Glucosylceramide Maintains Colon
Epithelial Barrier Integrity During
Enterotoxigenic Bacteroides fragilis
Challenge

Logan Dane Patterson

Roanoke, Virginia

B.S., Biochemistry, Virginia Polytechnic Institute and State University, 2014
B.S., Biology, Virginia Polytechnic Institute and State University, 2014

M.S., Biological and Physical Sciences, University of Virginia, 2016

A Dissertation presented to the Graduate Faculty of the University of
Virginia in Candidacy for the Degree of Doctor of Philosophy

Department of Pathology

University of Virginia

November, 2020



Dissertation Abstract

Bacteroides fragilis is a human commensal bacterium that colonizes the majority of
adults. There are two subtypes of this bacterium, Nontoxigenic Bacteroides fragilis
(NTBF) and Enterotoxigenic Bacteroides fragilis (ETBF), which differ based on the
production of Bacteroides fragilis toxin (BFT) by ETBF. ETBF may asymptomatically
colonize humans, but it may also cause diarrheal illness. Early microbiome studies of
patients with colorectal cancer (CRC) revealed that 90% of patients were colonized with
ETBF, suggesting that ETBF was involved in cancer formation or progression. Indeed, in
vivo studies in genetically susceptible mice showed that colonization with ETBF could
lead to tumor formation in the colon within 4 weeks. Tumor formation is dependent on
a pro-inflammatory signaling cascade that begins with E-cadherin cleavage in colon
epithelial cells (CECs). T helper 17 (Th17) cells producing IL-17A are recruited to the
area and stimulate STAT3 and NFkB in CECs, leading to aberrant expression of cytokines
and, eventually, the formation of tumors. The initial host response to BFT has not been
fully characterized, so we focused on early changes in CECs that could promote
inflammatory disease. To do this, we measured sphingolipids, a class of lipids with a
sphingoid backbone that play a wide number of roles in cells, from growth and
differentiation to cell death. We found that normal C57BL/6J mice colonized with ETBF
for one week had increased levels of glucosylceramide in their distal colon.

Glucosylceramide is a critically important lipid in the intestines because of its role in



iii
maintaining the epithelial cell barrier. In order to determine the purpose of BFT-
induced glucosylceramide increases in the colon, we utilized colon organoids (colonoids)
derived from the distal colons of C57BL/6J mice. Colonoids treated with BFT showed
higher levels of glucosylceramide, consistent with our previous in vivo findings. We
assessed the importance of glucosylceramide in CEC response to BFT by using
pharmacological inhibitors of glucosylceramide synthase (GCS), the enzyme responsible
for generating glucosylceramide, and glucocerebrosidase (GBA), the enzyme responsible
for breaking down glucosylceramide. We found that inhibition of GCS caused colonoids
to burst, a phenomenon that could be prevented by blocking GBA. The prevention of
colonoid bursting was due to the stabilization of tight junction protein 1 (TJP1), an
important mediator of tight junctions that regulate paracellular permeability. In
addition, we found that glucosylceramide was released from CECs in extracellular
vesicles (EVs), although the role of glucosylceramide in EVs is unclear at this point.
Together, we have shown for the first time a novel mechanism that CECs use to protect

the epithelial barrier from bacterial toxins.
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Chapter 1: Introduction



1.1: Colon Physiology

1.1.1: Function of the Colon

The human intestinal tract contains two major divisions: the small intestine and the
large intestine.’ Digested food from the stomach enters the small intestine where it is
digested further and nutrients are absorbed.! The small and large intestines are divided
by the cecum,® which serves as the first of four major components of the large intestine,
along with the colon, the rectum, and the anus.! The colon, which is the primary focus
of our studies, is responsible for reabsorbing water and electrolytes from undigested
material.>*> In addition to absorbing water and electrolytes from dietary components,
the colon also absorbs short-chain fatty acids and other nutrients produced by the
resident microbiota (the microorganisms that reside in the gastrointestinal tract).*® The
colon also contains the majority of the intestinal microbiota, which consists of the

bacteria, fungi, viruses, and bacteriophages that reside there.”8

1.1.2: Cellular Composition of the Colon

The colon is lined with a single layer of epithelial cells, which are further organized by
function within crypts (Figure 1.1).23° Cells are organized into three main categories:
stem cells, transit-amplifying cells, and differentiated cells. In the colon, the stem cell
population is located at the bottom of the crypts, and gives rise to all of the other cell
types in the crypt.®>*® As new cells are created, they move up the crypt into the transit-

amplifying zone, where they continue to divide while differentiating into more specific



cell types, such as enterocytes (referred to as colonocytes) or goblet cells (which secrete
mucus to protect the epithelium).%>°1% The majority of cells at the top of the crypt are
colonocytes, which no longer divide, and eventually undergo apoptosis before being
replaced by newer cells.! Cell turnover within the colon occurs every four to five

days,>>!! which helps cells avoid mutations caused by exposure to toxins or carcinogens

within the gastrointestinal (Gl) tract.?

Differentiated
Cells

Transit-
Amplifying
Cells

Figure 1.1: Graphical representation of a colon crypt.

1.1.3: Maintenance of the Epithelial Barrier

One of the most important roles of the colon epithelium is to provide a barrier between
the intestinal contents, including the resident microorganisms, and the underlying
tissue. However, in addition to serving as a physical barrier, epithelial cells must also

permit the passage of ions and nutrients from the environment.'?!3 This delicate



balance is maintained by two main groups of proteins: tight junctions and adherens

junctions. 371

Tight junctions are primarily found at the apical side of the epithelial membrane (the
side closest to the intestinal lumen), and serve two main functions: establishing polarity
within the membrane and regulating the passage of molecules through the paracellular
space between cells.?>"%> The first function, establishing membrane polarity, results in
the segregation of membrane proteins to the areas in which they are needed. Proteins
located at the apical side of the membrane are exposed to the external environment,
and are therefore responsible for the uptake of materials from the environment as well
as to serve as an initial line of defense from the resident microbiota.'?3 Meanwhile,
proteins on the other side of tight junctions are involved in cell-to-cell adhesion,
intercellular communication, and attachment to the basement membrane.'? The
second function, regulating paracellular uptake of molecules, allows cells to uptake
water, ions, and small molecules from the environment while prohibiting bacteria from

translocating through the epithelial barrier.1213.16

Tight junctions are structurally formed by the attachment of transmembrane proteins,
which span the paracellular space, to cytoplasmic proteins within cells that serve to
anchor the junctions.’® The three main transmembrane protein(s) involved in forming
tight junctions are occludin, the claudin family of proteins, and junctional adhesion

molecules (JAMs).*2"%> Occludin, which was the first transmembrane protein to be



identified,'4 helps to regulate paracellular permeability.’>131> However, an occludin
knockout mouse model demonstrated that this protein is not required for tight junction
formation.'’” Claudins, which are a family of at least 24 proteins,'* are transmembrane
proteins that form channels to allow paracellular transport of molecules.>* Claudins
are differentially expressed throughout the body, and even change within the colon,
with different expression patterns in the proximal colon (closest to the cecum) and the
distal colon (adjacent to the rectum).'® JAMs are the third set of transmembrane
proteins found in tight junctions, and they help to regulate paracellular permeability and

reinforce cell-to-cell contact.1?13

Cytoplasmic proteins help to stabilize the membrane spanning proteins (occludin,
claudins, JAMs), and also serve as anchor points to mediate the attachment to the actin
cytoskeleton of cells.!?131>  While there are numerous cytoplasmic proteins involved in
the formation and stabilization of tight junctions, such as multi-PDZ domain proteins
(MUPP1), membrane-associated guanylate kinase inverted proteins (MAGI), PALS1-
associated tight junction protein (PATJ), junction-associated coiled-coil protein (JACOP),
and cingulin,'*1° the most well-studied are the zonula occludens (herein referred to as
tight junction proteins, or TJP).1272>1° The tight junction protein family consists of three
members (TJP1, TJP2, and TJP3), and are able to bind to the transmembrane proteins
(occludin, claudins, and JAMs).13715 Each TJP has different binding domains, and as such,

they have different binding partners and functions within cells.?31>192% |nterestingly,



TJP1 and TJP2 knockout mice are embryonic lethal, while TIP3 knockout mice display no
phenotypic changes, suggesting that TJP3 is dispensable or that TJP1 or TJP2 can

compensate for the loss.1921

Adherens junctions are located below tight junctions, towards the basolateral side of
the epithelium, and mediate cell-to-cell adhesion.'?7*>22 Adherens junctions are
comprised of nectins or cadherins, which form weak or strong cell-to-cell attachments,
respectively.!® Nectin binds to afadin, which connects to the actin cytoskeleton and
stabilizes the cell-to-cell interactions.'3?324 Cadherins are a family comprised of at least
80 different proteins, each with varying functions and expression profiles within the
organism.>>2¢ The cadherin proteins are divided into three main subgroups: classical
cadherins, protocadherins, and atypical cadherins.?”?® The classical cadherins were the
first to be identified, and are the most well-studied.?®2” Members of the classical
cadherin family include E-cadherin (epithelial cadherin), N-cadherin (neural cadherin), R-
cadherin (retinal cadherin), and P-cadherin (placental cadherin)?®-2% As might be
obvious, the classical cadherins were named according to the tissue in which they were
found to be highly expressed. However, it is now understood that the classical
cadherins can be expressed in other tissue types and are not confined to their namesake

tissue.26

In the colon, E-cadherin is the most widely expressed cadherin, and is vitally important

for establishing and maintaining adherens junctions.?? Within the colonic crypt, E-



cadherin expression is relatively low towards the base of the crypt and becomes higher
in the differentiated cells at the top of the crypt.?%2° While there are numerous theories
for why expression of E-cadherin varies within the crypt, the most accepted is that low
E-cadherin expression at the base of the crypt allows cells to divide and migrate up the
crypt, while high expression at the top of the crypt allows cells to maintain tight cell-to-
cell interactions that provide a strong barrier against the luminal stressors.?%?° In
addition to forming cell-to-cell contacts, E-cadherin also has numerous cytoplasmic
binding partners, most notably the catenin family of proteins (a-catenin, B-catenin, and
p120-catenin).1%131525-2830 n120-catenin and B-catenin both bind E-cadherin directly,
and can do so simultaneously, while a-catenin associates with E-cadherin indirectly by
binding to B-catenin.'>2® Each catenin has its own role within cells. a-catenin binds to
actin filaments and alters cytoskeletal dynamics, p120-catenin stabilizes cadherin
junctions, and B-catenin functions as a signaling factor that can dissociate from E-

cadherin and enter the nucleus where it interacts with transcription factors.131>26

In conjunction with its interactions with the catenin family, E-cadherin also interacts
with tight junction proteins.'>131>22 During the establishment of cell-to-cell adhesion, E-
cadherin and TJP1 co-localize at the intercellular junction.3%32 As the adherens junctions
begin to form, E-cadherin and TJP1 begin to move apart from one another, and TJP1
interacts with tight junction proteins, such as occludin, to begin the formation of tight

junctions.3® This process is thought to be mediated by a-catenin, which is able to bind



8
to TJP1, as well as associate with E-cadherin through its interaction with B-catenin.!31>32
This idea is further supported by evidence that tight junctions do not form if a-catenin is
unable to bind TJP1.3* E-cadherin is essential for the formation of tight junctions, but
loss of E-cadherin in cells does not disrupt existing tight junctions.3> Despite differences
between tight junctions and adherens junctions, there is clearly some degree of

functional redundancy as well as cooperation between these two groups in the

establishment and maintenance of the epithelial barrier in the colon.

1.2: Sphingolipids

Sphingolipids are a class of lipids that contain sphingosine, an 18-carbon
monounsaturated amino alcohol moiety, which differentiates them from other types of
lipids.2® There are four main sphingolipids in mammalian cells: ceramide, sphingosine,
sphingomyelin, and glucosylceramide. Through a number of different enzymes, each of
these sphingolipids can be reused, or recycled, into any of the other sphingolipid
species. Further, additional modifications to these base sphingolipids can generate
more complex sphingolipids, such as sphingosine-1-phosphate (S1P), ceramide-1-
phosphate (C1P), and higher order glycosphingolipids.3’~*! Sphingolipids are vital for
normal cellular function, with roles in growth, differentiation, cell death, inflammation,

adhesion, metabolism, and cell signaling.384941



Ceramide is the first major sphingolipid generated from de novo synthesis, and can be
converted into sphingomyelin (through sphingomyelin synthase, or SMS), sphingosine
(through ceramidase, or CDase), or glucosylceramide (through glucosylceramide
synthase, or GCS).3® A visual representation of the pathway can be found in Figure 1.2.
Ceramide is generally thought to be a pro-apoptotic lipid, which makes it an important
mediator of normal cell turnover.3%38 Sphingosine has also been shown to mediate cell
death.?” In contrast, sphingomyelin and glucosylceramide are important membrane
sphingolipids that provide structural support and promote cell survival.37:3841

Importantly, sphingolipid dysregulation has been shown in a number of cancers.36-3%42-

44

Sphingomyelin Glucosylceramide
Synthase Synthase
[Sphlngomyelln] h— [ Ceramide ] > [Glucosylceramlde]
Sphingomyelinase Glucocerebrosidase
Ceramidase Ceramide
Synthase

[ Sphingosine

Sphingosine S1P
Kinase Phosphatase

[Sphingosine-l—P]

Figure 1.2: Graphical representation of the sphingolipid pathway. Sphingolipids are located
inside of the bubbles, while the text adjacent to the arrows represents the enzymes involved in
the formation or breakdown of each lipid.
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Glucosylceramide is generated by glucosylceramide synthase (GCS), which adds a
glucose molecule to ceramide, or is recycled back into ceramide by glucocerebrosidase
(GBA), which removes the glucose molecule.*> Gaucher disease, a lysosomal storage
disease that results in the accumulation of glucosylceramide, is caused by a mutation in
GBA.% Glucosylceramide is a necessary component for animal survival, demonstrated
by studies that have shown embryonic lethality of GCS knockout in mice.*” GCS
expression is much higher in the skin, stomach, small intestine, and colon than other
tissues, demonstrating the importance for glucosylceramide in maintaining epithelial

barriers throughout the body.448-50

In the intestines, sphingomyelin and glucosylceramide are both highly expressed in the
plasma membrane where they support barrier function, aid in the absorption of
nutrients, and prevent invasion from pathogens.*>#8°0>1 Targeted knockout of GCS in
mouse intestinal epithelial cells led to defects in nutrient absorption and cellular
differentiation, that was followed by increased diarrhea and, shortly after, death.>?
Because glucosylceramide is such a critical regulator of intestinal health, dysregulation
of the lipid may promote disease, such as inflammatory bowel disease (IBD) and
colorectal cancer (CRC).384851 The addition of dietary glucosylceramide to mice
enhances epithelial barrier function, at least in part by increasing the expression of tight
junction proteins such as claudin-1, and reduces tumor formation in CRC mouse

models.3?°0515354 Recently, researchers demonstrated that targeted glucosylceramide
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knockout in T cells (using a Cre-Lox system to delete GCS in thymocytes) significantly
reduced the formation of invariant natural killer T (iNKT) cells, which are critically

important for protecting the host from pathogens.>>

1.3: The Intestinal Microbiota

The intestinal microbiota is comprised of bacteria, fungi, viruses, and bacteriophages
that generally live in symbiosis with the host.”? Estimates have suggested that the
human microbiota contains over 1,000 different bacterial species, amassing nearly 10*3
cells, which is roughly equivalent to the number of human cells throughout the body.>¢-
% The colon is the largest repository for bacteria, containing nearly 70% of all microbes
in the human body.>’ It is no surprise then that the resident bacteria have a huge
influence on normal gut health, as well as in the development and progression of
disease throughout the body. Bacteria in the colon aid in digestion, breaking down
complex carbohydrates that may be indigestible by the host. The result of this process
is the release of short chain fatty acids, such as butyrate, propionate, and acetate, which
serve as a major energy source for colonocytes.®>7:69-62 Dysregulation of the intestinal
microbiota, which is characterized by alterations in, and diversity of, the resident
microorganisms, has been shown to play a role in IBD, obesity, autism, cardiovascular
disease, and colorectal cancer, among other diseases.?°6-596163-70 Genetic

predisposition, diet, and age are also important factors that determine the response of
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the host to microbial changes that may promote disease.®%7%72

The intestinal epithelium is physically separated from the resident microbiota by two
mucosal layers. The most immediate is a dense layer that prevents the colonization of
bacteria, which prevents the bacteria from coming into direct contact the epithelium.
The second is a more fluid layer of mucus that permits the colonization of
bacteria.>”®%6273 The second, permeable layer is formed as endogenous proteases
slowly break down the first mucosal layer, causing it to become porous and expand
outwards.”* Goblet cells continuously generate the mucins that form these layers, and
turnover is rapid due to mechanical loss from normal digestion and chemical breakdown
by the resident microbes.'®>%737> Colonizers of the mucosal layer typically have the
ability to degrade mucins, which allows them to use the released carbohydrates as an
energy source as well as to form a niche in which they can reside.”®’® Importantly, mice
with a Muc2 knockout (the predominant mucin found in the mucosal layer), develop
spontaneous colitis, highlighting the importance of the mucosal layer as a protective
barrier in the colon.16:€0

While the bacteria and host epithelium are physically separated from one another,
biological and chemical signals allow for crosstalk to occur. The host samples bacterial
antigens and metabolites as a way to monitor the microorganisms present in the
microbiota through a variety of receptors. These include pattern recognition receptors
(PRRs), like the toll like receptor family (TLRs), as well as NOD-like receptors (NLRs)

present in epithelial cells.® Due to the large volume of microorganisms present, the
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intestinal tract has the largest quantity of immune cells of any site in the body.®%”° The
epithelial cells are able to communicate information about the microbiota with immune
cells that reside below the epithelium in the lamina propria.®® If pathogenic bacteria
are detected during invasion, epithelial cells produce chemokines to recruit immune
cells to clear the infection.>®° If the infection is severe, colonocytes may undergo
programmed cell death to prevent the bacteria from crossing the epithelial barrier.®
During this process, apoptotic cells signal to the surrounding cells, which allows them to
reorganize their cellular junctions and establish contact with one another to preserve
the barrier as the apoptotic cell is extruded from the membrane.8! Sustained
inflammation caused by pathogenic bacteria can have detrimental effects for the host.
Inflammation in the intestines can lead to an increase in paracellular permeability due
to disruption of adherens and tight junctions.>®82 Along the same lines, disruption of
tight junctions may promote inflammation by inappropriately allowing the passage of
bacteria and other materials through the epithelial barrier.6%23 In a healthy individual,
the epithelium will reseal, and any bacteria that breach the barrier are typically dealt

with by immune cells in the lamina propria.®®

Successful pathogens have the ability to manipulate host cells in a number of different
ways that allow them to colonize and invade new areas. One of these mechanisms is to
enhance paracellular permeability of the epithelium by degrading adherens or tight

junction proteins.?®73 Degradation of the junctional complexes allows translocation of
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bacteria into the lamina propria and beyond, which, as mentioned previously, could lead
to systemic inflammation that may promote disease.®®®® While some bacteria have the
ability to break down tight junctions, other commensal organisms have the ability to
reinforce them by inducing expression of tight junction proteins in epithelial cells.”?
Indole, a molecule that can be produced by commensal bacteria in the colon, activates

anti-inflammatory signaling pathways and reinforces the epithelial barrier.3*

1.4: Bacteroides fragilis

Bacteroides fragilis is a unique intestinal bacterium that is comprised of two different
subtypes, each with opposing effects on human health. The two subtypes, nontoxigenic
Bacteroides fragilis (NTBF) and enterotoxigenic Bacteroides fragilis (ETBF), are separated
from one another based on their ability to produce a metalloprotease toxin, termed
Bacteroides fragilis toxin (BFT).%8> Previous studies have suggested that 40-70% of
humans are colonized with NTBF.2® NTBF is considered to be a beneficial organism in
the intestines, largely due to its ability to illicit an anti-inflammatory immune response

through the stimulation of T-regulatory cells (Treg).?”

ETBF colonization is less frequent, only colonizing between 2-30% of humans.888° ETBF
was originally discovered as a cause of diarrhea in farm animals, but later studies

demonstrated that ETBF played a role in diarrheal illness in humans as well.8>8 ETBF
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strains can express one of three toxin isotypes: BFT1, BFT2, or BFT3.%° BFT2 is
considered to be the most virulent, although BFT1 is the most common.88°° ETBF
strains expressing BFT1 or BFT2 are found globally, while strains expressing BFT3 are
typically found in Southeast Asia.®> Thanks to the advent of microbiome sequencing,
researchers discovered that patients with colorectal cancer (CRC) were frequently
colonized with ETBF expressing BFT2. Remarkably, one study found that ETBF was
present in approximately 90% of patients with CRC, suggesting a potential causative
relationship between ETBF and CRC.?* Independent studies have revealed that ETBF
can indeed promote CRC progression in genetically susceptible Apc™™* mice.®? The
formation of tumors in mice requires a signaling cascade that includes activation of pro-
inflammatory T-helper 17 cells (Th17) that produce the cytokine IL-17A, activation of NF-
kB, and Stat3 activation.”® Importantly, production of BFT is required for the formation
of tumors in this model, as ETBF strains with a chromosomal deletion of bft did not

increase tumor formation when compared to sham controls.?

BFT is able to alter colon epithelial cells in a number of different ways that may also
promote tumor formation. One of the first events, which takes place within minutes of
BFT addition to cells, is the cleavage of E-cadherin.?®®* Following this cleavage, cells
undergo rounding and paracellular permeability is increased.®>=°7 TJP1 is also impacted
by BFT, with one study suggesting that BFT decreased its expression while another

suggested that localization of the protein was altered.?*®” Beyond disruption of the
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epithelial barrier, BFT stimulates pro-tumorigenic signaling, including the activation of
the Wnt signaling pathway, possibly as a result of E-cadherin cleavage and subsequent
release of B-catenin.’® While the effects of BFT have been extensively studied in cancer
cell lines and in cancer mouse models, few studies have focused on its effects on

healthy colon epithelial cells.

1.5: Colon Pathophysiology

1.5.1: Diseases of the colon

Dysregulation of the intestinal barrier is one of the biggest risk factors for disease
development in the colon. Breakdown of epithelial tight junctions between cells has
been implicated in inflammatory bowel disease (IBD) and colorectal cancer.?2>%60.83,99-
102 | oss of cell-to-cell adhesion increases paracellular permeability, which allows luminal
contents to enter the lamina propria, triggering the release of pro-inflammatory
cytokines and the recruitment of immune cells to the area.”?%1%® |nflammatory

cytokines may further disrupt cellular repair, causing sustained damage to the colon.*®

IBD, which includes Crohn’s Disease (CD) and Ulcerative Colitis (UC), is a chronic disease
that affects nearly 3 million Americans.'%® CD can develop along the entire
gastrointestinal (Gl) tract, while UC is limited to the colon.1°%1%3 The cause of these
diseases is still unknown, but it is now appreciated that genetics, diet, and the gut

microbiota each play an important role in disease development.10101.103 patients with
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IBD present with increased intestinal permeability, likely due in part to the
downregulation of TJIP1, E-cadherin, occludin, and claudins.831% Additionally,
overexpression of GBA decreased glucosylceramide levels in the colon, further
enhancing barrier defects due to an increase in ceramide.>>19>1% While increased
epithelial permeability is important for IBD progression, it is not sufficient to cause the
disease.01192 Recently, the intestinal microbiota has been implicated as a driver of the
disease. Dysbiosis, or a shift away from the normal, healthy, microbiota, is frequently
seen in patients with IBD.2%7 Further, childhood antibiotic use, which reduces bacterial
diversity in the microbiota, increases the risk of developing CD.103108 The combinatorial
effect of decreased barrier function and a dysregulated microflora is a sustained

inflammatory response that defines the disease.®

Colorectal cancer is the second leading cause of cancer deaths in the United States.®®
The initial step in CRC development is the formation of polyps, or groups of cells
growing abnormally on the epithelial surface.'!® Untreated, polyps may acquire
mutations in adenomatous polyposis coli (Apc), leading to the formation of adenomas,
or a group of cells with altered cellular organization.'*®-'2 From an adenoma,
progression of cancer continues with mutational activation of KRAS, PIK3CA, and the
inactivation of TP53, eventually becoming a carcinoma.'’3-11> Carcinomas are malignant
and possess the ability to spread throughout the body (referred to as metastasis),

requiring the need for immediate medical intervention.1!116
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Similar to IBD, environmental factors play a significant role in the development of
CRC.'Y” Due to the sheer number of toxins and bacterial antigens that the colon is
exposed to on a daily basis, it should be no surprise then that a breakdown of the
epithelial barrier increases the risk for cancer development. As in IBD, Muc2 expression
is decreased in CRC, exposing the underlying epithelial cells to the bacteria and luminal
contents of the colon.”>!® Bacterial invasion of the mucosal space promotes the
breakdown of tight junctions, triggering pro-inflammatory cytokine release and immune
activation, which further disrupts the epithelial barrier.1**%2° Chronic inflammation is a
risk factor for CRC, illustrated by the observation that patients with IBD are at an

increased risk of developing cancer.3'21

Sphingolipid metabolism is frequently dysregulated in cancer, and CRC is no
different.38°0.122-126 |n CRC, ceramide and sphingosine, both pro-apoptotic lipids, are
decreased, favoring the formation of S1P and glucosylceramide.38°0.122,127,128 g1p
promotes cell survival, inhibits apoptosis, and is involved in immune cell recruitment to
the colon, which increases the pro-tumorigenic potential of this lipid.1?12° GCS
overexpression in the colon is thought to promote CRC by reducing levels of ceramide, a
pro-apoptotic lipid that would prevent cancer progression.3®'22 However, other studies
have shown that GCS may have additional roles in CRC. GCS overexpression has been
associated with multidrug resistance, affording cancer cells protection from

chemotherapeutics.3®°%122 This process can be reversed using inhibitors of GCS to block
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its activity, sensitizing CRC to treatment again.!?”130 Addition of exogenous
glucosylceramide reduces carcinogenesis in CRC mouse models, illustrating a

multifactorial role for glucosylceramide in the development of CRC.3%>°

1.5.2: Colonoids as an ex vivo Model to Study Colonic Disease

Intestinal diseases have long been studied in cancer cell lines, derived from patient
samples many years ago, and grown indefinitely across the world.'3* While these cell
lines are cheap to maintain and easy to grow, they pose many limitations for
translational research.132 For starters, these cell lines are tumor-derived, and thus are
not representative of healthy tissue.'33134 Additionally, these cell lines consist of only
one cell type from the colonic crypt (typically colonocytes).'3* Results in cell lines often
do not translate well to animal models, which reduces their utility in translational
research.3313> Further, inherent dysregulation of sphingolipid metabolism in cancer cell
lines potentially masks shifts within the pathway that might be informative for disease

progression or treatment.??

Within the past 10 years, researchers have developed methods to grow colon organoids
(termed colonoids), an ex vivo model of colonic crypts isolated from humans or
animals.113¢ Colonoids possess all of the epithelial cell types found in the crypt,
including the stem cell population.® Unlike primary cell culture from tissue-derived

samples, colonoids can be passaged indefinitely, without undergoing genetic or
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phenotypic changes.%13313% However, in order to maintain long-term culture of
colonoids, specific growth conditions must be met. Colonoids are typically grown in an
extracellular matrix, such as Matrigel, where the basolateral layer of the epithelium can
attach to the matrix. The apical layer of the epithelium faces the interior of the
colonoid, creating the lumen within the structure.1%13>13¢ Specific growth factors, such
as Wnt3A, R-spondin 1, Noggin, and EGF, must be added to the medium to maintain the
stem cell population.3® If these growth factors are removed, the cells will differentiate

into colonocytes, and the stem cell population will be lost.°

The utility of colonoids is still being fully discovered, but many researchers have already
adapted the model. One of the most intriguing uses of colonoids is the study of
pathogen interactions with the intestinal eptihelium.1913313>137 Already, researchers
have found novel mechanistic changes caused by enterohemorrhagic Escherichia coli
(EHEC), Salmonella enterica, and Clostridium difficile.*%33135138 Qur collaborators at
Johns Hopkins have used colonoids to assess epigenetic changes caused by BFT.'3? In
this study, we utilized colonoids to study the effects of BFT on sphingolipid metabolism,
paracellular permeability, tight junction structure and composition, and cell-signaling in

a non-transformed colon epithelium.
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2.1: Animal experiments
Animal experiments were approved by the Johns Hopkins University Institutional Animal
Care and Use Committee and performed at Johns Hopkins University School of
Medicine. Five-week-old C57BL/6J mice (Jackson Laboratory) were given a 1-week
course of antibiotics, 0.1mg/mL clindamycin and 2mg/mL streptomycin delivered orally
through the drinking water, to enhance bacterial colonization. After a 1-week course of
antibiotics, mice were colonized with 1x108 CFU/100uL ETBF (86-5443-2-2),%40
ETBFAbft,* or 100uL of phosphate-buffered saline (PBS, Gibco 10010023) via oral
gavage. After 1 week, mice were euthanized, and colons were extracted for lipid

analysis.

2.2: Lipidomic analysis

Lipids were extracted as previously described,*! and analyzed by ultra-performance
liguid chromatography-electrospray tandem mass spectrometry (Waters Acquity Xevo
TQ-S) based on the method described by Merrill et al.14? Briefly, tissue was
homogenized using a BeadBug bead homogenizer (Thomas Scientific D1030-E),
sonicated, and resuspended in 0.1X PBS. Colonoids were isolated from 3D-growth
matrix, pelleted, and resuspended in 0.1X PBS. Resuspended colonoids were then lysed
by sonication. Total protein was determined and quantified using the Bio-Rad DC

Protein Assay (Bio-Rad 5000116). For each experiment, all samples submitted for mass
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spectrometry analysis contained the same amount of protein (typically a minimum of
40pg/sample). Resuspended tissue/cells were added to 2mL of lipid extraction mixture
(isopropanol:water:ethyl acetate at 30:10:60 v/v/v), vortexed, sonicated, and then
incubated for one hour with shaking. Samples were centrifuged and the upper organic
layer was collected. Remaining sample was re-extracted using the above methods and
the resulting organic layers from the two extractions were combined. The combined
organic layers were dried using nitrogen gas and then resuspended in mobile phase
buffer. Mobile phase A consisted of 70:30 w/w water:acetonitrile with 0.2% formic acid,
10mM ammonium formate, and 1mM methylphosphic acid. Mobile phase B was
comprised of 90:10 w/w isopropanol:methanol with 0.2% formic acid, 10mM
ammonium formate, and 1mM methylphosphic acid. Samples were filtered using a 96
well 0.45um hydrophilic MultiScreen Solvinert Filter Plate (Milipore Sigma MSRLN0410)
and stored at -20°C until they were analyzed. Data from tissue or cell lysates is

represented as picomoles of lipid per milligram of protein.

2.3: Colonoid isolation and culture

Colonoids were isolated from the distal colons of C57BL/6J or Apc™™* mice (Jackson
Laboratory). The isolation protocol and media components have both been described
previously.?3%44 Briefly, the distal colon was extracted and cut into 1-mm pieces,

washed 5-6 times in cold chelating solution (CCS),'4* and incubated in in CCS with 10mM
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EDTA to release colon tissue crypts. Fetal bovine serum (FBS) was added to aid in
collection of the crypts. Crypts were pelleted and resuspended in Matrigel (Corning
356231). Resuspended crypts were plated within 3D domes using 25uL Matrigel/well on
a pre-warmed 24-well plate (Genesee Scientific 25-107) and placed at 37°C for 15
minutes to allow the Matrigel to solidify. Once solidified, 500uL complete medium with
growth factors (CMGF+) was added to each well and refreshed every other day. By day
3, crypts began forming colonoids. After 1 week, colonoids were passaged and

expanded for experimental use.

Complete medium without growth factors (CMGF-) and CMGF+ growth media were
prepared fresh weekly. CMGF- basal media consisted of Advanced DMEM/F12 (Gibco
12634010), GlutaMAX (2mM; Gibco 35050061), HEPES (10mM; Gibco 15630080),
Penicillin/streptomycin (100U/mL; Gibco 15140122). CMGF+ growth media consisted of
CMGF- (17.5% v/v), L-Wnt3A-conditioned media (50% v/v; provided by the Zachos
Laboratory), R-Spondin-conditioned media (20% v/v; provided by the Zachos
Laboratory), Noggin-conditioned media (10% v/v; provided by the Zachos Laboratory),
B27 (1X; Invitrogen 17504-044), N-acetylcysteine (1mM; Sigma A9165), epidermal
growth factor (EGF; 50ng/mL; R&D 236-EG-01M), [Leul5] Gastrin (10nM; Sigma G9145),
A83-01 (500nM; Tocris 2939), SB202190 (10uM; Sigma S7067), and Primocin (100pg/mL;

Invivogen ant-pm-2).
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2.4: Bacterial culture and preparation of concentrated bacterial culture

supernatants
Enterotoxigenic Bacteroides fragilis (ETBF, 86-5443-2-2),14° enterotoxigenic Bacteroides
fragilis Abft (ETBFAbft),°! recombinant ETBFAbft expressing BFT2 (rETBFAbft bft-2;
unpublished), non-toxigenic Bacteroides fragilis (NTBF, NCTC 9343),'%> recombinant
NTBF expressing BFT2 (rNTBF bft-2),'*> and recombinant NTBF expressing a mutated and
inactive form of BFT (rNTBF bft-2 H352Y)%*® were all obtained from the Sears Lab and
grown in brain heart infusion broth (BHI; BD Bacto 237200) with hemin (Sigma H9039),
vitamin K1 (Sigma V3501), and clindamycin hydrochloride (Sigma C5269) under
anaerobic conditions. To generate concentrated bacterial culture supernatants from B.
fragilis strains, bacteria were grown in 500mL BHI media for 24 hours. The bacterial
suspension was centrifuged at 4,000G for 20 minutes to pellet the cells. The
supernatant was collected and the bacterial pellet was discarded. The resulting
supernatant was then filtered using a 0.45um syringe filter (GE Healthcare 6780-2504)
to remove residual cells or debris. After this, the filtered supernatant was added to a
10kDa centrifuge filter tube (Amicon UFC901024) and centrifuged at 4,000G for 30
minutes according to the manufacturer’s protocol. The flowthrough was discarded and
the remaining media is referred to as concentrated bacterial culture supernatant. In
this study, concentrated bacterial culture supernatant from ETBF is referred to as BFT,

while concentrated bacterial culture supernatant from ETBFAbft is referred to as
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control. Protein content of concentrated bacterial culture supernatants was

determined and quantified using the Bio-Rad DC Protein Assay (Bio-Rad 5000116).

2.5: Validation of toxin presence and activity in concentrated bacterial

culture supernatants
To confirm that concentrated bacterial culture supernatant from ETBF contained BFT, a
western blot was performed using an anti-BFT antibody to detect the 20kDa protein.
BFT was detected only in our ETBF preparation, as expected (Figure 3.3A). Next, we
sought to determine whether the concentrated supernatant contained active toxin.
Based on previous studies showing that BFT triggers cleavage of E-cadherin in HT29/C1
colonic carcinoma cells,**” we treated HT29/C1 cells with our concentrated bacterial
culture supernatants and measured cleaved E-cadherin by western blot. We found that
our concentrated ETBF culture supernatant effectively cleaves E-cadherin, while the
concentrated ETBFAbft culture supernatant shows only minimal cleavage (Figure 3.3B).
We evaluated BFT activity by measuring E-cadherin cleavage with numerous dilutions of
concentrated bacterial culture supernatants and found that 100ug/mL (total protein/mL
concentrated bacterial culture supernatant) delivered a sufficient amount of biologically
active BFT to cells, and all subsequent experiments used this concentration. To further
confirm that observed responses were due to the presence of toxin, and not due to

other bacterial proteins or factors in the media, we visualized colonoids using confocal
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microscopy and tracked colonoid morphology changes to assess toxin activity. To
enhance the activity of BFT on colonoids, CMGF+ medium was replaced with CMGF-
basal cell medium containing concentrated bacterial culture supernatants for the first
six hours. After six hours, media was removed and fresh growth media without
concentrated bacterial culture supernatant was added to colonoids. Colonoids treated
with BFT display dramatic morphology changes, highlighted by rounding of cells and an
overall lack of epithelial cell membrane structure as soon as 1 hour, and persisting for
up to 48 hours. Figure 3.3C shows an example of the morphology changes that occur
after addition of concentrated bacterial culture supernatant from ETBF for six hours. In
comparison, addition of concentrated ETBFAbft bacterial culture supernatant does not
alter the appearance of the colonoids (Figure 3.3D). Using concentrated bacterial
supernatant from a recombinant ETBFAbft strain expressing bft (rETBFAbft bft-2),
morphology changes similar to those in the BFT treatment were observed (Figure 3.3E).
Since ETBF and ETBFAbft strains are identical except for the expression of bft, we next
investigated a non-toxigenic strain that cannot produce toxin (NTBF; NCTC 9343).
Concentrated bacterial culture supernatant from the NTBF alone does not cause any
morphology changes (Figure 3.3F). Next, we used concentrated bacterial culture
supernatant from a recombinant NTBF strain expressing bft (NTBF bft-2) and saw
morphology changes similar to our BFT treatment (Figure 3.3G). Finally, we used
concentrated bacterial supernatant from a recombinant NTBF strain with a mutated and

inactivate form of BFT (rNTBF bft-2 H352Y) and found that it no longer causes
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morphology changes (Figure 3.3H). Taken together, concentrated bacterial
supernatants derived from wild-type ETBF strain 86-5443-2-2 expressing chromosomal
bft, or B. fragilis strains genetically engineered to express bft from a plasmid, led to
dramatic cell morphology changes. In contrast, concentrated bacterial supernatants
from NTBF strains that lack the bft gene or express a mutant bft or ETBF strains with an

in-frame chromosomal bft deletion do not yield cellular changes.

2.6: Colonoid treatment and glucosylceramide modulation

Colonoids were treated with concentrated bacterial supernatants at a concentration of
100ug protein/mL or 5nM purified BFT2 (Obtained from the Sears Laboratory, and
purified as previously described).®®> For treatment, CMGF+ medium was removed, and
basal CMGF- medium containing concentrated bacterial culture supernatant or purified
BFT was added for up to six hours, depending on the experiment. Concentrated
bacterial supernatants or purified BFT were both added in basal media to enhance the
activity of BFT, as early experiments showed that serum, present in CMGF+ medium,
reduced its activity (data not shown). At six hours, media was removed and replaced

with CMGF+ media for the remainder of the experiment.

In order to inhibit glucosylceramide synthase (GCS) in colonoids, ibiglustat (Venglustat,

Sanofi Genzyme; obtained from MedChemExpress HY-16743) was resuspended in



DMSO, diluted using CMGF- media, and used at a final concentration of 5uM. For
experiments using ibiglustat, a vehicle control of DMSO was used for all conditions not
receiving the drug. Typically, ibiglustat was added 24 hours before the addition of
concentrated bacterial culture supernatant so that glucosylceramide lipid levels would
be decreased by the start of the assay. When concentrated bacterial supernatant,
resuspended in CMGF- media, was added to the colonoids, fresh ibiglustat was added

again to maintain inhibition of GCS.

In order to inhibit glucocerebrosidase (GBA), Conduritol B Epoxide (Cayman Chemical
15216) was resuspended in water, diluted using CMGF- media, and added at a final
concentration of 20uM. For experiments using CBE, a vehicle control of water, diluted
in CMGF- media, was used. A subset of colonoids were cultured with CBE indefinitely,

with fresh drug added every other day during passages or media changes.

Glucosylceramide synthase activity was measured by adding C6-ceramide
nanoliposomes (C6-CNL, a generous gift from KeyStone Nano, State College, PA) to
colonoids for one hour. Ghost nanoliposomes were used as a vehicle control for these
experiments. The formulation of the ghost nanoliposomes is identical to that of CNL,

but lacks ceramide.
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2.7: Cell culture of HT29/C1
HT29/C1 cells were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM, Gibco 11965092) with 10% fetal bovine serum (FBS) and 1% Pen/Strep (Gibco

15140122).

2.8: Confocal microscopy

Colonoid images were captured using an Olympus FV3000RS confocal microscope (Johns
Hopkins University School of Medicine), an Operetta CLS High-Content Analysis System
(University of Virginia Advanced Microscopy Facility, RRID:SCR_018736), or a Zeiss LSM
700 (University of Virginia Advanced Microscopy Facility). Images were illuminated and
captured using brightfield at 20x (Olympus FV3000RS) or 10x (Operetta CLS HIGH-
Content Analysis System) magnification. Images were captured every 20 minutes after
addition of concentrated bacterial supernatant. At six hours, between image captures,
media was removed and CMGF+ media was added. Imaging experiments lasted 48
hours and resulting images were processed with Image)!*® in order to generate videos.
Frames per second (FPS) in all videos was set to 15. In experiments using ibiglustat, cells

were pre-treated for 24 hours before observations began.

For the FITC-Dextran permeability assay, images were captured using a Zeiss LSM 700

confocal microscope (University of Virginia Advanced Microscopy Facility) at 10x



31
magnification. In order to prepare samples for imaging, the Matrigel was dissolved
using 500puL of Cultrex Organoid Harvesting Solution (R&D Systems 3700-100-01) for 20
minutes with shaking at 4°C. After 20 minutes, the colonoid suspension was collected
and centrifuged at 500G for 5 minutes. After centrifugation, the supernatant was
aspirated and the remaining cells were resuspended in 30uL FITC-Dextran solution (4
kDa FITC-Dextran resuspended at 2mg/mL in CMGF+ growth medium; FITC-Dextran
obtained from Sigma-Aldrich 46944-100MG-F). Colonoids were immediately mounted
onto a microscope slide and imaged. Double-sided tape was used to raise the coverslip
to prevent the coverslip from crushing the colonoids. For samples treated with EDTA,
2mM EDTA was prepared from 0.5M EDTA (Thermo Fisher AM9260G) in ice-cold Hank’s
Balanced Salt Solution (HBSS; Gibco 14175095). Quantification of fluorescent signal was
performed using ImagelJ, and interior colonoid fluorescence was normalized to the

exterior signal surrounding the colonoid.

For immunofluorescence imaging, images were captured using a Zeiss LSM 700 confocal
microscope (University of Virginia Advanced Microscopy Facility) using the 63x oil-
immersion lens. Colonoids were removed from the Matrigel, as in the FITC-Dextran
permeability assay above, and centrifuged at 1000G for 5 minutes. Colonoids were
resuspended in 2% paraformaldehyde in 100mM phosphate buffer (pH 7.4) for 30
minutes at room temperature. After fixation, cells were washed in PBS with rocking for

5 minutes at room temperature and then pelleted at 1000G for 5 minutes. The wash
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step was repeated two more times. After three washes, colonoids were resuspended in
1X PBS/0.3% Triton X-100 for 15 minutes with rocking at room temperature. After this,
colonoids were pelleted and resuspended in blocking buffer (1X PBS/5% normal goat
serum/0.3% Triton X-100) for one hour with rocking at room temperature. After
blocking, colonoids were pelleted and resuspended in the primary antibody solution (1X
PBS/1% normal goat serum/0.1% Triton X-100) and left overnight, with rocking, at 4°C.
The next day, colonoids were washed with 1X PBS/0.1% Triton X-100 with rocking for 5
minutes, repeated two more times for a total of three washes. Colonoids were then
resuspended in the secondary antibody solution (1X PBS/1% normal goat serum/0.1%
Triton X-100) for one and a half hours, at room temperature with rocking. Colonoids
were washed three times with 1X PBS/0.1% Triton X-100 before the addition of Alexa
Fluor 633 Phalloidin (resuspended in 1X PBS/1% normal goat serum/0.1% Triton X-100)
for one hour at room temperature with rocking (Note: phalloidin was only used in
conjunction with DAPI, and was excluded from experiments with E-cadherin and TJP1
antibodies due to overlapping fluorescence). Following this, colonoids were washed
twice with 1X PBS and then 300nM DAPI was added for 5 minutes at room temperature.
Cells were pelleted, resuspended in 1X PBS, and immediately centrifuged to wash the
colonoids. These quick washes were repeated two more times, for a total of three
washes. Colonoids were pelleted and resuspended in 15uL mounting solution (90%
glycerol/0.5% N-propyl gallate/20mM Tris) overnight at room temperature. On the

third day, 7L of colonoids in mounting solution was added to a slide, surrounded by
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two pieces of double-sided tape (3M 665-2P12-36), stacked, to prevent the coverslip
from crushing the colonoids. The coverslip/sample was sealed using clear nail polish
and then imaged. Primary antibodies used for this project were: E-cadherin (Cell
Signaling Technology 14472; 1:100) and TJP1/Z0-1 (Novus Biologicals NBP1-85046;
1:100). Secondary antibodies used were: Goat anti-mouse Alexa Fluor 488 (Thermo
Fisher Scientific A-11001; 1ug/mL) and Goat anti-rabbit Alexa Fluor 594 (Thermo Fisher
Scientific A-11012; 2ug/mL). Dyes/stains used were: Alexa Fluor 633 Phalloidin (Thermo
Fisher Scientific A22284) and DAPI (Thermo Fisher Scientific D1306). Phalloidin and DAPI
were resuspended according to the manufacturer’s instructions. Other reagents used
were: Normal goat serum (Abcam ab7481), N-propyl gallate (Fisher Scientific

MP210274780), and Triton X-100 (Sigma-Aldrich TX1568-1).

2.9: Quantitative real-time PCR

At the indicated time points, colonoids were harvested and RNA was extracted using the
TRIzol reagent following the manufacturer’s instructions (Thermo Fisher Scientific
15596018). cDNA was created using an iScript cDNA Synthesis Kit (Bio-Rad 1708891)
according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed
on a Bio-Rad CFX384 following the instructions outlined in the iTaq Universal SYBR

Green Supermix Kit (Bio-Rad 1725121). Primers used for this project were purchased
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from Bio-Rad: GCS (QqMmuCID0010046) and reference gene GAPDH

(gMmuCED0027497).

2.10: Western blot

Colonoids were lysed using RIPA buffer (Alfa Aesar J62524) and protein was quantified
using the Bio-Rad DC Protein Assay (Bio-Rad 5000116). Lysed protein samples were
loaded onto a NUPAGE 4-12% Bis-Tris protein gel and run at 100V for two and a half
hours. Proteins were transferred to a PVDF membrane using the Trans-Blot Turbo PVDF
Transfer Kit (Bio-Rad 1704275) following the manufacturer’s instructions. Membranes
were probed using the primary antibodies (listed below) and visualized using Alexa Fluor
IgG secondary antibodies (Rabbit Invitrogen A11012, Mouse Invitrogen A11005;
1:10000) on a Syngene G:BOX. Protein levels were quantified using ImageJ software and
normalized to levels of B-actin (Sigma-Aldrich A5441; 1:10000). Bio-Rad Precision Plus
Protein Dual Color Standards ladder was used for all experiments (Bio-Rad 1610374;
5uL/lane). Primary antibodies used for this project were: E-cadherin (Cell Signaling
Technology 14472; 1:1000), TJP1/Z0-1 (Novus Biologicals NBP1-85046; 1:1000),
caspase-3 (Cell Signaling Technology 9662; 1:1000), claudin-3 (Abcam ab15102; 1:1000),

occludin (Novus Biologicals NBP1-87402; 1:1000), and BFT (Sears Lab; 1:1000).
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2.11: Flow cytometry
Colonoids were treated with concentrated bacterial culture supernatant +/- 5uM
ibiglustat, as described previously. At six- or 24-hours post-treatment, colonoid media
was aspirated and the Matrigel was dissolved using Cultrex Organoid Harvesting
Solution (R&D Systems 3700-100-01) with gentle shaking for 20 minutes at 4°C. After 20
minutes, the suspension was pipetted up and down ~30 times in order to break apart
the colonoids. Colonoids were moved to 1.7mL microcentrifuge tubes (Olympus
Corporation 24-282) and spun at 1000G for 5 minutes at 4°C. The supernatant was
aspirated and the pellet was resuspended in 250uL TrypLE Express (Gibco 12605010) for
30 minutes at 37°C, with occasional vortexing. Once a single cell suspension was
obtained, cells were pelleted and 500ul of eBioscience Fixable Viability Dye eFluor 780
(Thermo Fisher Scientific 65-0865-14) was added for 30 minutes at 4°C according to the
manufacturer’s instructions. After 30 minutes, cells were spun down, media was
aspirated, and cells were resuspended in 100uL 1X Annexin V Binding Buffer (BD
556454) with 5uL FITC Annexin V (BD 556419). Samples were incubated for 15 minutes
and then 150puL of 1X Annexin V Binding Buffer was added to each tube. Samples were
then immediately run on the Attune Nxt (Life Technologies). Gates were established

using forward and side scatter to isolate singlets and eliminate debris.



36
2.12: Statistics
Statistics were performed using GraphPad Prism 8.0.1 for Windows (GraphPad
Software, San Diego, California USA). All experiments were performed with a minimum
of three replicates unless otherwise stated. Single comparisons were made using an
unpaired t-test while group comparisons were performed using a one-way ANOVA and
Tukey’s multiple comparisons test. Statistical significance is indicated by asterisks: *
(p<0.05), ** (p<0.01), or *** (p<0.001). NS indicates non-significant results. Error bars

represent the standard deviation of the mean.

2.13: Extracellular vesicle isolation

Media collected from colonoids was centrifuged at 300G for 10 minutes. The resulting
supernatant was transferred to a new tube and centrifuged at 20,000G for 30 minutes,
while the initial pellet (residual cells/debris) was discarded. The supernatant was
transferred to a new tube and the remaining pellet was saved. Next, the supernatant
was then filtered using a 0.45um syringe filter (GE Healthcare 6780-2504). The filtered
supernatant was transferred to a 0.8mL Open-Top Thinwall Ultra-Clear Tube (344090

Beckman Coulter) and placed in a Beckman Coulter SW55 Ti swinging bucket rotor. Samples
were spun at 100,000G for two hours at 4°C. Once the spin completed, the supernatant was

discarded and the remaining pellet was resuspended in 700uL PBS and centrifuged at 100,000G
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for an additional hour at 4°C. After the spin, the supernatant was discarded and the remaining

pellet (extracellular vesicles) was resuspended in 150uL PBS and stored at -80°C until use.

2.14: Measuring size and concentration of extracellular vesicles
The size and concentration of extracellular vesicles was determined using dynamic light
scattering on a Malvern NanoSight (Malvern Panalytical NanoSight LM10). Samples

were diluted 1:1,000 in PBS and injected into the chamber to be evaluated.

2.15: Measurement of cellular viability
Cell viability of HT29/C1 cells was measured using an MTS assay according to the

manufacturer’s instructions (Promega G1111).
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Chapter 3: Glucosylceramide production
maintains colon integrity in response to
Bacteroides fragilis toxin-induced colon

epithelial cell signaling

The text in this chapter has been adapted from the following publication:

Glucosylceramide production maintains colon integrity in response to Bacteroides fragilis
toxin-induced colon epithelial cell signaling

Logan Patterson, Jawara Allen, Isabella Posey, Jeremy Joseph Porter Shaw, Pedro Costa-
Pinheiro, Susan J. Walker, Alexis Gademsey, Xinqun Wu, Shaoguang Wu, Nicholas C. Zachos,

Todd E. Fox, Cynthia L. Sears, Mark Kester

The FASEB Journal, 2020; https://doi.org/10.1096/fj.202001669R
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3.1: Abstract
Enterotoxigenic Bacteroides fragilis (ETBF) is a commensal bacterium of great
importance to human health due to its ability to induce colitis and cause colon tumor
formation in mice through production of Bacteroides fragilis toxin (BFT). Formation of
tumors is dependent on a pro-inflammatory signaling cascade, which begins with the
disruption of epithelial barrier integrity through cleavage of E-cadherin. Here, we show
that BFT increases levels of glucosylceramide, a vital intestinal sphingolipid, both in mice
and in colon organoids (colonoids) generated from the distal colons of mice. When
colonoids are treated with BFT in the presence of an inhibitor of glucosylceramide
synthase (GCS), the enzyme responsible for generating glucosylceramide, colonoids
become highly permeable, lose structural integrity, and eventually burst, releasing their
contents into the extracellular matrix. By increasing glucosylceramide levels in
colonoids via an inhibitor of glucocerebrosidase (GBA, the enzyme that degrades
glucosylceramide), colonoid permeability was reduced, and bursting was significantly
decreased. In the presence of BFT, pharmacological inhibition of GCS caused levels of
tight junction protein 1 (TJP1) to decrease. However, when GBA was inhibited, TJP1
levels remained stable, suggesting that BFT-induced production of glucosylceramide
helps to stabilize tight junctions. Taken together, our data demonstrates a
glucosylceramide-dependent mechanism by which the colon epithelium responds to

BFT.
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3.2: Introduction
Bacteroides fragilis is a human commensal bacterium with two main molecular
subtypes, each with opposing effects on human health. The first, non-toxigenic
Bacteroides fragilis (NTBF), is a beneficial symbiote that promotes the expansion of anti-
inflammatory regulatory T-cells (Treg) while also suppressing pro-inflammatory T-helper
17 (Th17) cells known to aid in colon tumorigenesis.!'8'4 The second subtype,
enterotoxigenic Bacteroides fragilis (ETBF), promotes colitis and colon tumorigenesis
through a Th17-dependent mechanism.?> The main difference between the NTBF and
ETBF subtypes is the production of Bacteroides fragilis toxin (BFT) by ETBF strains.”® BFT
is a 20kDa zinc-dependent metalloprotease that binds to an unknown receptor on colon
epithelial cells and triggers a cascade of pro-inflammatory signaling events.'>® One of
the first events is the cleavage of E-cadherin, which leads to an increase in paracellular
epithelial permeability.®®'4” This increased permeability causes loss of barrier function
in the colon and stimulates an immune response that is required for ETBF-induced

tumorigenesis.”!

Beyond E-cadherin, tight junctions also play a critical role in maintaining epithelial cell
barrier function, and additionally serve to control the passage of molecules through the
paracellular space.'® Tight junctions are comprised of several proteins,*%*3 but we
focused on three tight junction-associated proteins that are highly expressed in the

distal colon: claudin-3, occludin, and tight junction protein 1 (TJP1, also known as zonula
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occludens-1, or Z0-1.1® Claudin-3 belongs to the claudin family of transmembrane
proteins that regulate paracellular permeability and, similar to occludin, has the ability
to bind to TJP1.2%13 Occludin is another transmembrane protein that binds to TJP1 and
regulates tight junctions.’® TJP1 serves as a scaffolding protein, holding together
transmembrane tight junction proteins (such as occludin and claudins) while also
anchoring them to the colon epithelial cell (CEC) cytoskeleton.'* Importantly, in
response to epithelial cell damage, TJP1 and E-cadherin colocalize and reestablish cell-

to-cell junctions.3!

Herein, we focused on sphingolipids, a class of lipids containing a sphingoid backbone
that have a wide range of roles in healthy cells such as controlling growth and
differentiation, regulating apoptosis, and maintaining structural integrity.3%4! Of
particular interest in the intestines is glucosylceramide, a sphingolipid involved in
inflammation, cell adhesion, and enterocyte function.**>! Glucosylceramide is
generated by glucosylceramide synthase (GCS) and broken down by glucocerebrosidase
(GBA). These enzymes attach (GCS) or remove (GBA) a glucose molecule to or from the
sphingolipid, ceramide.*> Although global GCS knockout in mice is embryonic lethal,
targeted GCS knockout in mouse enterocytes leads to intestinal distress, dysfunction,
and soon after, death.*”>! In colon cancer, GCS is frequently overexpressed and can

lead to multidrug resistance, evasion of apoptosis, and increased cellular

proliferation.37,3841,50,51,122,152
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Considering the epithelial-specific signaling events caused by BFT, and the importance of
glucosylceramide in maintaining structural integrity of the intestinal epithelium, we
hypothesized that BFT may alter glucosylceramide synthase levels. To test this
hypothesis we utilized colon organoids (or “colonoids”), an ex vivo model for healthy
colon.1® Utilization of colonoids afforded us the ability to interrogate the importance of
sphingolipids in healthy CECs exposed to BFT. Using pharmacological inhibitors of GCS
and GBA, we have defined a novel and functionally significant role for glucosylceramide

in cells undergoing BFT challenge.

3.3: Results
ETBF, through production of BFT, increases glucosylceramide levels in mouse distal

colon and colonic epithelial cells

We colonized normal C57BL/6J mice with ETBF (strain 86-5443-2-2) vs. a strain with a
chromosomal deletion of bft (86-5443-2-2Abft, herein referred to as ETBFAbft), or a PBS
sham control to determine if BFT alters sphingolipids in the colon. Since previous
studies have shown that ETBF-induced tumors occur primarily in the distal colon,?1153:154
we focused on the role of sphingolipids in this location to determine how B. fragilis
impacts the colon epithelium. After 1 week, ETBF, but not ETBFAbft or PBS, nearly

doubled glucosylceramide levels in the distal colon (Figure 3.1A). Examination of other
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major sphingolipid species in the distal colon showed that ceramide and sphingomyelin
levels were unchanged across all treatments in the distal colon (Figure 3.2A and 3.2B,
respectively). This finding suggests that increased glucosylceramide is a specific event in

response to ETBF, dependent on its secreted metalloprotease toxin, BFT.
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Figure 3.1: ETBF, through BFT, increases glucosylceramide levels in mice and in colonoids.
Colonization with C57BL/6J mice for 1 week with ETBF increases glucosylceramide levels in the
distal colon (A). Treatment of colonoids with concentrated bacterial culture supernatant from
ETBF (BFT) significantly increases glucosylceramide levels at 24hr when compared to
concentrated bacterial supernatant from ETBFAbft (Control) (B). Addition of purified
Bacteroides fragilis toxin (Purified BFT2, isolated from ETBF strain 86-5443-2-2, see Materials
and Methods for details) to colonoids increases glucosylceramide production (C). Treatment of
colonoids with BFT increases mRNA expression of glucosylceramide synthase (GCS) at three and
six hours, as measured by gPCR (D). Group comparisons were performed using a one-way
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ANOVA and Tukey’s multiple comparisons test, while single comparisons were made using an
unpaired t-test. Statistical significance is indicated by asterisks: * (p<0.05), ** (p<0.01), or ***
(p<0.001). Error bars represent the standard deviation of the mean. Sham represents a PBS
control. NT indicates no treatment was added. Control represents concentrated bacterial
culture supernatant from ETBFAbft, BFT represents concentrated bacterial culture supernatant
from ETBF, and Purified BFT2 represents purified BFT from ETBF strain 86-5443-2-2 (see
Materials and Methods).
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Figure 3.2: BFT does not significantly alter levels of other major sphingolipid species. Mass
spectrometry analysis of colon (A and B), colonoids treated with concentrated bacterial culture
supernatant (C and D), and colonoids treated with purified BFT2 (E and F) determined that the
total levels of ceramide (A, C, E) and sphingomyelin (B, D, F) do not change significantly in
response to treatment. All results were collected in the same experiments used to produce the
data shown in Figure 3.1. Group comparisons were performed using a one-way ANOVA and
Tukey’s multiple comparisons test while single comparisons were made using an unpaired t-test.
NS indicates non-significant results. Error bars represent the standard deviation of the mean.
Sham represents a PBS control. NT indicates no treatment was added. Control represents
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concentrated bacterial culture supernatant from ETBFAbft, BFT represents concentrated
bacterial culture supernatant from ETBF, and Purified BFT2 represents purified BFT from ETBF
strain 86-5443-2-2 (see Materials and Methods).

We next sought to investigate sphingolipids in CECs after BFT treatment. Due to the
inherent dysregulation of sphingolipid metabolism present in cancer cell lines,38°0,123-126
we utilized colonoids from distal colons of C57BL/6J mice as an ex vivo model for
normal, healthy CECs.1%33 Colonoids were grown in 3D culture, embedded in Matrigel,
following the established protocol by Dr. Hans Clevers’ Laboratory.*3® In order to
replicate our in vivo findings from Figure 3.1A, we concentrated cell-free bacterial
culture supernatants from ETBF as a method to deliver BFT to colonoids (herein referred
to as BFT). Furthermore, to focus on BFT-specific changes caused by our concentrated
bacterial culture supernatants, and to prevent any non-toxin bacterial factors from
impacting our results, we utilized concentrated bacterial culture supernatants from
ETBFAbft as the control for all of our colonoid experiments (herein referred to as
Control). Concentrated bacterial culture supernatant preparation details, as well as
validation of BFT presence and activity, are detailed in Materials and Methods
(Validation of toxin presence and activity in concentrated bacterial culture supernatants;
Figure 3.3). We treated colonoids with our concentrated bacterial culture supernatants,
and, similar to our in vivo results (Figure 3.1A), BFT significantly increased
glucosylceramide levels by ~28% in colonoids (Figure 3.1B). To validate that these

results were due to BFT, and not any other bacterial factors present in our concentrated
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bacterial culture supernatant preparations, colonoids were treated with 5nM purified
BFT2, which was obtained from the Sears lab after an extensive purification process to
isolate BFT from ETBF bacterial culture supernatants (see Methods for purification
information).®> Importantly, purified BFT alone was sufficient to increase
glucosylceramide levels by ~44% in colonoids (Figure 3.1C).>> We also measured
ceramide and sphingomyelin levels in response to concentrated bacterial culture
supernatants (Figure 3.2C and 3.2D) or purified BFT (Figure 3.2E and 3.2F), and did not
observe any significant changes in either condition. Next, we assessed the mRNA
expression of GCS shortly after treatment with BFT (Figure 3.1D). Consistent with mass
spectrometry results showing increased glucosylceramide levels, GCS mRNA expression
increased over time in the presence of BFT when compared to the control (Figure 3.1D).
Taken together, these data highlight a BFT-specific increase in glucosylceramide lipids

and GCS expression.

Pharmacological reduction of glucosylceramide in the presence of BFT causes

colonoids to burst

In order to determine the purpose of increased glucosylceramide in CECs after exposure
to BFT, we next utilized a GCS inhibitor to reduce the levels of glucosylceramide and
then measured cellular responses. Ibiglustat, an allosteric inhibitor of GCS, currently

entering phase lll clinical trials for the treatment of autosomal dominant polycystic
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kidney disease (ClinicalTrials.gov Identifier: NCT03523728), was used. In order to align
with our BFT treatment timeline, colonoids received 5uM ibiglustat for 24 hours in
normal growth medium, then medium was aspirated and replaced with basal medium
containing ibiglustat for six hours, which was subsequently replaced with growth
medium containing ibiglustat again for the remainder of the experiment (18 or 42 hours
for 24 or 48 hour time points, respectively). A schematic representation of the
treatment regimen can be found in Figure 3.4A. Using this treatment regimen, we
verified through mass spectrometry that levels of glucosylceramide were significantly
decreased by nearly 80% at 24 and 48 hours when compared to the vehicle control
(DMSO; Figure 3.4B). To confirm GCS activity was inhibited by ibiglustat, we added 5uM
C6-ceramide, a non-physiological form of ceramide, using C6-ceramide nanoliposomes
(C6-CNL) or ghost liposomes (vehicle control that lacks ceramide) to colonoids for one
hour after a 24-hour pre-treatment with ibiglustat or vehicle control. Conversion of C6-
ceramide into C6-glucosylceramide was completely blocked in the presence of
ibiglustat, demonstrating that ibiglustat is inhibiting GCS activity (Figure 3.4C). As
expected, ghost liposomes did not return a signal for any C6-sphingolipids (data not
shown). Finally, we visualized colonoids treated with 5uM ibiglustat using confocal

microscopy and did not observe any overt morphological changes (Figure 3.4D).
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Figure 3.3: Concentrated bacterial culture supernatant from ETBF contains Bacteroides fragilis
toxin and BFT is biologically active. Western blot of concentrated bacterial culture supernatants
(200pg protein) using an anti-BFT antibody shows presence of toxin in concentrated bacterial
culture supernatant from BFT but not control (A). Addition of BFT to HT29/C1 cells for 30
minutes leads to E-cadherin cleavage, illustrating toxin activity in our BFT preparations (B).
Confocal imaging of colonoids treated for six hours with different concentrated bacterial culture
supernatant preparations demonstrates that presence of toxin leads to morphology changes (C-
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H). Concentrated ETBF bacterial culture supernatant, containing BFT, dramatically alters
colonoid morphology (C). Concentrated bacterial culture supernatant from ETBFAbft does not
alter colonoid morphology (D), but when a recombinant version of this strain that produces
BFT2 is used (rETBFAbft bft-2), morphology changes are similar to those seen with BFT (E).
Concentrated bacterial culture supernatant from NTBF (NCTC 9343), which does not produce
BFT, does not cause morphology changes in colonoids (F). In contrast, a recombinant NTBF
strain that produces BFT2 (rNTBF bft-2) alters morphology, similar to BFT (G). A recombinant
NTBF strain, which secretes a biologically inactive mutant of BFT2 (rNTBF bft-2 H352Y) no longer
causes morphology changes (H). Confocal images were captured using 10x magnification. Scale
bar indicates a distance of 100um.
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Figure 3.4: A selective inhibitor of glucosylceramide synthase (GCS) decreases glucosylceramide
lipid levels. The treatment regimen for administration of 5uM ibiglustat to colonoids is depicted
(A). Addition of 5uM ibiglustat effectively reduced total levels of glucosylceramide (B).
Colonoids were pre-treated with 5uM ibiglustat for 24 hours and then treated with C6-ceramide
nanoliposomes (CNL) for one hour to determine the effectiveness of ibiglustat in blocking GCS
activity. Colonoids were collected and lipids were extracted. Presence of ibiglustat completely
blocks the ability for colonoids to process C6-ceramide into C6-glucosylceramide, demonstrating
the efficacy of ibiglustat at inhibiting GCS activity (C). Pre-treatment of colonoids with 5uM
ibiglustat followed by addition of concentrated bacterial supernatant from ETBFAbft does not
alter colonoid morphology, visualized by confocal microscopy (D). The treatment regimen for
administration of 5uM ibiglustat and concentrated bacterial culture supernatant is depicted (E).
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Single comparisons were made using an unpaired t-test. Statistical significance is indicated by
asterisks: *** (p<0.001). Error bars represent the standard deviation of the mean. Vehicle
represents a vehicle control (see Materials and Methods). Confocal images were captured using
10x magnification. Scale bar indicates a distance of 100um.
Once we validated the efficacy of ibiglustat in our model, we added our concentrated
bacterial culture supernatants to the treatment regimen mentioned previously (detailed
in Materials and Methods; schematic representation shown in Figure 3.4E) to determine
the effects of BFT while glucosylceramide levels were reduced. We visualized the
colonoids for 48 hours using confocal microscopy, taking images every 20 minutes.
Videos were assembled and images from 0, 6, 12, 24, 36, and 48-hour time points are
shown in Figure 3.5A-D (corresponding videos can be found in Supplemental Videos 1-4;
online manuscript). Figure 3.5A shows normal colonoid morphology after the control
treatment. Similar to Figure 3.5A, treatment with control and 5uM ibiglustat did not
induce morphological alterations over 48 hours (Figure 3.5B). However, when BFT was
added for six hours, colonoids underwent a rapid expansion and cells began to round.
This was followed by a recovery and reorganization of the epithelial membrane
structure around 36 hours, and a return to normal morphology by 48 hours (Figure
3.5C). In stark contrast, when BFT is added for six hours in the presence of ibiglustat,
colonoids lose their structure, and luminal contents escape into the extracellular matrix
(Figure 3.5D). We refer to this phenomenon as “colonoid bursting” to represent the

overall loss of colonoid structural integrity and displacement of cells and other luminal

content into the extracellular matrix. When bursting events across all treatments were



53
quantified, BFT and ibiglustat treatment led to a significantly higher level of bursting
events (14.77% average) when compared to all other treatments (0.45% average in
control, 3.98% average in control + ibiglustat, and 1.06% average in BFT; Figure 3.5E).
Colonoid bursting during BFT and ibiglustat treatment demonstrates that BFT-induced

cellular production of glucosylceramide is important for colonoid survival.
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Figure 3.5: Combination of BFT and ibiglustat causes colonoids to burst. Colonoids treated with
concentrated bacterial culture supernatant from ETBFAbft (Control) (A) or control + 5uM
ibiglustat (B) show no obvious morphology changes when visualized by confocal microscopy.
Colonoids treated with BFT undergo dramatic swelling and bubbling by six hours before
returning to normal morphology by 48 hours (C). Colonoids treated with BFT and 5uM ibiglustat
burst open, spilling contents into the extracellular matrix (D). Colonoids in all videos were
tracked and bursting events were counted (E). Colonoids were considered bursting if by 48
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hours they had lost overall structure and there was no evidence that the outer epithelial
membrane was reforming. We counted all of the colonoids in the well and calculated the
percentage of colonoids that burst within 48 hours (n=12). Group comparisons were performed
using a one-way ANOVA and Tukey’s multiple comparisons test. Statistical significance is
indicated by asterisks: ** (p<0.01) or *** (p<0.001). NS indicates non-significant results.
Control represents concentrated bacterial culture supernatant from ETBFAbft and BFT
represents concentrated bacterial culture supernatant from ETBF. Confocal images were
captured using 20x magnification. Scale bar indicates a distance of 100um. Compiled 48-hour
time-lapse videos can be found in Supplemental Videos 1-4 (online manuscript).

Pharmacological inhibition of glucocerebrosidase increases glucosylceramide levels in

colonoids but does not alter colonoid morphology

To further examine the importance of glucosylceramide in our model, we utilized
conduritol B epoxide (CBE), an inhibitor of glucocerebrosidase (GBA),'> to prevent the
breakdown of glucosylceramide and, therefore, increase cellular levels of
glucosylceramide. After culturing colonoids for 24 hours with 20uM CBE, a ~22%
increase in glucosylceramide levels was observed (Figure 3.6A). We maintained a subset
of colonoids in 20uM CBE, refreshed every other day. After one week, glucosylceramide
levels were over two-fold higher than colonoids cultured without CBE (Figure 3.6A). We
then measured sphingolipid changes in colonoids cultured in CBE after treatment with
control or BFT with or without ibiglustat. We observed that in the presence of CBE,
while both the control and the BFT treated colonoids had elevated levels of
glucosylceramide, in contrast to colonoids cultured without CBE (Figure 3.1B), BFT no

longer significantly increased glucosylceramide (Figure 3.6B). Moreover, ibiglustat
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remained effective at reducing the levels of glucosylceramide in both treatments, albeit
to a lesser degree than that seen in colonoids without CBE (Figure 3.4B). We visualized
colonoids cultured in CBE during treatment with concentrated ETBFAbft culture
supernatant using confocal microscopy, and did not observe morphology changes
(Figure 3.6C). Therefore, treatment with CBE is an effective way to increase

glucosylceramide levels in colonoids that does not disrupt normal morphology.
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Figure 3.6: Inhibition of GBA increases glucosylceramide levels but does not alter colonoid
morphology. Colonoids treated with 20uM CBE for 24 hours or 1 week have increased levels of
glucosylceramide (A). Colonoids cultured in CBE were treated according to the treatment
regimen in Figure 3.4E and collected at 24 hours post-concentrated bacterial culture
supernatant addition for lipid analysis. Total glucosylceramide levels were similar between
control and BFT treatments, but were significantly decreased in the presence of 5uM ibiglustat
(B). Colonoids treated with concentrated bacterial culture supernatant from ETBFAbft and
cultured in CBE did not display any obvious morphological changes when visualized by confocal
microscopy (C). Group comparisons were performed using a one-way ANOVA and Tukey’s
multiple comparisons test while single comparisons were made using an unpaired t-test.
Statistical significance is indicated by asterisks: ** (p<0.01) or *** (p<0.001). NS indicates non-
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significant results. Error bars represent the standard deviation of the mean. Vehicle indicates a
vehicle control was used (see Materials and Methods). Control represents concentrated
bacterial culture supernatant from ETBFAbft and BFT represents concentrated bacterial culture
supernatant from ETBF. Confocal images were captured using 10x magnification. Scale bar
indicates a distance of 100um.

Inhibition of GCS enhances BFT-induced early apoptosis

To better understand the bursting events taking place in colonoids treated with
ibiglustat and BFT, we next investigated markers of apoptosis and cell viability. We
treated colonoids using the same regimen outlined above (Figure 3.4E), extracted
protein from cells collected six hours after treatment, and measured cleaved caspase-3,
a marker of apoptosis,'*® by western blot. Because CBE colonoids were cultured with
CBE in perpetuity, and maintained and passaged separately from the normal subset, we
treated them as if they were a different cell line. As such, quantified results from
normal and CBE colonoids were normalized to the control treatment within each group.
Levels of cleaved caspase-3 were significantly increased in both the BFT and BFT +
ibiglustat treatments (Figure 3.7A,C), indicating an increase in apoptosis. Colonoids
cultured in CBE also displayed high levels of cleaved caspase-3 with BFT and BFT +
ibiglustat treatment (Figure 3.7A,C). Total caspase-3 levels were decreased by BFT in

normal and CBE colonoids, but this decrease was non-significant (Figure 3.7A,B).

To determine if caspase-3 cleavage resulted in a decrease in cell viability, and to confirm

the increase in apoptosis in response to BFT, cells were stained using a fixable viability
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dye (FVD; cell viability) and Annexin V (AV; apoptosis) and measured with flow
cytometry. At six hours, cell viability was significantly reduced in the BFT (*17%) and
BFT + ibiglustat (~22%) treatments when compared to control (Figure 3.7D). Normal
and CBE colonoids treated with BFT + ibiglustat had a greater number of cells entering
early apoptosis, as indicated by AV+ staining (Figure 3.7F). None of the treatments
affected the numbers of cells undergoing late stage apoptosis/necrosis, indicated by
cells positive for AV and FVD, in normal or CBE colonoids (Figure 3.7G). Interestingly,
the control + ibiglustat treatment significantly reduced viability (~35%,; Figure 3.7D),
although the number of cells entering early apoptosis or late apoptosis/necrosis were
similar to control (Figure 3.7F,G). Although BFT + ibiglustat increased early apoptosis,
this did not significantly reduce viability when compared to BFT alone, suggesting that
induction of early apoptosis is not sufficient for the colonoid bursting events seen in

Figure 3.5D.
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Figure 3.7: BFT increases caspase-3 cleavage and reduces cell viability in colonoids. As measured
by western blots, levels of full-length caspase-3 were unaltered in all conditions in normal and
CBE colonoids (A,B). BFT and BFT + 5uM ibiglustat-treated colonoids have increased levels of
cleaved caspase-3 at six hours in normal and CBE colonoids (A,C). Cell viability and apoptosis
were determined by flow cytometry using a fixable viability dye (FVD) and Annexin V (AV)
staining, respectively. At six hours, BFT, control + 5uM ibiglustat, and BFT + 5uM ibiglustat
caused significant reductions in the number of viable cells in normal colonoids, but did not
significantly decrease viability in CBE treated colonoids (D). The percentage of dead cells was
significantly increased in the control + ibiglustat treatment group, but other treatments did not
impact the population of dead cells (E). BFT + ibiglustat treatment increased the number of AV+
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cells, representing cells undergoing early apoptosis, in normal and CBE colonoids (F). FVD+/AV+
cells, representing cells in late apoptosis/necrosis, were not significantly altered by any of the
treatments in either group (G). Western blot results were compiled among multiple
experiments (n=6 biological replicates), normalized to their respective B-actin to control for
loading, and then normalized to the average of their respective controls, where the control
value was arbitrarily set to one (normal colonoids were normalized to the average of all control
treatments, while CBE colonoids were normalized to the average of all CBE controls).
Representative blots are shown for each target. Group comparisons were performed using a
one-way ANOVA and Tukey’s multiple comparisons test. Statistical significance of each
individual treatment when compared to the respective control is indicated by asterisks: *
(p<0.05), ** (p<0.01), or *** (p<0.001). Statistical significance between treatment conditions is
shown by an asterisk above a line. NS indicates non-significant results. Error bars represent the
standard deviation of the mean. Control represents concentrated bacterial culture supernatant
from ETBFAbft and BFT represents concentrated bacterial culture supernatant from ETBF.

Most early cellular responses to BFT are not dependent on glucosylceramide

The morphology changes that occur in colonoids exposed to BFT are highlighted by
colonoid swelling (shown previously in human intestinal epithelial cells)**” and cell
rounding (Figure 3.5C). These changes preclude the loss of cell-to-cell adhesion and
eventual colonoid bursting when BFT is added in the presence of ibiglustat (Figure 3.5D).
These additional morphological variations, namely colonoid bursting, that occurred
when ibiglustat was added prompted us to interrogate whether glucosylceramide in the
epithelial membrane of colonoids might contribute to the maintenance of cell adhesion.
Membrane polarity of colonoids grown in 3D culture and embedded in Matrigel,
according to the established protocol by Dr. Hans Clevers’ Laboratory,3 is reversed
from the orientation typically found in an intact colon. The apical domain, which is

exposed to the digestive tract in the colon, faces the interior of the colonoid and is
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protected from extracellular factors. Meanwhile, the basolateral membrane, which
interacts with the extracellular matrix and is generally protected from environmental
factors in the colon, faces the exterior of the colonoid and is exposed to the
environment.'® Using confocal microscopy, we stained colonoids with Alexa Fluor 633
phalloidin and confirmed that the apical domain was facing the interior of the colonoid,

illustrated by the presence of actin there (Figure 3.8A,B).

Figure 3.8: Confocal immunofluorescence of actin demonstrates the apical membrane faces the
interior of the colonoid. Colonoids were extracted from the Matrigel, fixed using 2%
paraformaldehyde in 100mM phosphate buffer (pH 7.4), and stained using Alexa Fluor 633
phalloidin (actin) and DAPI (nuclear stain). A representative colonoid is shown with DIC imaging
(A). Confocal immunofluorescence of Alexa Fluor 633 (white) and DAPI (blue) is shown with
strong actin staining at the apical ring (B). Confocal images were captured using a 63x oil-
immersion lens. Scale bar indicates a distance of 10um.

One of the first molecular events that occurs after BFT treatment is the cleavage of E-
cadherin,'*” and previous studies have shown that BFT displays biological activity on the

basolateral side of CEC membranes. Thus, we questioned if glucosylceramide levels
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would affect E-cadherin cleavage. We examined E-cadherin cleavage via western blot
and found that after a six-hour treatment with our concentrated bacterial culture
supernatants, cultured with or without ibiglustat, E-cadherin was only cleaved in the
presence of BFT (Figure 3.9A,B). BFT-induced E-cadherin cleavage was similar in the
presence or absence of ibiglustat (Figure 3.9B). Similarly, when colonoids were cultured
with CBE, levels of E-cadherin were decreased in both BFT treatments (Figure 3.9A,B).
To confirm these findings, we used confocal immunofluorescence imaging on colonoids
treated for six hours (as above) and removed from the Matrigel (see Materials and
Methods for a detailed protocol). Consistent with our protein data, E-cadherin was
expressed in control and control + ibiglustat treatments (Figure 3.9F,G middle panel).
Further, in the BFT and BFT + ibiglustat treatments, E-cadherin signal was almost
completely eliminated (Figure 3.9H,l middle panel). Collectively, this data suggests that
BFT-induced E-cadherin cleavage does not rely on glucosylceramide, as increases or

decreases did not prevent or enhance cleavage, respectively.

Since E-cadherin cleavage was indistinguishable between BFT and BFT + ibiglustat
treatments, alteration of E-cadherin alone could not explain the significant difference
seen in colonoid bursting events in the presence of ibiglustat (Figure 3.5E). Thus, we
next examined tight junction proteins claudin-3, occludin, and TJP1, as they are located
at the apical membrane of cells and function as both a barrier for extracellular factors as

well as a CEC structural component to maintain cell polarity.'®> Colonoids were cultured
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with or without CBE, treated as above (Figure 3.4E), and protein changes of claudin-3,
occludin, and TJP1 were measured at six hours by western blot. In normal and CBE
treated colonoids, levels of claudin-3 (Figure 3.9A,C), occludin (Figure 3.9A,D), and TJP1

(Figure 3.9A,E) were not changed significantly by any of the treatments.

A previous study by the Sears Lab showed that one hour BFT treatment did not alter
TIP1 levels in HT29/C1 cells, but did impact membrane localization of TJP1.%* Therefore,
we sought to determine if membrane localization of TJP1 was different among our
treatments using confocal immunofluorescence imaging for TIP1. We observed strong
TJP1 signal at the apical barrier in control (Figure 3.9F, right panel) and control +
ibiglustat (Figure 3.9G, right panel) treatments. BFT treatment did not seem to modify
the levels of TIP1, but we noticed that TIP1 expression at the apical membrane was less
consistent in normal colonoids when compared to control treatments (Figure 3.9H, right
panel). In the BFT + ibiglustat treatment, TJP1 expression was normal but appeared to
be extremely disorganized, with no obvious apical localization (Figure 3.91, right panel).
Although TJP1 levels appeared consistent across all conditions, inappropriate
localization of the protein during BFT + ibiglustat treatment could increase membrane

permeability, making colonoids more susceptible to bursting.
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Figure 3.9: BFT decreases E-cadherin levels in colonoids at six hours and disrupts TJP1
localization. Colonoids treated with BFT show reduced levels of full-length E-cadherin at six
hours via western blot, but claudin-3, occludin, and TJP1 levels are not significantly impacted by
any treatment in normal or CBE colonoids (A). Quantification of E-cadherin western blots shows
that BFT significantly decreased levels of full-length E-cadherin in normal and CBE-treated
colonoids when compared with their respective controls (B). Claudin-3 (C), occludin (D), and
TJP1 (E) levels were all quantified and did not change significantly when compared to the control
treatments. Confocal immunofluorescence of colonoids for E-cadherin, TIP1, and DAPI (nuclear
stain) confirms western results. Control treated colonoids displayed normal E-cadherin and TJP1
expression (F). The addition of ibiglustat did not impact E-cadherin or TJP1 expression when
compared to the control (G). In colonoids treated with BFT, the E-cadherin signal was almost
entirely eliminated. TJP1 localization at the apical membrane was less consistent than in the
control treatments (H). BFT + ibiglustat treatment resulted in almost no E-cadherin expression,
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while TJP1 localization was disorganized and irregular (I). Western blot results were compiled
among multiple experiments (n=6 biological replicates for all targets except occludin, n=3).
Values for each target were normalized to their respective B-actin value to control for loading
variability. Finally, adjusted values were then normalized to the average of their respective
control, where the control value was arbitrarily set to one (normal colonoids were normalized to
the average of all control values, while CBE colonoids were normalized to the average of all CBE
control values). Representative blots are shown for each target. Group comparisons were
performed using a one-way ANOVA and Tukey’s multiple comparisons test. Statistical
significance of each individual treatment when compared to the respective control is indicated
by asterisks: ** (p<0.01) or *** (p<0.001). Error bars represent the standard deviation of the
mean. Confocal images were captured using a 63x oil-immersion lens. Scale bar indicates a
distance of 10um. Normal represents colonoids grown under normal conditions, while CBE
represents colonoids grown in CBE. Control represents concentrated bacterial culture
supernatant from ETBFAbft and BFT represents concentrated bacterial culture supernatant from
ETBF.

Colonoid viability and tight junction proteins are influenced by glucosylceramide levels

24 hours after BFT treatment

The bursting events seen in the BFT + ibiglustat treatment (Figure 3.5D) could not be
explained by increases in early apoptosis or E-cadherin cleavage, as these events
occurred similarly in normal and CBE treated colonoids. Because of this, we
hypothesized that increasing glucosylceramide could be a protective mechanism by
colonoids in response to the rapid cellular damage caused by BFT. To test this, we
monitored cell viability using flow cytometry 24 hours after BFT treatment. Colonoids
were treated using the treatment regimen outlined in Figure 3.5E, and cell viability was
determined using flow cytometry. At 24 hours, the number of viable cells in normal
colonoids was significantly decreased by BFT (~32%) and BFT + ibiglustat (~47%) when

compared to control (Figure 3.10A). In colonoids cultured with CBE, the number of
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viable cells was decreased to a greater degree by BFT (~47%) and BFT + ibiglustat (~56%)
when compared to control, but the percentage of viable cells remaining was similar to
each respective treatment in normal colonoids (Figure 3.10A). In general, colonoids
treated with CBE had more viable cells (Figure 3.10A), and less dead cells (Figure 3.10B),
at 24 hours when compared to colonoids cultured normally. Early apoptosis, indicated
by AV+ staining, was relatively low in normal and CBE colonoids across all treatments
(Figure 3.10C). Late stage apoptosis/necrosis increased in response to BFT and BFT +
ibiglustat (Figure 3.10D), which was likely the resulting population of cells undergoing
early apoptosis at six hours (Figure 3.7F). Taken together, CBE treatment increases
colonoid viability, but this increase does not prevent BFT or BFT + ibiglustat-induced

death.

Next, we evaluated E-cadherin, claudin-3, occludin, and TJP1 levels using a western blot
as a way to monitor the adherens and tight junctions within the epithelial membrane 24
hours after initial BFT treatment. E-cadherin levels were still returning to baseline in
normal colonoids (Figure 3.10E,F), and had largely recovered in CBE colonoids (Figure
3.10E,F) at 24 hours. Claudin-3 (Figure 3.10E,G) and occludin (Figure 3.10E,H) levels
were mostly unaltered by any of the treatments in normal and CBE colonoids, similar to
our results at six hours (Figure 3.9A,C,D). Surprisingly, although TJP1 levels did not
change at six hours (Figure 3.9A,E), BFT + ibiglustat treatment in normal colonoids

caused a significant drop in TJP1 (Figure 3.10E,l). This drop was not seen in colonoids



cultured with BFT alone, or in any treatment when CBE was present (Figure 3.10E,l),
indicating that glucosylceramide may stabilize TJP1, helping to prevent BFT-induced

colonoid burst.
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Figure 3.10: BFT-treated colonoids are less viable and have decreased TJP1 expression when GCS
is inhibited. Cell viability and apoptosis were determined by flow cytometry using a fixable
viability dye (FVD) and Annexin V (AV) staining, respectively. At 24 hours, BFT and BFT +
ibiglustat significantly decreased the number of viable cells in both normal, and CBE colonoids
(A). BFT and BFT + ibiglustat significantly increased the number of dead cells in CBE colonoids
(B). Early apoptotic cells, measured by AV+ staining, were not significantly impacted by any
treatment in normal or CBE colonoids (C). Colonoids treated with BFT and BFT + ibiglustat had
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significantly higher percentages of cells in the late apoptosis/necrosis stage in normal colonoids,
but non-significantly increased levels in CBE colonoids, as indicated by FVD+/AV+ staining (D).
Colonoids were collected 24 hours after initial BFT treatment for protein and E-cadherin,
claudin-3, occludin, and TIP1 were measured (E) and quantified. E-cadherin levels were non-
significantly reduced in normal colonoids treated with BFT, but close to baseline in CBE
colonoids (F). Claudin-3 (G) and occludin (H) levels were not significantly altered by any
treatment. TJP1 expression was significantly decreased in normal colonoids treated with BFT +
ibiglustat when compared to control or BFT alone, but not in CBE colonoids (I). Western blot
results were compiled among multiple experiments (n=6 biological replicates for all targets
except occludin, n=3). Values for each target were normalized to their respective B-actin value
to control for loading variability. Finally, adjusted values were then normalized to the average
of their respective control, where the control value was arbitrarily set to one (normal colonoids
were normalized to the average of all control values, while CBE colonoids were normalized to
the average of all CBE control values). Representative blots are shown for each target. Group
comparisons were performed using a one-way ANOVA and Tukey’s multiple comparisons test.
Statistical significance of each individual treatment when compared to the respective control is
indicated by asterisks: * (p<0.05), ** (p<0.01), or *** (p<0.001). Statistical significance between
treatment groups is shown by an asterisk above a line. Error bars represent the standard
deviation of the mean. Normal represents colonoids grown under normal conditions, while CBE
represents colonoids grown in CBE. Control represents concentrated bacterial culture
supernatant from ETBFAbft and BFT represents concentrated bacterial culture supernatant from
ETBF.

Colonoid permeability increases in colonoids treated with BFT and ibiglustat

To determine if the alterations in TJP1 expression by BFT and ibiglustat were having a
functional effect on colonoids, we measured membrane permeability using a modified
dextran diffusion assay.’®® Because TJP1 is important for maintaining structural integrity
of the membrane, we hypothesized that ibiglustat-induced reduction of TJP1 would
increase membrane permeability, an effect which could be prevented by CBE addition.
Colonoids were treated as above (Figure 3.4E) and collected at 24 hours. As colonoids

with an intact membrane should exclude fluorescent dye, membrane permeability was
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determined by measuring the amount of fluorescent dye (FITC-dextran) found within
the colonoid. In order to more accurately measure cellular permeability, colonoids that
had burst, and would therefore be highly permissive to the dye, were excluded. We
guantified the internal fluorescence, and, while control treated colonoids showed very
minimal diffusion of FITC-dextran into the lumen (Figure 3.11A,B), all other treatments
caused an increase in permeability, although not always significantly. Ibiglustat addition
did not increase permeability in normal colonoids (Figure 3.11C,K), but did significantly
increase permeability in colonoids cultured with CBE (Figure 3.11D,K). BFT treatment
increased permeability in both normal (Figure 3.11E,K) and CBE (Figure 3.11F,K)
colonoids. However, when BFT was added in combination with ibiglustat, normal
colonoids were significantly more permeable (Figure 3.11G,K), whereas permeability in
CBE colonoids was not significantly increased when compared to control (Figure
3.11H,K). As a positive control for increased permeability, we used EDTA to disrupt tight
junctions and, as expected, EDTA treatment significantly increased permeability in both
the normal and CBE treatment groups when compared to their respective controls
(Figure 3.111,J,K). The increase in colonoid permeability seen with the BFT + ibiglustat
treatment further supports our bursting data from Figure 3.5D/E, and highlights the

importance of glucosylceramide in regulating the CEC tight junctional complex.
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Figure 3.11: BFT treatment increases colonoid permeability, which is enhanced by GCS
inhibition. Epithelial barrier integrity of colonoids grown normally or in 20uM CBE was assessed
using a FITC-Dextran permeability assay. Colonoids were treated as described previously (Figure
3.4E). Colonoids were removed from the extracellular matrix at 24 hours, pelleted, and
resuspended in growth media containing 2mg/mL 4kDa FITC-Dextran. Colonoids were mounted
onto a slide and immediately imaged using DIC and confocal microscopy (n=15-29
colonoids/treatment). Control colonoids in normal (A) and CBE (B) groups had very little
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internal fluorescence. The addition of ibiglustat significantly increased permeability of CBE
colonoids (D), but not normal colonoids (C). BFT treatment caused a significant increase in
permeability in normal (E) and CBE (F) colonoids. BFT treatment with ibiglustat caused a
significant permeability increase in normal colonoids (G), but not CBE colonoids (H). EDTA-
treated colonoids served as a positive control for increased permeability, which was seen in
both treatment groups (I,J). Group comparisons were performed using a one-way ANOVA and
Tukey’s multiple comparisons test. Statistical significance of each individual treatment when
compared to the respective control is indicated by asterisks: * (p<0.05), ** (p<0.01), or ***
(p<0.001). Error bars represent the standard deviation of the mean. Normal represents
colonoids grown under normal conditions, while CBE represents colonoids grown in CBE.
Control represents concentrated bacterial culture supernatant from ETBFAbft and BFT
represents concentrated bacterial culture supernatant from ETBF.

Increasing levels of glucosylceramide in colonoids prevents BFT-induced bursting

Our data suggest that glucosylceramide synthesis is crucial for the integrity of colonoid
structures in the presence of BFT, so we next tested whether increasing
glucosylceramide levels protected colonoids from bursting. We visualized colonoids
cultured in CBE for 48 hours using confocal microscopy (Figure 3.12A-D; Videos can be
found in Supplemental Videos 5-8; online manuscript). In the presence of CBE,
colonoids treated with control (Figure 3.12A) or control + 5uM ibiglustat (Figure 3.12B)
showed no morphological changes. BFT treatment caused temporary cell rounding and
membrane disorganization (Figure 3.12C), similar to that seen in colonoids without CBE
(Figure 3.5C). The addition of BFT with ibiglustat caused the typical toxin induced
morphology changes, but colonoids did not burst (Figure 3.12D). This was in stark
contrast to those grown without CBE (Figure 3.5D). Even more striking, across all

treatments in the CBE-pre-treated colonoids, we did not observe colonoids bursting. As
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a more rigorous control, while scoring colonoid bursting events, we also kept track of
colonoids that appeared to initiate, but not complete, bursting. These colonoids
typically released luminal contents into the extracellular space but would appear to
either recover and reconnect their outer epithelial membrane or maintain an ordered
outer epithelium that did not fully dissociate by the end of the experiment. For these
events, we scored them as “potential colonoid bursts,” indicating that they may or may
not recover, but we could not definitively say that they had burst. Within the CBE
treatment group, there were no significant changes in potential bursting events (Figure
3.12E). Further, when compared to colonoids cultured without CBE, it is especially clear
that CBE treatment protects colonoids from BFT + ibiglustat-induced burst (Figure
3.12E). Taken together, cellular increase in glucosylceramide in response to BFT appears
to serve as a protective mechanism used to maintain structural integrity of the colon
epithelium. This is highlighted by the fact that colonoids with reduced glucosylceramide
have decreased TJP1 expression, increased permeability, and burst under stress in
response to BFT, while those pharmacologically treated to maintain functional

glucosylceramide levels are able to stabilize TIP1 levels and withstand the assault.
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Figure 3.12: Pharmacological inhibition of glucocerebrosidase protects colonoids from BFT and
ibiglustat-induced bursting. Colonoids were cultured in CBE and morphology changes were
tracked by confocal microscopy. Colonoids treated with concentrated bacterial culture
supernatant from ETBFAbft (control) (A) or control + 5uM ibiglustat (B) showed no obvious
morphology changes over 48 hours. Colonoids treated with BFT undergo dramatic swelling and
bubbling and are still in the process of recovering and returning to normal morphology by 48
hours (C). Colonoids treated with BFT and 5uM ibiglustat also display a normal BFT response
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and delayed recovery, but no colonoid bursting (D). Colonoids in all videos were tracked and
bursting events were counted. Colonoids that appeared to initiate, but not complete, bursting
were scored as a potential colonoid explosion. Potential bursting events from normal colonoids
and colonoids cultured in CBE were counted and compared across all conditions (E). CBE-
treated colonoids overall had less potential bursting events when compared to colonoids
without CBE. Further, BFT + ibiglustat-treated colonoids had significantly less potential bursting
events in the presence of CBE. Single comparisons were made using an unpaired t-test.
Statistical significance for comparison between treatment groups is indicated by asterisks: *
(p<0.05) or ** (p<0.01). Error bars represent the standard deviation of the mean. Normal
represents colonoids grown under normal conditions, while CBE represents colonoids grown in
CBE. Control represents concentrated bacterial culture supernatant from ETBFAbft and BFT
represents concentrated bacterial culture supernatant from ETBF. Confocal images were
captured using 10x magnification. Scale bar indicates a distance of 100um. Compiled 48-hour
time-lapse videos can be found in Supplemental Videos 5-8 (online manuscript).

3.4: Discussion

We have demonstrated that ETBF, through BFT, increases glucosylceramide levels in the
murine distal colon following in vivo treatments and in colonoids derived from the
murine distal colon in vitro. These findings suggest that BFT directly impacts
glucosylceramide production in colon epithelial cells. Our results support that the BFT-
induced increase in glucosylceramide affords cells a protective mechanism by which
they can maintain structural integrity of the epithelium in response to BFT.
Pharmacological inhibition of GCS causes BFT-treated colonoids to burst. In contrast to
this, those treated with an inhibitor of GBA are protected from BFT-induced burst.
These findings are consistent with previous studies detailing the importance of

glucosylceramide in the intestines.*%/%>1
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The utilization of colonoids as a model for healthy colon epithelial cells proved to be
incredibly useful in this study, but we would like to comment on some of the
shortcomings of colonoid experiments. Because colonoids are grown in 3D culture, any
experiments must either be performed by first dissolving the Matrigel and collecting the
colonoids, or by performing the assays while the colonoids remain in the Matrigel.
Although colonoids remain intact during the collection process, excess handling can
impact downstream assays, especially in experiments using living cells. In the flow
cytometry procedure used in this study, colonoids were resuspended in TrypLE to yield a
single-cell suspension which could then be stained and analyzed. In an early pilot
experiment using only the fixable viability dye, we found that overall viability was higher
than in later experiments when we added Annexin V staining (data not shown). The
additional handling, pipetting, and time that this staining added likely introduced
additional stresses that may have reduced overall viability. Similarly, in
immunofluorescence imaging experiments, colonoids imaged within the Matrigel
produced low-quality images, requiring the removal of colonoids from the Matrigel to
allow for higher resolution imaging. However, colonoids had to be handled very
carefully to avoid smashing the colonoids and disrupting their morphology when
mounting them on slides and imaging them. Experiments that could be performed on
colonoids within the Matrigel (colonoid bursting events and colonoid morphology
changes) or in colonoids immediately lysed after removal from the Matrigel (lipid and

protein collection) were inherently less prone to alterations caused by handling.
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Growing colonoids in 2D monolayers may alleviate some of the limitations of 3D culture
systems, and protocols detailing the methods to grow colonoids in 2D monolayers have

been published recently.37:1>9

In C57BL/6J mice colonized with ETBF, we showed a significant increase in
glucosylceramide levels in the distal colon. In general, sphingolipid levels in the distal
colon were higher than that of the proximal colon (data not shown). To our knowledge,
this is a novel finding in itself that warrants further study to determine why sphingolipid
levels differ along the colon axis. It has been previously reported that the extracellular
sphingolipid sphingosine-1-phosphate (S1P) was upregulated in response to ETBF.160
While we were unable to replicate this finding (data not shown), results from that study
were obtained in a cancer model and may not reflect the early changes shown in our

non-cancerous models.

Our primary focus in this publication was glucosylceramide, but ceramide may also be
converted into galactosylceramide if a galactose molecule is added instead of glucose.6!
Most of the common methods used for sphingolipid extraction and quantification,
including ours, struggle to distinguish galactosylceramide from glucosylceramide.?
Although this means that our “glucosylceramide” changes could have been
galactosylceramide, or a mix of the two, we felt comfortable reporting our results as

glucosylceramide for a few reasons. The first is that our "glucosylceramide" levels

dropped after ibiglustat addition (Figure 3.4B). Ibiglustat is a specific GCS inhibitor,
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which would not block activity of galactosylceramide synthase.'®® Second, when we
measured GCS activity by adding a non-physiological form of ceramide (C6-ceramide)
and measured its conversion to glucosylceramide, we found C6-“glucosylceramide”, but
when ibiglustat was present, no signal was detected (Figure 3.4C). Finally, we prevented
molecular and phenotypic changes in our model using a GBA inhibitor, which would only
impact the GSL pathway at the level of glucosylceramide and any species beyond it
(Figures 3.6-3.12). Taken together, although we cannot definitively say that
galactosylceramide is not included in our results, we feel confident that our results are

glucosylceramide dependent.

In order to study the effects of glucosylceramide in CECs exposed to BFT, we utilized
inhibitors for the enzymes responsible for creating (ibiglustat; GCS) or breaking down
(CBE; GBA) glucosylceramide. In experiments with CBE-treated colonoids, we continued
to use ibiglustat in our treatment groups even though these inhibitors should have
opposing effects on cells, effectively canceling out their actions. In fact, for the most
part, colonoids treated with both CBE and ibiglustat responded similarly to control
colonoids without glucosylceramide manipulation. The one exception was where the
CBE control + ibiglustat treatment caused a significant increase in permeability when
compared to the control alone (Figure 8K). Although this increase in permeability was
surprising, it did not impact colonoid bursting events, as shown in figure 9E. Even

though CBE + ibiglustat co-treatment is somewhat counterintuitive, these experiments
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support and further strengthen the finding that maintaining homeostatic
glucosylceramide levels is critically important for colonoids to retain membrane

integrity.

Glucosylceramide may be further modified into higher order glycosphingolipids (GSLs)
through the attachment of additional carbohydrates (for further explanation of the
synthesis of GSLs, see the review by Schnaar and Kinoshita).'%* Briefly, GSLs exert many
of the same roles as traditional sphingolipids, including modulating proliferation,
apoptosis, and cell adhesion.®>1% Perhaps more importantly, however, are the roles
that GSLs play in cell-to-cell signaling and pathogen recognition and interaction. GSLs
are typically expressed on the outer leaflet of the plasma membrane where they are
exposed to the external environment.®* There, they have been shown to interact with
other bacterial toxins, such as cholera toxin, tetanus toxin, and botulinum toxin.1>
Since there is no known receptor for BFT,**° we hypothesized that GSLs could be serving
as a binding partner for the toxin. However, because we still observed toxin activity on
cells treated with ibiglustat, which prevents the formation of not only glucosylceramide,
but also the higher order GSLs which build upon it, our data suggests the BFT receptor is
not a GSL. It is possible that GSLs may help to stabilize the elusive BFT receptor, or
simply serve as messengers for cell-to-cell signaling in response to the increased
epithelial permeability caused by BFT via cleavage of E-cadherin, but further research

will need to be done to confirm these hypotheses.
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While this study focused only on intestinal sphingolipids, Bacteroides fragilis itself is able
to produce sphingolipids.17-16% These sphingolipids differ from their mammalian
counterparts in that their fatty acid chains typically have an odd-chain length (17-19
carbons in length), while mammalian sphingolipids are typically of an even-chain length
(18-20 carbons).168170 One of the most well-studied sphingolipids produced by B.
fragilis is a-galactosylceramide that has been shown to influence host invariant natural
killer T (iNKT) cells.167:16 |n addition to modulating host immune responses, bacterial
sphingolipids also provide the bacteria with a survival advantage when dealing with the
stresses encountered in the gut.'®® Since there is already evidence that bacterial
sphingolipids can be incorporated into mammalian cells,'’° the incorporation of odd-
chain length sphingolipids into the membrane has the ability to influence membrane
fluidity and structure. Considering the potential disruptions in membrane function
caused by bacterial sphingolipids, combined with our findings on the importance of
membrane sphingolipids in maintaining gut homeostasis, inclusion of bacterial

sphingolipids into host membranes warrants attention in subsequent studies.

Glucosylceramide modulation in response to BFT-induced epithelial barrier disruption
has broad implications for the development of intestinal diseases, such as colitis and
colon cancer. ETBF colonization of C57BL/6J mice with ETBF leads to colitis in as little as
one week.”® Others have shown that induction of colitis by dextran sodium sulfate (DSS)

increases glucosylceramide levels in the colon.'’* Our finding that glucosylceramide
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upregulation protects CECs exposed to BFT is further supported by studies in colitis
models where glucosylceramide administration prevented colon epithelial damage and
reduced the inflammatory immune response associated with the disease.’>'73 |n
addition, stabilization of TJP1 by glucosylceramide allows cells to maintain tight
junctions, which are critical for reducing epithelial permeability caused by colitis.*’#
Persistent colitis caused by ETBF promotes hyperplasia in the colonic crypts of C57BL/6)
mice,® which in a mouse model for colon cancer (Apc™™*), leads to tumor formation
within four weeks.'® Additional studies beyond the scope of this project are needed to
determine the role of glucosylceramide upregulation in ETBF-induced intestinal disease.
However, we can hypothesize that, based on published data, and in conjunction with
our results, early glucosylceramide increases are likely serving as a protective
mechanism by CECs to prevent colitis. As other studies have shown that increased GCS
expression in the colon is pro-tumorigenic,37,3841,50,51,122,152 narsistent and long-term
activation of GCS might actually inadvertently support tumor development. Though this
study was limited to early BFT-induced molecular alterations in healthy tissue, we

suggest that our findings could be applied to a number of inflammatory diseases in the

intestines.

In this study, we identify tight junction protein 1 (TJP1) as a putative mediator of
glucosylceramide-induced protection and/or stabilization of the colonoids. While we

mainly focused on TJP1, claudin-3, and occludin during this study as markers for changes
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in cellular tight junctions, there are many other proteins involved in the assembly,
maintenance, and function of tight junctions. Some other examples include junctional
adhesion molecules (JAMs) and other claudin family proteins.37%> In future studies, we
plan to revisit these other cell adhesion proteins to determine if they also play a role in
epithelial cell response to BFT and pharmacological inhibition of glucosylceramide

metabolism.

We propose a model where healthy CECs, exposed to normal microflora, have intact
tight junctions and adherens junctions (Figure 3.13A). However, when ETBF colonizes
the gut, Bacteroides fragilis toxin is produced and binds to CECs, which triggers E-
cadherin cleavage and thus, a reduction of cellular adhesion. Following the loss of E-
cadherin, we suggest that glucosylceramide levels are increased and help to stabilize
tight junction proteins, mainly TIP1. This stabilization serves as a compensatory
response to maintain CEC membrane integrity, cell-to-cell contact, and prevent
epithelial breakdown after the loss of E-cadherin (Figure 3.13B). In contrast, if GCS is
inhibited in the presence of BFT, tight junctions are destabilized, paracellular
permeability increases, and the colon epithelium experiences catastrophic damage,
allowing bacteria and bacterial factors to translocate into the lamina propria (Figure
3.13C). However, if glucosylceramide levels are restored, CECs are protected from BFT-

induced damage (Figure 3.13D). Taken together, this study shows for the first time the
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protective role of glucosylceramide as an important structural element that protects the

colon epithelium from toxic bacterial stress.

(A)  Normal (B) ETBF (C) ETBF (D)  ETBF Legend
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+ ibiglustat + ibiglustat @ Host
and CBE < Microbiota
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4 BFT
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O O ==_  E-cadherin
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Figure 3.13: A proposed mechanism for the role of glucosylceramide in response to BFT. In a
healthy colon, normal microbiota persists, cells maintain normal levels of glucosylceramide, and
adherens junctions and tight junctions ensure cell-to-cell adhesion (A). When the host is
colonized with ETBF, ETBF joins the microbiota and begins producing BFT, causing a decrease in
CEC E-cadherin levels and an increase in glucosylceramide synthase expression (B). If
glucosylceramide synthase is inhibited in a host colonized with ETBF, E-cadherin and tight
junction protein 1 levels decrease, which leads to an increase in membrane permeability.
Bacterial factors are able to pass through the membrane and interact with host immune cells in
the lamina propria, triggering a Th17-driven pro-inflammatory immune response (C).
Colonization with ETBF in the presence of CBE protects tight junctions and reduces membrane
permeability (D).
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4.1: Chapter Introduction
In the previous chapter, we showed that Enterotoxigenic Bacteroides fragilis, through
production of its toxin (BFT), causes glucosylceramide levels to increase in colon
epithelial cells (CECs). We demonstrated that glucosylceramide plays an important role
in the response to BFT as it helped cells maintain structural integrity of the epithelium,
highlighted by experiments showing a loss of glucosylceramide increased paracellular
permeability and caused colonoids to burst. These adverse events were prevented by
pharmacologically increasing glucosylceramide levels in cells. Because ETBF is
associated with diarrheal disease and cancer, we questioned whether glucosylceramide
upregulation by BFT could be involved in other cellular processes beyond epithelial
maintenance. In this chapter, we focused on two cellular events that are impacted by
sphingolipid alterations: colorectal cancer and the formation and release of extracellular

vesicles (EVs) from cells.

4.2: BFT-Induced Glucosylceramide Increases are Absent in Colorectal

Cancer Cells

4.2.1: Abstract

Enterotoxigenic Bacteroides fragilis (ETBF) is a human commensal that colonizes the
colon and, through production of Bacteroides fragilis toxin (BFT), can cause

inflammatory diarrhea and cancer in Apc™* mice. We have previously shown that
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ETBF colonization of mice increases glucosylceramide levels in the distal colon, the
primary location for ETBF-induced tumor formation.’> Glucosylceramide has previously
been shown to be a pro-tumorigenic sphingolipid by reducing ceramide driven apoptosis
and promoting multi-drug resistance. Therefore, we sought to determine if BFT-induced
glucosylceramide increases in colon epithelial cells (CECs) might promote tumor
formation or progression. Using a colorectal cancer cell line and colonoids generated
from Apc™* mice, we determined that BFT did not increase glucosylceramide levels in
either model, even though glucosylceramide synthase (GCS) activity was increased in
Apc™™* colonoids. Although we did not observe any significant increases in
glucosylceramide, the increases in GCS activity are indicative that BFT is still generating
glucosylceramide, but determining where it is going will be an important future

direction.

4.2.2: Introduction

We previously showed that normal CECs will increase production of glucosylceramide
when they are exposed to BFT. This increase protected cells by helping them to
maintain tight junctions and overall membrane integrity after E-cadherin cleavage.
However, persistent upregulation of GCS by BFT could disrupt normal, and required, cell
turnover in the colon by preventing ceramide-induced apoptosis.">3%38 The prevention

of cell shedding could allow cells to gain mutations, leading to polyp development that is
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seen in mice colonized with ETBF.?? Therefore, we hypothesized that BFT-induced

glucosylceramide could be a pro-tumorigenic event.

4.2.3: Results and Discussion

BFT Does Not Increase Glucosylceramide Levels in Cancer CECs

To determine if BFT altered glucosylceramide levels in CRC, we utilized HT29/C1 cells,
which were derived from HT-29 cells that were originally established from a patient with
colorectal adenocarcinoma.’® Similar to our experimental methods in colonoids, cells
were treated for six hours with ETBFAbft or ETBF concentrated bacterial culture
supernatants in basal medium (DMEM without FBS) for six hours, at which point the
media was removed and replaced with fresh growth medium (DMEM with 10% FBS) for
18 hours. At 24 hours post-treatment, cells were collected and sphingolipids were
extracted. A true NT control was included to ensure that these cells were not being
influenced by our concentrated bacterial culture supernatants. Total glucosylceramide
levels in control and BFT treatments were nearly identical to the NT control (Figure
4.1A). To further confirm that BFT was not promoting the production of
glucosylceramide, we treated cells for six hours (as above) and measured mRNA
expression of GCS. In agreement with our lipid data, GCS expression was unchanged

across all treatments (Figure 4.1B). Finally, to assess whether BFT addition would
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enhance viability of HT29/C1 cells, we treated cells and performed an MTS assay. This

assay showed that viability was not altered by any of the treatments (Figure 4.1C).
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Figure 4.1: BFT does not alter glucosylceramide, GCS expression, or cell viability in HT29/C1
cancer cells. HT29/C1 cells were treated for six hours with concentrated bacterial culture
supernatant from ETBFAbft (Control) or ETBF (BFT) or a true no treatment control (NT). At six
hours, samples were collected for mRNA extraction, while media was replaced with fresh
growth medium on cells used for lipid and protein extractions and incubated for an additional
18 hours. At 24 hours post treatment, remaining cells were collected and sphingolipids or
proteins were extracted. BFT did not increase glucosylceramide levels in HT29/C1 cells (A). GCS
expression was not significantly changed between the three treatments (B). Cell viability, as
measured by an MTS assay, was unchanged across treatments (C). Error bars represent the
standard deviation of the mean. NT indicates no treatment was added. Control represents
concentrated bacterial culture supernatant from ETBFAbft and BFT represents concentrated
bacterial culture supernatant from ETBF.
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Utilization of Colonoids Generated from Apc™"/* Mice

Although we did not observe any changes in glucosylceramide in HT29/C1 cells treated
with BFT, this was not entirely unexpected based on previous studies showing that
cancer cells have a dysregulated sphingolipid metabolism.38°0:122-126 |n addition,
because BFT did not increase viability, we propose that BFT may be more important for
tumor formation than for cancer progression. To test this theory, we established
colonoids from Apc™™* mice. Apc™™*mice have a mutation in Apc, which causes them
to develop neoplasia in the intestines soon after birth.1”” Interestingly, even though
these mice are frequently used to study colon cancer, they primarily develop tumors in
the small intestine.*>* However, when they are colonized with ETBF, tumors will form in
the distal colon.?® Therefore, colonoids established from Apc™"* mice could be used as

a pre-cancer model for BFT-induced carcinogenesis.

Shortly after Apc™"* colonoids were established, we began to notice dramatic
morphology changes that were evident using bright field microscopy. The colonoids
began growing much faster and larger than C57BL/6J colonoids, and the epithelial
membrane began to compress. An example of this is shown in Figure 4.2, which shows
a subset of colonoids growing during a 48-hour time period. These morphology changes
were consistent with published data from another lab that generated colonoids from
Apc™"* adenomas,1’® suggesting that our colonoids had already begun the transition to

cancer.
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Even though our colonoids were likely already adenomas, we decided to measure
morphology changes after BFT treatment to determine if BFT would still illicit a
response. When we added concentrated bacterial culture supernatants from ETBFAbft,
we did not observe any overt morphology changes (Figure 4.3A). However, when BFT
was added, the colonoids underwent a dramatic morphology change (Figure 4.3B),
similar to what we had previously shown in normal colonoids. This confirms previous
findings that morphology changes are not dependent on glucosylceramide, but most

likely reflect sudden loss of E-cadherin and adherens junctions.



92

Figure 4.2: Colonoids from Apc™™* mice display a cystic morphology. Apc™™*colonoids were
monitored for 48 hours using confocal microscopy. Colonoids grow to be quite large and display
cystic morphology. Confocal images were captured using 10x magnification. Scale bar indicates
a distance of 100um.
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(A)

Control

(B)
BFT

Figure 4.3: Colonoids from Apc™"* mice react strongly to BFT, but recover quickly. Colonoids
treated with concentrated bacterial culture supernatant from ETBFAbft (Control) (A) display no
overt morphology changes in response to treatment. Colonoids treated with BFT undergo
dramatic swelling and bubbling by six hours before returning to normal morphology by 24 hours
(B). Control represents concentrated bacterial culture supernatant from ETBFAbft and BFT
represents concentrated bacterial culture supernatant from ETBF. Confocal images were
captured using 10x magnification. Scale bar indicates a distance of 100um.

One of the most striking differences between the BFT responses in Apc™"*and normal
(C57BL/6J) colonoids was how quickly they returned to normal morphology. The
Apc™* colonoids recovered much faster, with near normal morphology after just 24
hours. In contrast, the majority of normal colonoids, which we investigated in chapter
3, treated with BFT still showed irregular morphologies 48 hours after treatment (Figure

3.50).
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Once we confirmed that BFT was still displaying activity on Apc™™* colonoids, we shifted
our focus to the impact on sphingolipid metabolism. Apc™™*colonoids were treated for
six hours with ETBFAbft or ETBF concentrated bacterial culture supernatants, after
which media was changed, and fresh growth medium was added for 18 hours. At 24
hours post-treatment, colonoids were collected and sphingolipids were extracted.
Although glucosylceramide levels were high in both treatments, BFT did not further alter
glucosylceramide levels when compared with control (Figure 4.4A). Consistent with our
previous findings in normal colonoids, Apc™™* colonoids did not show altered levels of
ceramide (Figure 4.4B) or sphingomyelin (Figure 4.4C) in response to BFT. We also
measured mRNA expression of GCS and found that BFT increased GCS expression at

three and six hours after treatment (Figure 4.4D).
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Figure 4.4: BFT does not alter sphingolipid levels in Apc™™* colonoids, but does increase GCS
expression. Mass spectrometry analysis of Apc™™* colonoids treated with BFT did not change
glucosylceramide (A), ceramide (B), or sphingomyelin (C) levels at 24 hours. GCS expression
increased at three and six hours after BFT addition in Apc™* colonoids (D). Single comparisons
were made using an unpaired t-test. Statistical significance is indicated by asterisks: * (p<0.05)

or *** (p<0.001). Control represents concentrated bacterial culture supernatant from ETBFAbft
and BFT represents concentrated bacterial culture supernatant from ETBF.

Based on our previous finding that glucosylceramide levels were increased in CECs after
BFT exposure, it was surprising then that we did not observe increases in HT29/C1 cells
or in colonoids generated from Apc™™*mice. One possibility is the conversion of
glucosylceramide into higher-order glycosphingolipids. We will expand on the
glycosphingolipid pathway in Chapter 5.2.2, but briefly, additional sugar molecules may

be added to glucosylceramide to generate additional glycosphingolipids.
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Glycosphingolipids have a wide variety of functions in healthy cells, but also in the
progression of cancer. Measuring glycosphingolipids in cells requires different
sphingolipid extraction protocols than those that we use for the main sphingolipids
(ceramide/sphingomyelin/sphingosine/glucosylceramide), so measurement of these
molecules will require additional optimization and testing before we’re able to

determine if glucosylceramide is being modified further in cancer cells.

Another explanation for this is that sphingolipid metabolism in cancer cells is
notoriously dysregulated, and some genes, such as GCS, are overexpressed
already.3638°0.122-126 Therefore, any stimulation of the pathway might not result in
observable changes in lipid mass. In HT29/C1 cells, GCS expression did not change,
suggesting that BFT activity on these cells does not activate the protective mechanisms
involving glucosylceramide that we showed in normal cells. However, in Apc™"* derived
colonoids, even though we did not see lipid changes in glucosylceramide, we did see
increased expression of GCS in response to BFT. HT29/C1 cells and our Apc™"* derived
colonoids are at different steps in cancer progression, with HT29/C1 cells representing
late stage adenocarcinoma, while Apc™™* derived colonoids were likely early stage
adenomas. Normal cells and early stage tumors may still rely on glucosylceramide to
respond to BFT damage, while late stage tumors might be more resistant to this

damage, but further studies will be necessary to confirm this hypothesis.
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4.3: Bacteroides fragilis Toxin Stimulates Colon Epithelial Cells to Release

Extracellular Vesicles Containing Glucosylceramide

4.3.1: Abstract

Extracellular vesicles (EVs) are small molecules released from cells across the body that
are involved in cell-to-cell communication and the export of materials from cells. EVs
include exosomes and microvesicles (MVs), which form using different pathways and
have different size ranges. Independent of our studies in cancer cells, we discovered
that BFT treatment of CECs promotes the production of EVs in the blood of C57BL/6)
mice, and in the media of colonoids established from C57BL/6J mice. EVs isolated from
BFT-treated samples displayed high levels of glucosylceramide and phosphatidylserine, a
lipid frequently expressed on MVs. EVs generated from BFT-treated colonoids formed a
unique cluster in the 300-500nm size range, a size consistent with MVs, but not
exosomes. Further studies will be necessary to confirm the contents and functions of
EVs produced in response to BFT, but we show for the first time here that BFT causes

CECs to produce EVs.

4.3.2: Introduction

Our research has shown that ETBF, through production of BFT, causes levels of
glucosylceramide to increase in colon epithelial cells. While this was a novel finding, this
was not the first study to show that ETBF could influence host sphingolipid metabolism.

Previously, another study found that ETBF would cause cells to produce “exosome-like”
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particles which contained the signaling sphingolipid, S1P.1®0 The authors suggested that
the S1P contained within these particles was important for Th17 cell proliferation and

recruitment, which is critical for ETBF-induced tumorigenesis.?%160

Extracellular vesicles (EVs) are lipid-containing particles released by cells that are
involved in intercellular communication.'”® Exosomes and microvesicles (MVs) are the
two major EVs produced by cells, where exosomes arise from the endosomal pathway
and MVs form from plasma membrane blebbing.'®® The function of EVs has not been
fully established at this point, but researchers have shown these particles play
important roles in the development of many diseases, but most studies have focused on
their role in cancer.®1182 Membrane lipids, including sphingolipids, are an integral part
of EV formation and release from cells. Sphingomyelin and ceramide are enriched in EV
membranes, but other sphingolipids such as glucosylceramide may also be present.83-
185 Herein, we measured sphingolipids in the blood of mice colonized with ETBF and in
the media of colonoids treated with BFT and found significant increases in
glucosylceramide in both extracts. Further, isolation of EVs from colonoids treated with
BFT contained high levels of glucosylceramide, highlighting an additional role for

glucosylceramide in the cellular response to BFT.
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4.3.3: Results and Discussion
BFT Increases Extracellular Glucosylceramide Levels in Mice and Colonoids
Because S1P is released extracellularly, we measured sphingolipids in the blood of mice
colonized with PBS (sham control), ETBFAbft, or ETBF for 1 week. We did not observe
changes in S1P across our treatments (Figure 4.5A), but we did observe a significant

increase in glucosylceramide (Figure 4.5B).
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Figure 4.5: C57BL/6J mice colonized with ETBF for one week have increased glucosylceramide
circulating in the blood. Colonization with C57BL/6J mice for one week with ETBF does not
change sphingosine-1-phosphate (S1P) levels in the blood (A). ETBF increased glucosylceramide
levels in the blood when compared with the sham (PBS) control (B). Group comparisons were
performed using a one-way ANOVA and Tukey’s multiple comparisons test. Statistical
significance is indicated by asterisks: * (p<0.05). Error bars represent the standard deviation of
the mean. Sham represents a PBS control.

Next, we treated colonoids with concentrated bacterial culture supernatants from
ETBFAbft and ETBF strains (herein referred to as control or BFT, respectively) and

collected media at two or four hours after treatment. Sphingolipids were extracted

from the media and, consistent with our in vivo results, S1P levels did not change at
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either time point (Figure 4.6A), while BFT caused a significant increase in
glucosylceramide that increased over time (Figure 4.6B). To determine if
glucosylceramide levels in the media were increased over a longer period of time, we
treated colonoids for six hours and collected the media. After collecting the media,
colonoids received fresh growth medium for 18 hours, and then the media was
collected again (24 hours after the initial treatment). Glucosylceramide levels were
significantly increased in the six-hour BFT treatment when compared to the control
(Figure 4.7A). However, by 24 hours, the increase was no longer statistically significant
(Figure 4.7B). To exclude the possibility that the concentrated bacterial culture
supernatants were the source of glucosylceramide, we treated colonoids with purified
BFT2 and collected media at six and 24 hours after treatment. Glucosylceramide levels
were significantly increased at six (Figure 4.7C) and 24 hours (Figure 4.7D) after
treatment, confirming that our results were due to the presence of BFT, and not

glucosylceramide present in the concentrated bacterial culture supernatants.
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Figure 4.6: Colonoid treatment with BFT increases glucosylceramide levels in the media at early
time points. Colonoids treated with BFT for two or four hours did not increase S1P levels in the
media at either time point (A). BFT treatment significantly increased glucosylceramide in the
colonoid media at two and four hours (B). Single comparisons were made using an unpaired t-
test. Statistical significance is indicated by asterisks: * (p<0.05) or ** (p<0.01). Error bars
represent the standard deviation of the mean. Control represents concentrated bacterial
culture supernatant from ETBFAbft, BFT represents concentrated bacterial culture supernatant
from ETBF.



102

=

(B

—

Total Glucosylceramide 6hr
Media (pmol/mL)
Media (pmol/mL)

F-S
L
Total Glucosylceramide 24hr

G)
]

*kk

B~
<

*k*%

w
<

Total Glucosylceramide 6hr
Media (pmol/mL)
2 B

Total Glucosylceramide 24hr
Media (pmol/mL)

L

< & $ Al
2 N2
.Q@b R
& &
< <®

Figure 4.7: BFT, and purified BFT2, treatment of colonoids increases glucosylceramide levels in
the media. Colonoids treated with BFT for six or 24 hours have significantly increased
glucosylceramide levels in the media at six hours (A), but not 24 hours (B). Addition of purified
Bacteroides fragilis toxin (Purified BFT2, isolated from ETBF strain 86-5443-2-2, see Materials
and Methods for details) to colonoids significantly increases glucosylceramide release into the
media at six (C) and 24 hours (D). Single comparisons were made using an unpaired t-test.
Statistical significance is indicated by asterisks: * (p<0.05) or *** (p<0.001). Error bars
represent the standard deviation of the mean. NT indicates no treatment was added. Control
represents concentrated bacterial culture supernatant from ETBFAbft, BFT represents
concentrated bacterial culture supernatant from ETBF, and Purified BFT2 represents purified
BFT from ETBF strain 86-5443-2-2 (see Materials and Methods).
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Glucosylceramide is Released from Colonoids in Extracellular Vesicles after BFT

Treatment

Because glucosylceramide is a membrane sphingolipid, we hypothesized that it would
likely be contained within extracellular vesicles (EVs) in the blood and media. Colonoids
were treated for six hours with ETBFAbft or ETBF concentrated bacterial culture
supernatants, media was collected, and EVs were isolated using ultracentrifugation
based on a previously published protocol.'8 After isolation, dynamic light scattering
was used to measure the size(s) of the resulting particles. We discovered that media
from both treatments contained EVs (Figure 4.8A/B), with a size range consistent with
microvesicles (MVs), a subset of EVs 100-1000nm in diameter that are produced by
budding of the plasma membrane.®218 |nterestingly, the number of particles was not
too dissimilar between our two treatments, but BFT-treated CECs produced more EVs in
the 300-500nm size range. Further studies are necessary to determine if the contents of

EVs from each prep are different from one another.
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Figure 4.8: Treatment of colonoids with concentrated bacterial culture supernatants stimulates
the release of extracellular vesicles from colonoids. Media from colonoids was evaluated using
dynamic light scattering to determine the presence, size, and concentration of particles in the
media. Concentrated bacterial supernatant from ETBFAbft (Control) treated colonoids have
extracellular vesicles (EVs) in the media (A). BFT treated colonoids also release EVs into the
media, but there is a higher concentration of 300-500nm particles when compared to control
(B). Control represents concentrated bacterial culture supernatant from ETBFAbft, BFT
represents concentrated bacterial culture supernatant from ETBF.

Once EVs were isolated, we measured the sphingolipids using mass spectrometry and
found that EVs from BFT-treated colonoids contained significantly higher levels of
glucosylceramide when compared to control (Figure 4.9A). Sphingomyelin, another
membrane sphingolipid that can be associated with EVs,'8” was unaltered by BFT (Figure
4.9B). We also measured phosphatidylserine (PS), which is used as a marker for EVs,*8
and found that BFT significantly increased its presence (Figure 4.9C). Taken together,

our data suggests that BFT causes CECs to produce EVs, and that these EVs contain high

levels of glucosylceramide and phosphatidylserine.
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Figure 4.9: Extracellular vesicles from BFT-treated colonoids contain glucosylceramide and
phosphatidylserine. EVs were purified from colonoid media and lipids were extracted. EVs from
BFT treated colonoids had significantly higher levels of glucosylceramide (A), while
sphingomyelin levels were not significantly different than control EVs (B). Phosphatidylserine
levels were significantly higher in BFT colonoids (C). Error bars represent the standard deviation
of the mean. Single comparisons were made using an unpaired t-test. Statistical significance is
indicated by asterisks: ** (p<0.01) or *** (p<0.001). NS indicates non-significant results.
Control represents concentrated bacterial culture supernatant from ETBFAbft and BFT
represents concentrated bacterial culture supernatant from ETBF.

Further studies are necessary to determine the role of glucosylceramide in EVs. Based
on the size of the particles that we collected, we believe that the EVs were likely
comprised of MVs and not exosomes. Since MVs are formed from the plasma

membrane, the primary location for glucosylceramide in CECs,>! increased
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glucosylceramide levels in EVs may just be a reflection of the lipid profile of the
membrane after BFT challenge. While a previous study reported S1P in BFT-induced
EVs,1®0 we were unable to replicate this finding. Despite this, it is possible that EVs
without S1P may still recruit immune cells that could contribute to BFT tumorigenesis,
but this will need to be confirmed experimentally. One major difference between our
studies is that the Deng et al. study used EVs generated from a colon cancer cell line,
raising questions about EV profile variability from normal versus cancerous cells. In
support of this theory, other researchers have shown unique signaling roles for EVs
generated by cancer cells, such as the initiation of metastasis,’>81-183 fyrther
supporting differential roles of EVs in the progression of disease. Still, BFT-induced
release of glucosylceramide within EVs is a novel finding that could have significant
implications for cell-to-cell signaling, repair, and immune recruitment in host pathogen
response. Although BFT did not increase glucosylceramide levels in cancer cells, our
finding that BFT treatment increased glucosylceramide levels in EVs presents a new area

to investigate, especially since EVs are frequently produced by cancer cells.
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Chapter 5: Discussion
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5.1: Summary of Results
In this study, we have demonstrated that glucosylceramide is a critically important
regulator of epithelial barrier integrity in the colon during bacterial challenge. In order
to achieve this, we used colonoids, a unique cell culture system that allowed us to
interrogate the role of glucosylceramide in normal epithelial cells after exposure to
Bacteroides fragilis toxin (BFT). Mice colonized with Enterotoxigenic Bacteroides fragilis
(ETBF) had higher levels of glucosylceramide in the distal colon. Using a genetically-
modified ETBF strain with the BFT gene knocked out (ETBFAbft), we determined that the
increase in glucosylceramide was dependent on the presence of BFT. We further
confirmed these results in colonoids, using concentrated bacterial culture supernatants

from ETBF and ETBFAbft strains, as well as purified BFT.

After we established that glucosylceramide levels were increased in colonoids in
response to BFT, we focused on why glucosylceramide was increasing in CECs. Using an
inhibitor of glucosylceramide synthase (GCS), the enzyme responsible for generating
glucosylceramide from ceramide, we found that GCS inhibition in the presence of BFT
cause colonoids to burst. Because a loss of glucosylceramide caused colonoids to burst,
we hypothesized that increasing glucosylceramide in cells would protect them from BFT-
induced damage. Indeed, using an inhibitor of glucocerebrosidase, the enzyme

responsible for breaking down glucosylceramide into ceramide, we increased levels of
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glucosylceramide in colonoids and found that colonoids no longer burst with the GCS

inhibitor (ibiglustat) and BFT.

We initially focused on apoptosis as a potential explanation for colonoid bursting
events. However, we found that while BFT and ibiglustat did increase apoptosis, it did
so in normal colonoids and colonoids treated with conduritol B epoxide (CBE), our GBA
inhibitor. Because apoptosis alone couldn’t explain our bursting events, we next
focused on the main adherens junction protein, E-cadherin, which is known to be
cleaved in CECs treated with BFT. Again, we saw cleavage, but results were similar in
our normal and CBE colonoids. In addition to adherens junctions, tight junctions also
play an important role in cell-to-cell adhesion and paracellular permeability. Tight
junctions are the most apical of all of the junctional domains, so we questioned whether
BFT and ibiglustat were triggering a loss of tight junction proteins. We found that tight
junction protein 1 (TJP1), an important cytoplasmic mediator of tight junctions, was
decreased in response to BFT and ibiglustat, but that this decrease did not occur in CBE
treated colonoids. Other tight junction proteins, such as claudin-3 and occludin were

measured, but were not altered in response to our treatments.

Based on our findings, we proposed a model by which BFT cleaves E-cadherin, increasing
paracellular permeability. Tight junction proteins are able to maintain barrier integrity
until E-cadherin expression returns, allowing cells to survive the BFT challenge.

However, in the absence of glucosylceramide, TJP1 levels decrease and the second line
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of defense, the tight junctions, are no longer able to maintain the epithelial barrier and
colonoids burst open. By using CBE to increase levels of glucosylceramide within
colonoids, TJP1 levels are stabilized throughout BFT-induced stress, and colonoids
eventually return to normal morphology. Therefore, glucosylceramide serves to protect

CECs exposed to BFT by stabilizing tight junction proteins.

In addition to our finding that glucosylceramide is increased in CECs, we also discovered
that BFT stimulates the release of glucosylceramide from CECs in extracellular vesicles
(EVs). Although the role of these EVs, as well as the importance of glucosylceramide
within them, is unknown, this is a unique finding that we think could be important for
cell-to-cell communication in response to pathogen-induced epithelial damage. Follow-
up studies will be able to build upon our findings and determine the precise role(s) for
glucosylceramide in the epithelium, and beyond, such as in EVs. In the following
section, | detail some of the directions that | think are important for future researchers
to consider, as well as present some additional data that highlights novel findings that

did not fit in our original story.

5.2: Discussion and Future Directions

5.2.1: The Importance of Tight Junctions and Glucosylceramide in the Colon

The maintenance of the epithelial barrier might be the most important factor in

determining the likelihood of developing BFT-induced disease. The feedback loop of
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increased epithelial barrier permeability, followed by inflammation that further
increases permeability, is a driver of both IBD and CRC.>1°%1%0 A |arge number of tight
junction proteins and adherens junction proteins are involved in maintaining the
epithelial barrier. In Chapter 3, we focused mainly on E-cadherin, claudin-3, occludin,
and TJP1. These targets were based on previous studies showing BFT-induced effects
(E-cadherin cleavage and TJP1 localization changes)'4’ or increased expression in the
distal colon (claudin-3, occludin).*® While mRNA expression changes do not always
correlate with protein changes, we measured mRNA expression in colonoids treated
with ETBFAbft or ETBF concentrated bacterial culture supernatants for six hours to
narrow down potential targets for further characterization in the BFT response. The
results can be found in Figure 5.1, but briefly, TJP1, F11R/JAM, occludin, claudin-3,
claudin-7, and claudin-12 all showed increased mRNA expression when colonoids were
treated with BFT. Only one protein decreased its expression after BFT treatment,
claudin-15. Interestingly, decreased claudin-15 expression is seen in colorectal

cancer.18?
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Figure 5.1: BFT alters mRNA expression of a number of tight junction proteins. Colonoids
treated with concentrated bacterial culture supernatant from ETBFAbft (Control) or ETBF (BFT)
for six hours were collected to measure mRNA expression of major tight junction proteins. TJP1,
F11R/JAM, occludin, claudin-3, cluadin-7, and claudin-12 all had significantly increased
expression, while claudin-15 had significantly reduced expression. Error bars represent the
standard deviation of the mean. Single comparisons were made using an unpaired t-test.
Statistical significance is indicated by asterisks: ** (p<0.01) or *** (p<0.001). Control represents
concentrated bacterial culture supernatant from ETBFAbft, BFT represents concentrated
bacterial culture supernatant from ETBF.

Based on these results, we performed western blots for claudin-3, occludin, and TJP1.
The western blots and quantified data for these proteins are shown in Chapter 3 Figure
3.10. Although mRNA expression levels of claudin-3 and occludin were increased by BFT
(Figure 5.1), protein levels did not reflect this increase. One possible explanation for this
discrepancy is that the production and breakdown of the protein are in equilibrium
during the dramatic morphology changes that occur in colonoids treated with BFT,

highlighted by dramatic swelling and reorganization of the epithelial barrier.
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A similar trend was also seen in TIP1, but, when GCS activity was inhibited by ibiglustat,
TJP1 protein levels significantly decreased (Figure 3.10E,l). However, when a GBA
inhibitor (CBE) was added to the cells, ibiglustat-induced decreases in TIP1 were no
longer seen (Figure 3.10E,l). These results suggested that TIP1 was stabilized by
glucosylceramide. However, the exact relationship between glucosylceramide and TJP1
is not currently known, and their association has not been documented in the literature.
TJP1, glucosylceramide, glycosphingolipids (explained further in the following section),
and sphingomyelin can all be found in membrane microdomains (sometimes referred to
as lipid rafts).2?%1%1 We could envision then that disruption of these microdomains by
loss of one of the components may weaken the membrane structure and result in
destabilization of the membrane. Addition of methyl-B-cyclodextrin (mBCD) to cells
depletes levels of membrane cholesterol, an important component of mammalian
membranes and membrane microdomains,®>1%3 and would allow us to begin to address
this hypothesis. Treatment with mBCD can decrease TJP1 levels'®* and also initiate
glycosphingolipid release from cells,'%> supporting our theory that these components

may be interacting in a membrane microdomain.

While increased colonoid permeability can be measured in colonoids, the impact on
disease initiation and progression is more difficult to determine. One of the major
drawbacks of colonoids is the lack of all non-epithelial cells that are present in the colon.

The lamina propria, the loose connective tissue that forms underneath the epithelium
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and contains fibroblasts, lymphocytes, and macrophages, is an important mediator in
the regulation of and response to microbial factors in the colon.®® Bacterial
translocation and epithelial barrier breakdown stimulates the release of cytokines by
CECs to recruit immune cells to the area.>>%%1% Methods to co-culture colonoids with
immune cells are still extremely new, with initial publications revolving around methods
to perform these experiments.'¥"1% However, once researchers establish reproducible
methods with higher throughput, this would make an excellent model system for
studying BFT-induced disease progression. ETBF tumor formation in mice relies on IL-
17A signaling by Th17 cells, a component which is missing from normal organoid
cultures. In addition, even though STAT3 levels are increased in CECs in mice after ETBF
colonization, STAT3 levels in cell cultures are not affected by BFT, highlighting another

immune-dependent mechanism.%!

In the meantime, murine studies will be necessary to determine if, and how,
glucosylceramide is involved in inflammatory diseases of the colon. At the beginning of
2020, a global pandemic caused by severe acute respiratory syndrome virus 2 (SARS-
Cov-2) led to mass quarantines and business suspensions across the world. One of the
unfortunate side effects of this pandemic was the temporary shut-down of research labs
around the country. Originally, we had planned to perform a large-scale animal
experiment to determine if Apc™™* mice colonized with ETBF would still form tumors if

they were treated using pharmacological inhibitors of GCS or GBA to reduce, or
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increase, levels of glucosylceramide, respectively. Based on the protective effects of
glucosylceramide in our models, increased glucosylceramide levels may support cancer
cell survival by preventing apoptosis. Alternatively, increased glucosylceramide levels
may help maintain the epithelial barrier and prevent ETBF-induced inflammation that
promotes the progression of colitis to tumor development. However, regardless of the
outcome, this experiment would be an incredibly useful starting point in further defining

the role of glucosylceramide in CECs after BFT exposure.

5.2.2: Glycosphingolipids

This study revolved around a specific sphingolipid, glucosylceramide, and explored its
function(s) in response to BFT challenge in CECs. While other major sphingolipids, such
as ceramide, sphingomyelin, sphingosine, and sphingosine-1-phosphate were measured
in all of our studies, there are still a number of sphingolipids that lie beyond these major
species. Glycosphingolipids (GSLs) are a large class of sphingolipids that are formed by
the attachment of a sugar molecule to ceramide.'®* The two main glycosphingolipids,
which serve as the backbone for all other glycosphingolipids, are glucosylceramide and
galactosylceramide. Glucosylceramide is formed by addition of a glucose molecule to
ceramide by glucosylceramide synthase, while galactosylceramide is formed with
galactose instead by galactosylceramide synthase. Galactosylceramide is an important
component of the myelin sheath, but may also be expressed in other tissues, where its

function is less clear.16%16% Most studies have focused on its role in the nervous system
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after noticing severe neurological defects in galactosylceramide synthase knockout

mice.

Galactosylceramide may be modified further to form sulfatide. Sulfatide is abundant in
the nervous system, due in large part to the localization of its precursor,
galactosylceramide. However, sulfatide is also found in the gastrointestinal tract and is
increased in colon cancer cells, correlating with metastatic potential and a worse
prognosis for patients.%-2%1 |ncreased sulfatide levels in colon tumors may come at the
expense of galactosylceramide, as galactosylceramide levels were decreased.??!
Sulfatide is also a target for pathogenic bacteria, as a number of bacteria are able to
bind to sulfatide, which is important for their ability to cause infection.??® Although no
studies have linked mammalian galactosylceramide (explained further in Section 5.2.4),
or sulfatide, to B. fragilis, we believe that it would be valuable to measure these lipids in
response to BFT addition, to definitively confirm that this pathway is not involved in our

model.

The GSL pathway beyond glucosylceramide is much more complex than the
galactosylceramide pathway, with glucosylceramide serving as the precursor lipid for
over 400 additional GSLs.*>292 Additional sugars, up to twenty, can be added to
glucosylceramide to form higher-order GSLs with gangliosides being the most well
studied.??? Gangliosides are distinguished from other GSLs, which may contain similar

sugar chains, by the addition of sialic acid. The nomenclature of gangliosides is
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incredibly complex, and the IUPAC naming system is frequently ignored in favor of a

shorter naming system based on important structural information.?%> We will use the

common names for gangliosides from here on. An image adapted from Pasquel-Davila

et al. shows the beginning of the ganglioside pathway (Figure 5.2).
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Figure 5.2: A graphical representation of the ganglioside pathway. This image is adapted from
Pasquel-Davila et al.?°* and displays the increasing complexity of the ganglioside pathway.
GlcCer and glucosyltransferase are referred to as glucosylceramide and glucosylceramide
synthase, respectively, within this document.

The primary location for gangliosides is the plasma membrane, where they expose their

sugars to the environment.164203 Similar to galactosylceramide and sulfatide,

gangliosides are highly expressed in the nervous system.64165 However, gangliosides

can be found throughout the body, and are involved in many important cellular
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functions such as proliferation, cell death, and cell-to-cell interactions.'®> Dysregulation
of gangliosides is frequently seen in cancer, and, because of their expression on the

outer surface of cells, have been used as cancer markers for targeted treamtents. 620

Gangliosides are important for a number of critical functions of the intestine. Similar to
the opposing roles of ceramide (pro-apoptotic) and glucosylceramide (pro-survival),
many gangliosides have opposing functions. For example, GD3 is reduced in patients
with IBD, while GM3 levels increase.?’® GD3, when obtained through the diet, decreases
pro-inflammatory signaling in the intestines and protects against inflammation-
associated damage.?°¢2%7 |n contrast, GM3 is associated with tight junction protein

degradation,?°” which would decrease barrier integrity and likely promote inflammation.

Gangliosides can also serve as binding partners for bacterial toxins.®* Examples include
cholera toxin, botulinum toxins, tetanus toxins, and shiga toxin.164208209 Because the
binding partner for BFT is unknown, we initially questioned whether gangliosides may
serve this purpose. However, morphological alterations, and thus, biological activity,
are still observed when GCS activity is blocked, which would prevent the formation of
glucosylceramide and the gangliosides beyond it. However, because we know that BFT
alters glucosylceramide levels on its own, we hypothesize that BFT would also alter
ganglioside production as well. Supporting this idea, we measured mRNA expression of
B4Galt6, one of the preceding enzymes to the ganglioside pathway, and found that BFT

increased B4Galt6 expression (Figure 5.3).
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Figure 5.3: BFT increases GCS and B4Galt6 expression in colonoids. Colonoids treated with
concentrated bacterial culture supernatant from ETBFAbft (Control) or ETBF (BFT) for six hours
were collected to measure mRNA expression of early glycosphingolipid enzymes. GCS and
B4Galt6 were both significantly expressed, while GBA expression was not significantly altered
when compared with control. Error bars represent the standard deviation of the mean. Single
comparisons were made using an unpaired t-test. Statistical significance is indicated by
asterisks: *** (p<0.001). Control represents concentrated bacterial culture supernatant from
ETBFAbft, BFT represents concentrated bacterial culture supernatant from ETBF.

In Chapter 4, we measured sphingolipids in a cancer cell line and colonoids generated
from Apc™"* mice and found that glucosylceramide levels did not increase in response
to BFT. However, in the Apc™™* colonoids, we still saw an increase in GCS expression
relative to the control treatment (Figure 4.4D). The absence of changes in
glucosylceramide levels following BFT treatment could be due to the overall abundance
of the lipid, which would mask any minor increases, or it could be due to the conversion
to higher order glycosphingolipids, such as gangliosides. Therefore, we propose that

future studies measure gangliosides in addition to the more common sphingolipids.
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GM3, mentioned above as a pro-inflammatory ganglioside in IBD, is one of the first
gangliosides in the pathway, and serves as a precursor for the majority of gangliosides.
Using a GM3 synthase knockout mouse model, which we maintain in our lab, we could
determine if loss of the majority of gangliosides alters ETBF colonization, ETBF-induced
inflammation, or hyperplasia in the colon attributed to ETBF. Using the same mouse
model, we could isolate and establish GM3 synthase knockout colonoids, which would
allow us to interrogate more specific cell signaling events that occur in response to BFT.
The most obvious experiment is a simple morphology experiment to determine if BFT
activity is still seen (colonoid swelling and cellular rounding). If the morphological
response is still present, this would further support our argument above that BFT is not

binding to gangliosides.

Based on the overlapping roles of GSLs and sphingolipids in maintaining the epithelial
barrier, including the regulation of inflammatory responses, we believe that GSLs are an
important target for future studies with ETBF. Although we do not believe that
gangliosides are the elusive BFT receptor, we do believe that they may still play an

important role in ETBF pathogenesis.

5.2.3: Extracellular Vesicles

We showed that ETBF, through production of BFT, stimulates the release of extracellular

vesicles from CECs (Chapter 4.3). However, the purpose of these EVs still needs to be
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determined. Extracellular vesicles are a unique way for cells to export genetic material,
proteins, and lipids into the environment or to other cells.?'° Extracellular vesicles are
typically grouped into two categories: exosomes and microvesicles. Exosomes are
smaller in size than microvesicles, with a typical diameter of around 30-100 nm.2%!
Microvesicles are larger, with sizes that can approach 1-2um.8 Based on the size of the
particles that we found, we believe that our EVs were predominantly MVs. Further
supporting this idea was the enrichment of phosphatidylserine, a lipid frequently found
in MVs,212 in our samples. While the overall number of EVs released after treatment
with ETBFAbft or ETBF concentrated bacterial culture supernatants were similar, BFT
increased the population of larger EVs, indicated by a higher peak in the 300-500 nm

size range (Figure 4.8). The increased size could likely be attributed to differential cargo

or membrane composition of EVs exposed to BFT.

Dr. Sears’ lab has previously shown that a chemokine gradient forms in response to
ETBF colonization of Apc™™* mice, with expression increasing from proximal to distal
colon.® The production of EVs by CECs exposed to BFT after ETBF colonization could
facilitate chemokine signaling. Microvesicles can transport chemokine receptors
between cells or stimulate the release of chemokines by recipient cells.?!? Because ETBF
colonization is higher in the proximal colon,®* production of EVs by CECs exposed to
ETBF in the proximal colon could travel along the colon, exposing downstream CECs in

the distal colon to increased numbers of chemokines. This hypothesis could be tested
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using inhibitors for EV release, such as Y27632 for MVs and GW4869 for exosomes, and
measuring chemokines along the colon.?'> However, due to overlapping molecular
mechanisms in the MV and exosome pathways, inhibition of both pathways might be

more successful than attempting to target either individually.

Another role for EVs in response to BFT is to package and remove the toxin from the
cell. This has previously been shown with other bacterial toxins, where they
demonstrated that active toxin was shed in MVs, while inactivated toxin was
endocytosed and degraded internally.?*® The precise fate of BFT is not known, although
a previous study using fluorescently labeled BFT found localization at the plasma
membrane for up to three hours after addition. After three hours, signal was detected
intracellularly, suggesting internalization of the toxin. By 24 hours, toxin signaling was
greatly reduced in the membrane and intracellularly.'>® The overall loss of BFT signaling
by 24 hours correlates with a return to normal morphology that we see in HT29/C1 cells
and in colonoids (data not shown; Figure 3.5C). Using a similar experiment, we propose
adding fluorescently labeled BFT to colonoids and monitoring BFT localization in two
ways. The first is cellular localization within the colonoid. This would allow tracking of
internalized BFT if it becomes endocytosed. The second is to collect the growth medium
from the samples at different time intervals, purify EVs from the medium, and then
monitor fluorescence in the EV fraction and in the remaining media after purification. If

BFT is being removed from cells in EVs, signal would be expected in the EV fraction and
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not in the media. To strengthen these findings, a western blot using an anti-BFT
antibody would confirm BFT presence in EVs. If EVs are indeed involved in removing BFT
from cells, inhibition of exosome and/or MV release from cells would theoretically lead
to a build-up of intracellular BFT, either in the cytosol or in the membrane. Finally, the
importance of glucosylceramide throughout this process could be evaluated using GCS

inhibitors to decrease the glucosylceramide levels within the cells.

As mentioned briefly in Chapter 4.3, one study found that ETBF treatment of colon
cancer cells promoted the production and release of EVs containing S1P. These EVs also
contained CCL20 and PGE2, which were involved in Th17 cell recruitment and
expansion.t®® Although we did not observe S1P increases in the blood of ETBF colonized
C57BL/6J mice, or in the media of colonoids treated with BFT, their model was focused
on EVs generated by cancer cells. EVs are frequently used by cancer cells to control and
modulate their environment,'80.181,187.210 55 it would not be surprising if the contents
from their EVs were different than ours that were generated from normal mice. Using
Apc™™* colonoids would allow us to compare EVs generated from normal mice and
those generated from a pre-cancer/early cancer mouse model. Observed differences
between the two populations could potentially allow EVs to serve as cancer biomarkers.
One hypothesis would be that glucosylceramide levels are increased in EVs generated by

healthy tissue after BFT treatment, while an increase in S1P could signify cancer EVs.
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5.2.4: Bacterial Sphingolipids

When this project began, we used very crude bacterial culture supernatants to
determine if the media from ETBF strains, which contained BFT, would alter sphingolipid
metabolism in CECs. Before we switched to a more concentrated bacterial culture
supernatant, we discovered that the bacterial media was introducing an odd-chain
length (17-19 carbon) sphingolipid to our cells (Figure 5.4). This odd-chain length is not
produced naturally by mammalian cells, indicating that the sphingolipid was coming
from the bacteria or the bacterial media. When we examined the bacterial media alone,
we did not detect the odd-chain length sphingolipids, indicating that the source was the

bacteria (data not shown).
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Typical d17:0 sphinganine trace

Figure 5.4: Mass spectrum of HT29/C1 cells treated with bacterial cultured media shows a
unique peak in the internal standard. HT29/C1 cells were collected and sphingolipids were
extracted. A shoulder was detected on the d17:0 sphinganine peak from the internal standard
controls, indicating the presence of an additional sphingolipid.

A literature search revealed that B. fragilis is one of a select group of bacteria that are
able to produce its own sphingolipids. Other Bacteroides species can also produce
sphingolipids, indicating that this is not specific to B. fragilis, but the sphingolipids
produced by each member may still differ.?'* In 2013, researchers discovered that B.
fragilis produces a-galactosylceramide, a sphingolipid previously only known to be
produced by a sponge.1®® This lipid is an agonist for iNKT cells, allowing the bacteria to
communicate directly with the host immune system.'67.16° The researchers that

discovered a-galactosylceramide also found that B. fragilis produced

dihydrosphingosine, dihydroceramide, and ceramide phosphorylethanolamine.



126
Interestingly, they noted the presence of a homologous protein to mammalian
sphingosine kinase, the enzyme responsible for adding a phosphate to sphingosine to
form sphingosine-1-phosphate. However, when they attempted to knock out this gene,
they were unsuccessful.'®® In our samples, we saw dihydrosphingosine (Figure 5.5),

dihydroceramide (Figure 5.6), and dihydrohexosylceramide (likely a-galactosylceramide;

Figure 5.7).
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Figure 5.5: ETBF produces dihydrosphingosine. Mass spectrum of ETBF displaying the presence
of dihydrosphingosine with varying chain lengths, with d17:0 being the most abundant.
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Figure 5.6: ETBF produces dihydroceramide. Mass spectrum of ETBF displaying the presence of
dihydrosphingosine with varying chain lengths, with d17:0/C17-OH being the most abundant.
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Figure 5.7: ETBF produces dihydrohexosylceramides. Mass spectrum of ETBF displaying the
presence of dihydrosphingosine with varying chain lengths, with d17:0/C17-OH being the most
abundant.

We attempted to determine if B. fragilis strains could produce S1P by adding

sphingosine to the bacteria. In a pilot experiment (n=1), we were able to detect S1P

levels in both strains cultured with sphingosine (Figure 5.8).
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Figure 5.8: ETBFAbft and ETBF treated with sphingosine produce S1P. Bacteria were treated
with 1uM sphingosine for one hour and then cells were collected and lipids were extracted.
Bacteria treated with sphingosine have higher levels of S1P than their untreated controls.

Because S1P is an extracellular lipid, we looked for changes in the bacterial media as
well. Surprisingly, we found that when bacteria were present, S1P signals were
dramatically decreased (Figure 5.9). This finding suggests that the bacteria have the
ability to break down S1P, a previously unknown capability of bacteria. The implications
of this finding are significant, as it would allow bacteria to intercept mammalian
signaling sphingolipids that are released extracellularly to communicate with and recruit

immune cells.21®
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Figure 5.9: ETBFAbft and ETBF break down S1P in bacterial growth media. Bacterial media was
collected from cultured ETBFAbft and ETBF strains and analyzed using mass spectrometry for
S1P. S1P levels were dramatically reduced in both bacterial tubes, while control media (BHI) still
had S1P remaining.

While most of the research on B. fragilis sphingolipids focuses on a-galactosylceramide,
few studies mention the role of the other sphingolipids that it produces. Other
researchers have suggested that B. fragilis sphingolipids are useful for bacterial survival
in the gut, which can even be incorporated into the host membrane 67168170 \We saw
inclusion of bacterial sphingolipids in HT29/C1 cells, but the role of these sphingolipids
within these cells is currently unknown. We can speculate that the inclusion of bacterial
sphingolipids, with odd-chain lengths, would disrupt normal membrane function.
Because we know that maintenance of the epithelium is critical in the colon, especially

in response to BFT, determining if these lipids alter normal function is important.
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One of our biggest findings was the ability of B. fragilis to generate and break down S1P.
To date, no other studies have shown this phenomenon, and follow-up studies are

already underway within our lab to confirm, and expand on, these results.

In conclusion, this study highlights the importance of sphingolipids for interkingdom

interactions between the host and the bacteria that colonize the colon.
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