influenced by a variety of factors, which
include the genetic background and gender of the mice, the infective dose of the antigen and
various isolates of the parasite itself that can modulate different immune responses [51]. Worm
expulsion is primarily associated with TH1 and TH2 immune responses, where TH2 response has

been seen to modulate complete worm expulsion from the gut in resistant mice and TH1 response
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helps in development of chronic infection by harboring the worms in the susceptible strains or by
delaying their expulsion [51] [124]. The susceptible strains of mice produce a high amount of TH1
cytokines such as IFN-y, IL-12, IL-18 and 1gG2a antibody that help in prolonging inflammatory
responses in mice resulting in organ damage from chronicity of infection. Neutralization of IFN-y
by administration of anti- IFN-y-Ab was seen to promote resistant phenotype even in susceptible
mice [93] [94] [95] [99]. Resistance to T. muris is seen to be strongly associated with TH2
cytokines such as IL-4, IL-5, IL-9, IL-13, and production of 1gG1 and IgE antibodies under the
control of IL-4 and IL-13. IL-4 and IL-13 are considered as major cytokines involved in the process
of worm expulsion and both IL-4 and IL-13 KO mice have shown susceptibility to T. muris, where
administration of any of these cytokines has restored their resistance [76] [99] [125].

The mechanisms by which IL-4 and IL-13 regulate increased expression of SPDEF, goblet cell
hyperplasia and mucin secretion include STAT-6 pathways. However, there are other pathways
independent of STAT-6 that might also be responsible in the process, which include MAPK or
PI3K pathways [77] [78] [126]. With regard to these facts, our results have shown increased
production of 1L-4 and IL-13 in SPDEF** mice at day 14 p.i. compared to SPDEF’ mice, which
were significantly reduced at day 21. The SPDEF mice, on the other hand, showed a significant
increase in IL-4 and I1L-13 levels from day 14 to day 21 p.i., compared to SPDEF** mice. The
absence of SPDEF and decreased mucin secretion from goblet cells might suggest delayed
expulsion of worms in SPDEF’ mice with increased TH2 cytokine levels at day 21 p.i..
Interestingly, in SPDEF”-mice, we observed higher presence of worms at day 21 p.i. compared to
that on day 14 p.i.. This may be due to delayed or impaired worm hatching and poor larval

development in the SPDEF” mice due to downregulated mucin secretion. Further assessments on
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the worm hatching at earlier timepoints of infection are warranted to understand the underlying
mechanisms.

Acute T. muris infection in BALB/c mice is associated with upregulation of Atoh-1, leading to
hyperproliferation of goblet cells [26]. Consistent with this study, we also observed increased
mRNA expression of Atoh-1 in SPDEF** and SPDEF~ mice after infection. Our experiments did
not show any significant difference of S-catenin expression after infection in both groups. As the
major intracellular signal transducer and effector protein of Wnt canonical cascade, -catenin has
many different functions, which include maintaining cellular integrity at the adherens junction
linked with E-cadherins and other catenin proteins, and regulating the transcription of a variety of
genes [127]. This data may suggest that T. muris shows effects on the signaling cascade involved
in differentiation of ISCs, downstream of B-catenin.

There are more than 1000 different species of bacteria in the gut along with viruses and protozoa,
which form a complex environment inside our body. Numerically, the bacteria are the most
abundant in the Gl tract, most of which are anaerobes that perform a variety of functions associated
with host metabolism, immune system development, host behavior, limiting pathogen invasion
and so on [128]. The symbiotic relationship between host and gut microbiome is subject to
alteration by various factors such as host’s age, gender and diet, physiology and immune system
of the host, antibiotic usage, infective and inflammatory conditions, presence of autoimmune
diseases, etc.; which can lead to development of chronic inflammatory diseases such as IBD,
diabetes, and allergy [33]. As discussed in chapter 1, the changes in gut microbiota and the
interaction between parasites and host microbial environment have been widely studied in relation
to many enteric parasitic infections both in humans and mice, Moreover, changes in the mucus

following parasitic infection can lead to microbial change, which has also been discussed. In
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previous studies, chronic T. muris infection in resistant mice was seen to alter the gut microbial
composition by reducing the phylum Bacteroidetes and increasing the Lactobacillaceae family
[109]. Decreased a-diversity and changes in B-diversity were observed in relation to chronic
infection which were apparent between 14 and 28 days. Although acute infection did not show any
significant changes in diversity, it has shown increased abundance of Clostridia strains that
inhibited Bacteroides vulgatus colonization in mice [63] [109] [110] [129].

The changes in microbiota have been more broadly studied in regard to chronic T. muris infection
possibly for the reason that humans usually suffer from chronic infection with T. trichiura and the
prolonged infective timeline in mice during chronic infection is more representative of microbial
changes that happen in humans with T. trichiura infection. The duration of infection also plays an
important role in changing the microbial community to a greater extent than it does in acute
infection. Furthermore, during chronic infection, the pathological changes in the intestinal
epithelium are more pronounced, that may lead to changes in the microbial community.
Considering all these facts and speculations, we investigated the changes in microbial community
in SPDEF** and SPDEF” mice at different timepoints. There were no observable significant
changes in relative abundance on genus level between the 2 groups of mice, except for Bacteroides
and Alistipes. Both of them belong to Bacteroidetes phylum, which is one of the most abundant
phyla present in the mammalian gut. SPDEF** mice showed higher abundance of Alistipes
species, whereas SPDEF” mice showed higher abundance of Bacteroides. Abundance data on
phylum level showed a relatively higher abundance of Campylobacterota and decreased abundance
of Bacteroidetes in SPDEF*"* mice compared to other timepoints in the same group and to SPDEF
"group. Variations in o and B-diversity were also significant at day 14 p.i. between SPDEF** and

SPDEF mice. We further analyzed the microbiota separately in both groups, which has shown
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that o-diversity has decreased significantly in SPDEF*"* mice at day 21 after infection, while it
happened at day 14 in SPDEF- mice with higher abundance of Bacteroidetes. A possible reason
for showing changes in microbial community at day 14 could be that in resistant mice, day 14 p.i.
is considered as the peak timepoint of infection when changes in goblet cell markers and TH2
cytokine levels become notable compared to uninfected stage. The mice also start expelling worms
from their gut from this period of time, which might suggest that day 14 p.i. is a critical period for
SPDEF** mice to show more variations in diversity in contrast to SPDEF’ mice. The absence of
SPDEF has effects on the mucus with lower goblet cell differentiation and less mucin secretion.
The mucin property bears effect on bacterial adhesion to the mucus, which could also explain the
microbial differences between these 2 groups. However, since the timeline of acute infection is
significantly shorter than chronic, it might be a reason why no significant visible changes were
observed in several bacterial genera between these groups. It is important to note here that a
number of variables can also contribute to contrasting results obtained from targeted 16s
sequencing which include housing condition of the mice, diet, age, gender, body weight and so on.
GF mice models are considered as the gold standard in gaining insight into the parasite-microbiota
interaction and are being used in many studies. However, since microbial exposure is fully blocked
in GF mice since birth which grossly impairs their immune system development, studying the role
of microbiota in regulating cellular functions and signaling pathways becomes difficult in the
context of parasitic infection. Therefore, antibiotic-treated or ABX mice come into play. Broad-
spectrum antibiotics can be applied to mice regardless of any genotype and physiological
condition, which can block some specific microbes in a specific organ without impairing gross
microbial environment in the body. We have assessed the changes in SPDEF and mucin in

antibiotic-treated mice after naive and T. muris-altered cecal microbiota transplant where we
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observed higher number of goblet cells and increased expression of SPDEF and Muc2 in ABX
mice after T. muris-altered microbiota transplant compared to naive microbiota transplant. T.
muris-microbiota interaction generates downstream signaling cascades, causing changes in
expression of goblet cell markers in contrast to naive microbiota. The microbial composition and
diversity analysis showed changes in B-diversity between naive and T. muris-altered microbiota,
although no significant difference was observed in a-diversity between the 2 groups. Our lab has
shown that antibiotic treatment in C57BL/6 mice resulted in diminished abundance of Gram-
negative bacteria and increased relative abundance of Gram-positive bacteria [103], which was
contradictory to the changes we observed in ABX mice on BALB/c background. We have
observed a higher abundance of Gram-positive Enterococcus and decreased abundance of a couple
of Gram-negative bacteria such as Alistipes, Bacteroides, Helicobacter, which showed their
presence following naive and T. muris-altered microbiota transplant. Between the transplant
groups, higher abundance of Campylobacterota was observed after naive microbiota transplant,
which showed no visible abundance in mice after T. muris-altered microbiota transplant. The
microbial community is unique to individuals and variation in microbiota is subject to many
different factors, which include the genetic background and associated phenotypic changes in
mice, colonization period of microbiota and other environmental conditions, so it is important to
keep the variability in check as much as possible.

Both naive and T. muris-altered microbiota were collected from the cecal samples of SPDEF*"* or
WT mice, as discussed in chapter 3. Our lab has shown the absence of worms in T. muris infected
C57BL/6 mice after day 35 (unpublished data) and hence, the cecal content for the altered
microbiota by T. muris was collected after day 35 p.i. to exclude the possibility of transferring

worms from the cecum to the antibiotic-treated mice. However, the microbial community after
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complete worm expulsion might show differences with the community that is being altered when
the worms are still persisting in the gut. This could lead us to do future experiments with T. muris-
altered microbiota while the worms are still present. Moreover, microbiota transplant from
SPDEF”mice into antibiotic-treated mice can also be conducted in the future to see if the
expression of SPDEF in ABX mice after microbiota transplant from SPDEF"mice has any notable
difference from SPDEF*'* mice.

Goblet cells in the intestine express several pattern recognition receptors which help in microbial
recognition, binding and generation of subsequent downstream intracellular cascade that provide
immunity to the host. As discussed in chapter 1 and chapter 4: section 4.5, our lab study has shown
that treatment with NOD1 and NOD2 agonists produced more Muc2 mucin from goblet cells in
mice with acute T. muris infection, which was also consistent with previous studies done in this
context where NOD2 was seen to play an important role in epithelial cell response to T. muris
[106]. In human colon cell line, NOD1 and NOD?2 agonists increased the expression of MUC2
mucin [107]. The sentinel goblet cells of colonic tissue in multiple mouse strains showed that TLRS
in goblet cells activate NLRP-6 inflammasome-mediated signaling cascade and MyD88-
dependent ROS synthesis, which can induce transcription of several genes including Muc2 [130].
TLR4 was also seen to inhibit Notch-mediated signaling which resulted in increased goblet cell
differentiation in mice [131]. In relation to the effect of T. muris ESPs on TLRs, a study from our
lab showed that treatment with ESPs in BON-1 cells had direct effect on increased TLR2
expression [103]. T. muris ESPs have several immunomodulatory functions and they are
considered as therapeutic candidates for inflammatory diseases like IBD and multiple sclerosis
[69] [136] [133]. Considering the evidence from previous studies, we investigated whether T.

muris can modulate changes in SPDEF and MUC2 through NOD/TLR signaling in LS174T cells.
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We observed that although there was no difference in protein expression of those markers, their
MRNA expression was upregulated with NOD2, TLR2 and TLR4 agonists, which was inhibited
after treatment with NOD2 and TLR2 antagonists along with T. muris ESPs, suggesting the effect
of T. muris on the genetic expression of goblet cell markers through NOD/TLR receptors. The
variable result in their protein expression can happen due to several reasons, which include
pathways involving post-translational modification or anything related to the experiment itself or
antibody sensitivity that may have affected the quantification of protein levels, which can be
investigated in future.

In conclusion, the study of SPDEF-mediated transcription program in T. muris infection will reveal
important interactions among parasites, microbiota and goblet cells in the gut and enhance our
understanding of the crosstalk between resident microbiota and invading intestinal parasite in the
context of innate defense. Besides, there are other transcription factors that regulate cell-fate
differentiation of secretory progenitors into intestinal goblet cells, such as growth factor
independent-1 (Gfil) and Kruppel-like factor-4 (KLF4), which could be studied in future in this
regard [134] [135]. In turn, this data from our research may be extrapolated to the study of T.
trichiura infection in humans, both in basic and clinical research settings. These findings may also
facilitate the development of novel strategies in modulating SPDEF expression in relation to Gl
disorders such as colorectal cancer, inflammatory bowel disease or cystic fibrosis, that are

associated with goblet cell pathology and dysregulated mucin secretion.
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