ROLE OF COLONIC EPITHELIAL CELLS IN SUSCEPTIBILITY AND SEVERITY OF
CITROBACTER RODENTIUM INFECTION IN MICE

by

ELENA VLADIMIROVNA GART

DVM, Novosibirsk State Agrarian University, Novosibirsk, Russia, 2010

A THESIS

submitted in partial fulfillment of the requirements for the degree

MASTER OF SCIENCE

Department of Diagnostic Medicine/Pathobiology

College of Veterinary Medicine

KANSAS STATE UNIVERSITY
Manhattan, Kansas
2011
Approved by:

Major Professor
Sanjeev K. Narayanan



Copyright

ELENA VLADIMIROVNA GART

2011



Abstract

Acute diarrhea induced by Escherichia coli is an important illness in humans, especially
in children under age of two in developing countries. Citrobacter rodentium is used as murine
model for E. coli infection in humans because it causes ultrastructural changes in murine colonic
epithelium comparable to lesions produced by enteropathogenic E. coli (EPEC) and
enterohemorrhagic E. coli (EHEC). Adult mice of many strains develop self-limiting epithelial
hyperplasia when infected, whereas adult C3H and FVB mice are highly susceptible to infection
and demonstrate mortality rates between 60 and 100% two weeks after infection. These
susceptible strains of mice also have higher bacterial translocation to mesenteric lymph nodes. In
mice, the cause of death could be hypovolemia due to dehydration that may occur due to an
increase in paracellular permeability as well as dysregulation of apical and basolateral ion
transporting proteins. C. rodentium virulence factors resemble those of E. coli and are believed
to primarily alter tight junctions of colonic epithelial cells. Effectors delivered via the type 111
secretory system have been associated with actin condensation and pedestal formation. The exact
mechanisms of C. rodentium infection, as well as changes that occur in vitro as well as in the
intestine of various strains of mice are not completely understood.

This study introduced a new in vitro Ptk6 cell line for C. rodentium infection, which can
also serve as a model for EPEC in humans. Effect of C. rodentium on colonic epithelial cells of
susceptible and resistant mice was determined in in vivo study. C. rodentium attached to Ptk6
colonic epithelial cells, inducing attaching and effacing (A/E) lesions and loss of monolayer
integrity, which charachterizes this cell line as a relevant in vitro model of C. rodentium and
EPEC infections. Murine studies revealed that C. rodentium induced more severe disease and

100% mortality in juvenile C3H mice whereas Swiss Webster (SW) mice expressed only



moderate morbidity. The colonic lesions and changes in barrier function of colonic epithelium
were more prominent in C3H mice. This study determined potential targets in the murine colon
that play role the establishment and the outcome of the infection, indicating multifactorial nature
of C. rodentium-induced diarrhea.

This study identified host factors involved in the initiation of C. rodentium-associated
diarrhea and the outcome of infection, which can be useful in developing of novel strategies for

preventing and treatment of infectious colitis.
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Chapter 1 - Literature review

Citrobacter rodentium is a highly virulent enteric pathogen of mice, and C. rodentium
infection in mice is a model for enteropathogenic and enterohemorrhagic E. coli infections of
humans. In mice, C. rodentium attaches to the apical surface of the colonic epithelium resulting
in microvilli effacement, enterocyte hyperplasia and rectal prolapse. Discussed below are recent

achievements in research related to C. rodentium pathogenesis and host response to the infection.

C. rodentium as a model for attaching and effacing diarrhea
Citrobacter rodentium (formerly C. freundii biotype 4280 and Citrobacter

genomospecies 9) is a natural murine pathogen (89). In the 1960s two major C. rodentium-
induced outbreaks of diarrhea that were associated with high morbidity and mortality occurred in
mouse colonies, and there was one report of a similar outbreak in a guinea pig colony (98, 106).
C. rodentium has high genetic and pathogenic similarity to enteropathogenic E. coli (EPEC),
which causes multiple cases of diarrhea worldwide, primarily affecting children in developing
countries. C. rodentium possess a locus of enterocyte attachment (LEE), which is similar to that
in EPEC. Mice infected with C. rodentium exhibit attaching and effacing (A/E) lesions that
closely resemble those induced by EPEC strains in other animals and humans (35, 47, 80, 115,
131, 137). Due to ethical reasons it is impossible to study E. coli pathogenesis in humans in vivo.
Therefore several in vitro and ex vivo models are utilized (44, 104, 119). However, these models
lack the complexity of in vivo host-bacterial interaction s. Studies of EPEC pathogenesis in large
animals, such as cattle or pigs can be prohibitively expensive which makes the development of a
mouse model quite attractive (121, 153). Regarding virulence in mice, C. rodentium colonizes

mouse colon and induces greater colonic hyperplasia than EPEC, which develops a commensal
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relationship in the mouse intestine (97). The fact that C. rodentium is a natural murine pathogen
with tropism to the colonic epithelium suggests that this bacteria is an ideal model for EPEC
infection in humans. The C. rodentium murine model can be used to study host-bacterial

interactions and identify host defense mechanisms against A/E pathogens.

Virulence factors of C. rodentium

A number of C. rodentium virulence factors, including those that are necessary for A/E
lesions formation, are encoded in chromosomal LEE. C. rodentium LEE contains 41 genes and
encodes type three secretion system (TTSS) structural and effector proteins, the outer membrane
adhesin intimin, translocators, and proteins whose function is unknown currently. The majority
of the LEE genes are organized into five polycistronic operons (LEE1, LEE2, LEE3, LEES5, and
LEE4). The LEE1, 2 and 3 operons encode transcriptional regulators and structural components
of the TTSS. LEE4 encodes intimin and the translocated intimin receptor (Tir). LEE5 encodes
additional structural, translocating and effector proteins of TTSS. The A/E lesion formation
depends on the TTSS, which is a common virulence mechanism for animal and plant bacteria (7,
96, 112). The 19 structural and effector proteins essential for TTSS are mainly encoded in the
LEE1, LEE2, and LEE3 operons. Structural proteins (EspA, EspD, and EspB) form organelles
that deliver effector proteins (Tir, EspG, EspF, Map, and EspH) to the host cell. All TTSS
translocators, as well as intimin, Tir (encoded by eae gene) and CesT (Tir chaperone) are
required for actin-rich pedestals formation (36). The secreted protein encoded by espB is
required for bacterial attachment to the cell monolayers and for pedestal formation (103). The
Espl protein and Map are required for colonization and induction of colonic hyperplasia in mice,

while EspF, EspG, and EspH are not necessary for C. rodentium virulence (90, 99).



The C. rodentium protein intimin (outer membrane adhesion protein) is the first product
of the LEE that has been associated with A/E lesions. There are several classes of intimin, with
the most common intimins a, f and y. Intimin B is associated primarily with C. rodentium and
influences host specificity and tissue tropism. C. rodetium intimin is required for intimate
bacterial attachment to the cell surface and effective colonization of the mouse colon (101).
Intimin binds directly to epithelial cells and interacts with host nucleolin and integrin. Intimin
also binds to Tir, which connects attached bacteria to the cytoskeleton. During A/E infection, Tir
is translocated from bacteria to the apical membrane of colonic epithelial cells. Once
translocated, Tir binds to bacterial intimin inducing filamentous host cytoskeleton
rearrangement, actin recruitment into pedestals, and an inflammatory response (31, 37, 46-48,
53). The Tir is important not only for bacterial colonization and induction of hyperplasia in mice,
but also for long-term bacterial attachment to epithelial cells (37).

Among virulence factors of C. rodentium that are not encoded in LEE, the important role
belongs to lymphostatin, which is encoded by the lifA (inhibitory factor A) gene (81).
Lymphostatin is a 364 Da protein composed of two enzymes: glucosyltransferase and protease.
Lymphostatin is essential in successful crossing of the intestinal epithelial barrier and
colonization of extra-intestinal sites in mice. However, lymphostatin does not play role in
formation of A/E lesions in vitro (83). The glucosyltransferase motif of lymphostatin decreases
Rre, increases paracellular flux of macromolecules and causes the redistribution of -actin and
tight junctional (TJ) proteins ZO-1 and occludin. Protease, in its turn, is responsible for
redistribution of adherent junctional (AJ) proteins such as p-catenin and E-cadherin (9). Together
the glucosyltransferase motif primarily affects TJs, whereas the protease motif predominantly

disrupts the AJs. It has been reported that lymphostatin disrupts intestinal epithelial barrier in



vitro by modulating Rho GTPase activity: the glucosyltransferase motif suppresses Cdc42
activity, while the protease motif activates Rho, leading to disruption of TJs and AJs,
respectively (82).

C. rodentium pili are also encoded outside the LEE and include type I and type 1V pili.
The initial adherence of C. rodentium to epithelial cells is mediated by the type IV pilus, which
is encoded by the Cfcl gene. Type IV pili, along with the inner membrane nucleotide binding
protein, are required for initial adherence and colonization of mice with C. rodentium (99). The
type | pilus has been identified recently and is similar to those of Salmonella enterica serovar
Typhimurium instead of E. coli (29).

The stationary phase sigma factor RpoS is another virulence factor of C. rodentium
encoded in LEE. RpoS is important for survival under stress conditions for many enteric bacteria
(69, 78, 111). In C. rodentium, RpoS plays an important role in resistance to oxidative stress
induced by H,0, and facilitates heat tolerance. Expression of the major C. rodentium catalase,
HPII (KatkE), which protects bacteria from oxidative stress, is highly RpoS dependent.
Production of virulence factors curli fimbriae and cellulose by C. rodentium is positively
regulated by RpoS. While RpoS negatively affects C. rodentium growth in stationary phase in
vitro, it is beneficial for successful bacterial colonization of mouse colon. RpoS controls
transcription of the LEE genes, including LEE regulators; RpoS also regulates the amounts of
LEE proteins that are secreted (41). Overall, in C. rodentium, RpoS is associated primarily with
bacterial attachment and resistance to stress but it is not necessary for A/E lesion formation.

Like many other bacteria (6, 39, 143) C. rodentium uses quorum sensing (QS) for
communication and regulation of gene expression. Gram-negative bacteria use autoinducer type

1 (Al-1), autoinducer type 2 (Al-2) and autoinducer type 3 (Al-3) signaling systems. The



signaling molecules of the quorum systems bind to their periplasmic receptors and activate QS
responsive operons in the bacterial genome (8, 50). C. rodentium utilizes both Al-1 and Al-2
systems, although Al-2 system has only a minor role in C. rodentium virulence. The Al-1 system
utilizes signaling molecule N-acylhomoserine lactone (92), which at high bacterial cell densities
interacts with its cytosolic receptor LuxR inducing activation of virulence genes. Surprisingly, in
C. rodentium the loss of AHL QS resulted in an increase of virulence (30).

Summarizing above, C. rodentium utilizes multiple virulence mechanisms necessary for
change of morphology and physiology of host cells that eventually allow bacteria to disseminate,

infect, and colonize mouse intestine and distant internal organs.

Transepithelial ion transport and transepithelial electrical resistance

AJE pathogens colonize the gastrointestinal (Gl) tract, particularly the intestine,to induce
multiple types of damage to the epithelium and subepithelial layers. Studying pathogen-host
interactions during A/E infection, it is important to remember that the intestine has regional
specialization, which is associated with presence of distinct cell types in different areas. Water
movement in the intestine occurs paracellularly or transcellularly. In the colon, water absorption
is facilitated by specialized water channels called aquaporins and to some extent through ion
transporters (84) . lon transporters and channels are distributed in the enterocyte asymmetrically,
and their coordinated activity is important for water and solute movement (94). The primary
driving force for ion absorption and secretion is Na'/K* ATPase, which is located in the
basolateral membrane of enterocytes. The Na'/K*™ ATPase moves 3 Na* out of the cell in
exchange for 2 K* entering the cell, causing polarization of the cell membrane (54). Water

absorption is linked to Na* transport from the apical to basolateral membrane. Sodium enters the



cell from the apical membrane Na*/H™ exchanger NHE3 and via the apical epithelial sodium
channel (ENaC) (150). In the enterocyte, SLC26A3 (also known as DRA — downregulated in
adenoma or CLD - chloride losing diarrhea) an apical anion antiporter facilitates CI movement
into the cell in exchange for bicarbonate; bicarbonate is synthesized inside the cell from water
and CO,, as well as uptaken basolaterally (11, 54). Water secretion in the intestine is linked to
chloride transport from blood to lumen. Chloride enters the enterocyte through the electroneutral
Na*/K*/2CI" cotransporter NKCC1, which is located at the basolateral membrane. K* exits the
basolateral membrane through potassium channels, which increases cell membrane potential
difference and in its turn leads to chloride exiting through the apical CFTR (cystic fibrosis
transmembrane conductance regulator) channel. Bicarbonate can also exit the cell through the
CFTR (11).

Diarrhea results from an imbalanced absorption and secretion of water and ions across
the intestinal epithelium. Diarrhea benefits enteric pathogens by promoting their dissemination
and infection of new hosts. In C. rodentium-induced diarrhea, host passage increased bacterial
virulence in mice (18). It has been shown that unlike Shigella (73), which increases CI" secretion
via the CFTR and induces secretory diarrhea, the EPEC infection minimally affects chloride
secretion (68). In fact, EPEC-induced infection in Caco-2 cells was characterized by decreased
epithelial levels of SLC26A3 and therefore reduced chloride absorption (57). The same study
determined that downregulation of SLC26A3 by EPEC depended on effectors and translocators
proteins of EPEC TTSS (57). The decrease of water absorption during EPEC infection has been
linked to the downregulation of NHE3 in enterocytes (67), which is induced by EspF protein of
TTSS (72). Recent in vivo studies demonstrated that C. rodentium infections of C3H and FVB

mice result in profound decreases in RNA coding for DRA (22) and high mortality levels. When



animals were given fluid therapy, mortality was reduced without affecting intestinal
inflammation. The same group earlier performed genome-wide transcriptional analysis of FVB
and SW mice to identify candidates that may contribute to the more severe diarrhea observed in
susceptible mice (20). This study determined that among 5,123 differentially expressed genes
between SW and FVB mice, a large proportion belonged to those involved in intestinal ion
transport and its regulation. Hence, A/E pathogens decrease DRA and NHE3 activities leading to
decreased NaCl and water absorption, which leads to high amount of water in the bowels and
eventually diarrhea.

Taken together, the evidence available suggests that disturbed ion secretion and
absorption have significant effects on the severity of diarrhea induced by the murine pathogen C.

rodentium. The underlying mechanisms that can prevent water loss remain to be defined.

Apical junctional complex and its role in A/E infection

Under normal conditions the colon is involved in both water absorption and secretion
through crypts and surface epithelium. Proximal and distal colons efficiently absorb water
through leaky and moderately tight epithelium, respectively. The difference between leaky and
tight epithelium lies in the ratio of paracellular to transcellular resistance. In the leaky epithelium
transcellular resistance is greater than paracellular, while in tight epithelium paracellular
resistance is about 1000 times larger than transcellular. In mouse colon the paracellular
resistance is 23 times higher than the transcellular, and crypt epithelium is thought to be
“moderately” tight (58). Epithelial cells in colon have different degrees of proliferation and
differentiation, thus cells in crypts differ from cells at the epithelial surface. The transepithelial

electrical resistance of crypts is 3 times higher than that of surface epithelium, but the



transcellular resistances do not differ between surface and crypt epithelium (58). Hence, the
leakiness of the surface epithelium is determined by the high density of ion channels which
determines its low transcellular resistance.

Epithelial cells are sealed to each other by apical junctional complex (AJC), which is
defined as a highly specialized structure near the apical aspect of the lateral membrane of
polarized epithelial cells. This complex regulates adhesion between neighboring cells and plays
an important role in intestinal epithelial barrier function. The AJC is also important for signaling
pathways controlling cell proliferation, cell differentiation and cell polarity (38, 45, 136, 148).
AJC consists of TJs, AJs and desmosomes (135).

The AJs connects cells and regulates tissue formation and morphogenesis during
development and maintenance of solid tissues in the adult organism (42). The cadherins and
catenins are the major cell adhesion molecules at AJs. Cadherins connect cells though
hemophilic interactions and are linked to the cell cytoskeleton through catenins (95). Cadherins
and catenins are required for cell-cell adhesion, as their function cannot be replaced by other
AJC molecules (42). The other AJ molecules, which facilitate cell-cell attachment, are nectins.
Nectins influence E-cadherin-mediated adhesion, contributing to the strength of cell-cell
adhesion. Both, nectins and cadherins can activate Cdc42 and Racl small GPTases. All nectins
are connected to afradin, which directly interacts with the actin cytoskeleton (95, 139).

In epithelial cells, TJs form a continuous structure that separates the apical and
basolateral plasma membrane compartments. TJs are composed of at least 40 different proteins,
including occludin, claudins, zonula occludens (ZO) protein complex and junction associated
adhesion molecules (59, 145) (Table 1-1). The ZO protein complex is composed of ZO-1, ZO-2

and ZO-3 proteins, which interact with F-actin, claudins and occludin, providing the link



between actin cytoskeleton and TJs. ZO proteins can also shuttle to the nucleus to regulate
cellular proliferation and differentiation. Occludin serves as a marker of TJs, and its over-
expression was linked to increased transepithelial electrical resistance (Rte) (10), however, lack
of occludin does not influence the ability of epithelia to form a polarized barrier, suggesting that
occludin does not play a major role in establishing a paracellular barrier (109, 110). It is believed
that occludin plays a role in epithelial permeability by incorporating itself into the claudin-based
strands (45, 118). Recent studies have shown that occludin forms a semi-permeable pore in
Caco-2 monolayers (derived from human intestine), regulating paracellular flux of large size
molecules through the non-restrictive large channel pathway (3).

Claudins form the structural backbone of TJs. So far 24 members of the claudin family
have been identified. Claudins are expressed in a tissue dependent manner. For example, colonic
epithelial cells express claudins 1-5, 7, 8, 10, 12, 13, 15 and 19 (45, 118). Claudins not only
contribute to Rye (5, 13, 125), but also form a selective permeability barrier by forming size- and
charge-selective pores for smaller size molecules (< 4 A (5)) (133, 138). The first extracellular
loop of claudins creates an electrostatic selectivity filter to control resistance and charge
selectivity of the pores (permselectivity). A total of 15 claudins have been tested for their
influence on monolayer permeability (Reviewed in (5)). Claudins 2 and 10 tend to make tight
monolayers leakier. Claudins 1, 4, 5, 7, 8, 11, 14, 15, 16, 18 and 19 tend to make leaky
monolayers tighter. Claudins 2, 15, 16, and 19 enhance permeability of cations, while Claudin-10
is selective for anions. It is believed that claudins interact with each other in an additive fashion,
consistent with the idea that claudins form heterotypic pores (74).

Bacterial pathogens have an ability to interfere with structural components of the AJC,

which can lead to barrier defects in the epithelium. These changes can have negative



consequences for the host while benefiting the microbe by enabling it to establish itself, gain
nutrients and replicate (136). Inflammation plays an important role in the modulation of
intestinal epithelial TJ barrier. Most pro-inflammatory cytokines, including interferon gamma
(IFN-y), tumor necrosis factor-alpha (TNF-a), interleukin (IL)-12 and IL-1p, cause an increase in
TJ permeability, while some anti-inflammatory cytokines such as IL-10 and transforming growth
factor beta (TGF-P) protect against the disruption of intestinal TJ barrier and development of
intestinal inflammation (2). During C. rodentium infection TJs seem to be altered only when
bacteria are intimately attached and inflammation persists, indicating the importance of direct
bacterial contact for junctional disruption (63, 73). C. rodentium induces actin rearrangement
into pedestals beneath adherent bacteria (37, 114, 131) and relocalizes claudin-3 (28), -1, and -5
from the lateral membrane into the cytoplasm in the colon epithelia (63). C. rodentium virulence
factor lymphostatin plays role in disruption of AJC by changing the composition of ZO-1,
occludin (9, 28), B-catenin and E-cadherin (9). In the murine cell culture model, CMT-93,
derived from a murine renal carcinoma, C. rodentium increases paracellular permeability in a
time dependent manner, relocalizes TJ proteins claudin-4 and claudin-5 towards the perinuclear
space and downregulates their expression (44). In prediabetic NOD mice C. rodentium increases
epithelial permeability and disrupts epithelial barrier function (85). Other mouse and in vitro
models also exhibit increased epithelial permeability in response to Citrobacter infection (9, 28,
63). The functional and morphological changes that occur in AJC and TJs in response to A/E
pathogens indicate their importance in establishment of A/E bacterial infection.

Understanding the network of junctional complexes and their involvement during C.
rodentium infection will help development of new strategies to protect tissue barriers and to

overcome the disease.
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C. rodentium pathogenesis in mice

In infected mice non-specific clinical signs of C. rodentium infection include: ruffled
coat, weight loss, depression (lack of appetite, reduced activity), malnutrition, perianal fecal
staining, pasty dark feces, and dehydration (20-22, 100). Specific characteristics of the disease
include transmissible murine colonic hyperplasia with limited inflammation and epithelial cell
hyperproliferation in the descending colon (27, 33, 79, 89, 129). Commonly, mice get infected
with C. rodentium via oral route, and it has been shown that in this case, C. rodentium
colonization starts at the cecal patch. Later, as infection progresses, bacteria move to colon, and
eventually heavily colonize it (142). The same study determined that 2 weeks after inoculation C.
rodentium remains only at distal part of the colon and cannot be detected 3 weeks after
inoculation. Hence, the cecal patch could be the site where Citrobacter adapts to the intestinal
environment and activates the genes required for colonization.

The degree of inflammation during C. rodentium infection depends on age, diet,
microbiota status and genetic background of mice. While C. rodentium causes diarrhea and rectal
prolapse in mice of all ages, infection in adult mice is typically subclinical and self-limiting. In
adult mice bacteremia and extra-intestinal infection are not hallmarks of infection, though
recovery of bacteria from blood, liver and spleen has been reported (22, 75, 89). Weaning mice
develop necrosis of the colonic mucosa and severe colitis and exhibit high mortality due to sepsis
(12, 88). Genetic background plays an important role in susceptibility to C. rodentium infection.
Inbred C3H and FVB mice are more susceptible to C. rodentium infection, and exhibit higher
mortality when compared to C57BL/6, BALB/c, 129S1/SvimJ, or NIH Swiss mice strains. C3H

mice are rapidly and heavily colonized by C. rodentium and undergo more rapid tissue pathology
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than other strains. In C3H and FVB mice, higher numbers of bacteria are translocated to the
mesenteric lymph nodes compared to relatively resistant strains (21, 130). In FVB mice, C.
rodentium infection leads to epithelial cell hyperproliferation, severe inflammation, erosions,
ulcers, and epithelial atypia (21). Susceptibility to infection does not depend on LPS
responsiveness, but rather depends on regulation of ion transport in the colon (20). Fluid therapy
fully protects C3H and FVB mice from mortality without affecting bacterial shedding, colon
weight or histological colitis index (22). C. rodentium causes morphological changes in mouse
colonic epithelium, characterized by A/E lesions (37, 47, 89, 114, 130), goblet cells depletion
and reduced levels of MUC?2 and trefoil factor 3 (Tff3) in the lumen (14). Citrobacter also
disturbs kinetics of the colonic epithelia by modifying ion transport, especially the exchange of
chloride and bicarbonate (20, 22). In summary, the severity of C. rodentium infection greatly
varies between mice strains, while bacterial colonization is generally limited to the colon, where

primarily epithelial cells interact with pathogen.

Host defense against C. rodentium infection

Host immune response to C. rodentium is complex, involving innate and adaptive
immune defense mechanisms for bacterial clearance. Adaptive immune response involves T and
B lymphocytes, which are critical for clearance of infection (131). Host response to C. rodentium
is predominantly Th1-dependent, with increased numbers of CD4" T and CD8" T cells in the
colonic lamina propria and epithelium, respectively (26, 70, 71). Induction of Th1 cytokines such
as IFN-y and IL-12 in colonic tissue is increased during C. rodentium infection, while the Th2
response and interleukin-4 (IL-4) are not (71). The deficiency in IFN-y leads to deficient

endocytosis, phagocytosis, and antigen-presenting cell activation in mice, resulting in a less
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mature phenotype of these cell types (122). Th17 response is characterized by interleukin-23 (IL-
23) production has been identified in response to C. rodentium (132). Lack of I1L-17, IL-22 and
IL-23 cytokines results in increased susceptibility to C. rodentium infection in mice (76, 92,
154). Among the factors produced by CD4" T and B cells, antibacterial 1gG is particularly
important for C. rodentium clearance (147), while CD8" T cells, IgA, and IgM do not seem to be
play an important role (91, 123).

Several innate immunity factors have been recognized for their importance in C.
rodentium infection. It has been shown that mucin-2 (MUC-2), secreted by goblet cells (64),
limits intimate bacterial attachment to the epithelial cells (15). Inflammatory mast cells not only
induce inflammation in response to C. rodentium, but they also have the capacity to directly kill
Citrobacter, decreasing severity of hyperplasia and mortality (140). A recent study (56)
determined that toll like receptor (TLR)-dependent signaling through myeloid differentiation
factor (MyD) 88 is required for TNF-a and IL-6 production and maintaining mucosal integrity in
response to C. rodentium infection. Additionally, it revealed that MyD88 activation promotes
epithelial cell turnover and repair during C. rodentium infection. Antimicrobial peptides have
diverse ranges of antimicrobial activity (49, 105, 151). Also, they were claimed to have
additional biological functions such as wound repair mechanisms, chemo attractant properties
that recruit inflammatory cells to inflammatory foci, induction of angiogenesis, interaction with
LPS, and induction of cytolysis (86, 108). In mice cathelicidin-related peptide mMCRAMP is
produced in the colon with little expression in the small intestine and no expression in the
stomach or liver (65, 66, 75). mMCRAMP has antimicrobial activity against C. rodentium and
decreases bacterial colonization and C. rodentium-induced pathological changes in colon at early

stages of infection (75). Mucosal immunity is important for host defense against C. rodentium; it
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involves various innate and adaptive mechanisms that regulate bacterial adherence, proliferation
and clearance within colonic mucosa. Understanding the immune mechanisms that allows a host
to prevent and overcome the disease can be the targets for preventive and therapeutic treatment

of the EPEC in humans.

Probiotics decrease impact of C. rodentium infection

The mammalian Gl tract is normally colonized by multiple species of endogenous
microorganisms that play important roles in host nutrition and prevent intestinal disorders.
Commensal intestinal bacteria, including lactic acid-producing bacteria, have been shown to
have antimicrobial properties against A/E pathogens. Bacillus subtilis is commonly present in the
Gl tract of mice and humans. Inoculation of highly susceptible suckling NIH Swiss mice with
spores of common Gl tract resident, B. subtilis, one day prior to C. rodentium inoculation,
reduces mortality rate and enteropathy in mice without affecting bacterial colonization of internal
organs (33). Oral gavage of a Lactobacillus rhamnosus and Lactobacillus helveticus probiotic
mix one week prior to and during C. rodentium infection prevents death in neonatal mice in the
presence of T cells (52). Saccharomyces boulardii is thermophilic non-pathogenic yeast that has
been used in vivo for both prevention and treatment of infectious and inflammatory intestinal
diseases (19, 60, 61). Post inoculation treatment with S. boulardii reduces morbidity and
ameliorates C. rodentium-induced colitis due to decrease in C. rodentium adherence and
cytoskeleton rearrangements (144). These studies indicate the protective role of microbiota,
which facilitates competitive exclusion of pathogenic bacteria. Future studies involving

indigenous and probiotic bacteria should be considered in C. rodentium models of intestinal
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inflammation, to evaluate them as potential candidates for treatment and prevention of A/E

infections.

Conclusion

In this review, we described the multiple factors that affect the establishment, progression
and outcome of C. rodentium infection. C. rodentium utilizes various virulence factors while
interacting with the host, the majority of which are encoded in LEE. C. rodentium is a natural
murine pathogen, with pathogenic properties highly similar to EPEC, which allows the C.
rodentium-mice model to be used as surrogate to study EPEC-induced infections in vivo.

Although host-bacterial interaction during C. rodentium infection is complex, bacterial
colonization is limited to the colonic epithelium. In infected mice C. rodentium induces mucosal
inflammation, hyperproliferation of epithelial cells and A/E lesion. The infection compromises
the integrity of the epithelial barrier resulting in change of epithelial permeability and Rre. C.
rodentium induces diarrhea and subsequent dehydration in infected mice, due to impaired ion
transport across the epithelium. Finally, was recognized the importance of the host immune
system, as well as the protective role of intestinal microbiota in preventing or clearing C.
rodentium infection.

In next two chapters were investigated the novel aspects of C. rodentium-host interaction
in in vivo and in vitro systems. The aim of the first study was to determine the changes that occur
in conditionally immortalized colonic epithelial Ptk6 cells following exposure to C. rodentium.
In that study was evaluated the ability of this cell line to serve as a new in vitro model for C.
rodentium infection. The ability of C. rodentium to attach to Ptk6 cells, compromise monolayer

barrier and induce structural and functional changes in the cell monolayer was evaluated. It has
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been determined that C. rodentium-induced changes in Ptk6 cell monolayers greatly resembling
those in EPEC, which allow us to use this cell line as in vitro model for EPEC infection in
humans.

In the second study, were compared the changes induced by C. rodentium in the colonic
epithelium of susceptible (C3H) and resistant (SW) mouse strains. C. rodentium was deliverd to
the Gl by intracecal injection, a novel method that allowed us to evaluate early changes
following inoculation. More significant changes in the epithelial morphology (TJs), and function
(gene expression, Ryg) were determined in C3H mice compared to SW, following C. rodentium
inoculation. Our results indicated the complexness of mechanisms that can contribute to C.
rodentium-induced diarrhea. In the conclusion, we summarized the key points of performed in
vivo and in vitro studies, which reveal new aspects of C. rodentium-host interactions and

establishment of a new cell culture model for C. rodentium infection.
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Figures and Tables

Table 1-1 Proteins involved in formation and modulation of TJs. (Reviewed in Bauer et al, 2011)

Group: Proteins involved:

Transmembrane proteins

Occludin, tricellulin/marvelD2, marvelD3,

(a) Tetraspan proteins claudins (1-24)

(b) Single-span proteins of the

immunoglobulin superfamily(IgSF) type JAMS, CAR, CLMP, ESAM

(c) Non-IgSF type single span proteins | CRB3, Bves

Peripheral proteins

Z0-1. Z0-2, Z0O-3, MAGI-1, MAGI-3,
(a) Adaptor or scaffolding proteins CASKI/LIN-2, AF-6/afadin, ASIP/Par-3,
PALS1, PATJ, cingulin

RhoA, Racl, Cdc42, kinase-A, kinase-G,
mitogen-activated protein kinases,

(b) Signaling molecules phosphoinositide 3-kinase, ZAK, Raf-1,
MLCK, PP2A, PP1, DEP-1, heterotrimeric G-
proteins

ZONAB, CDK-4, Apg-2, symplekin, Jun, Fos,

(c) Transcriptional regulators C/EBP, p120 catenin (dual residency)
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Chapter 2 - Citrobacter rodentium Causes Structural and Functional
Alterations in Conditionally Immortalized Ptk6 Colonic Epithelial
Cells

Abstract

Citrobacter rodentium is a highly virulent enteric pathogen of mice and is an animal
model for enteropathogenic and enterohemorrhagic E. coli infections of humans. In mice, C.
rodentium attaches to the apical surface of the colonic epithelium resulting in effacement of
microvilli, enterocyte hyperplasia, and rectal prolapse. The objective of this study was to
investigate Ptk6 cells as a potential model for C. rodentium infection in mice. A conditionally-
immortalized cell line derived from a Ptk6 null mouse colonic epithelium was used in these
studies to evaluate structural and functional changes in eukaryotic cells following exposure to C.
rodentium. Transepithelial electrical resistance significantly decreased while permeability of the
cell monolayer to dextran increased after incubation with C. rodentium. Confocal microscopy of
the monolayers revealed that there was disorganization of tight-junction proteins following 6-12
hours of bacterial exposure. Transmission electron microscopy showed bacterial attachment,
pedestal formation, local disruption of tight junctions, and increased vacuolization. These results
suggest that the capability of Ptk6é cells to differentiate into absorptive, goblet, and endocrine
cells, along with the characteristic changes they possess when exposed to C. rodentium, makes
this cell line ideal for in vitro studies to define the cellular and molecular basis of its

pathogenesis.
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Introduction

Infectious diarrhea affects two to four billion people worldwide every year, with higher
prevalence in children. In infants, enteropathogenic E. coli (EPEC) causes persistent watery
diarrhea, often accompanied by insignificant fever and vomiting. In spite of high prevalence of
EPEC-induced diarrhea in both developing and developed countries, the pathogenesis of EPEC
remains poorly defined (73).

Citrobacter rodentium is a murine pathogen that can cause outbreaks of diarrhea in
laboratory mice colonies (98, 106). Mice infected with C. rodentium exhibit attaching and
effacing (A/E) lesions that closely resemble those induced by enterohemorrhagic E. coli (EHEC)
and EPEC strains in other animals and humans. For this reason, C. rodentium is used widely as a
murine model for human EPEC infection (80). Non-specific clinical signs of infected mice
include: ruffled coat, weight loss, depression, stunting, perianal fecal staining, pasty dark feces
and dehydration (100). Specific characteristics of the disease are transmissible murine colonic
hyperplasia with limited inflammation and epithelial cell hyperproliferation in the descending
colon. Degree of inflammation depends on age, diet, microbiota status and genetic background of
mice (89). In infected mice, C. rodentium causes morphological and physiological changes in
colonic epithelium by attaching to the host colonic epithelium, inducing effacement of microvilli,
and formatting pedestals beneath the adherent bacteria (A/E lesions). Infection disturbs kinetics
of the colonic epithelium by modifying ion transport, especially, the exchange of chloride and
bicarbonate (130). Apical junctional complex (AJC) is a highly specialized structure at the apical
tip of the lateral membrane of polarized epithelial cells. This complex regulates adhesion
between neighboring cells and its tight junctional components (TJ) play an important role in

intestinal epithelial barrier function (136). The disturbance of TJs is important in a variety of
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diseases, including various bacterial infections, Crohn’s disease, and ulcerative colitis (17).
Bacterial pathogens, including C. difficile, B. fragilis, C. perfringens and C. rodentium can
interfere with structural components of the AJC, which usually leads to barrier defects and
disruption of the epithelial monolayer (136). The change in function of TJs induced by A/E
pathogens can be measured by detecting transepithelial electrical resistance (Rtg). The changes
in TJs function are usually characterized by a decrease in Rrg and an increase in paracellular flux
of macromolecules such as mannitol and dextran (16). It has been shown that the A/E pathogen
rabbit EPEC (REPEC) redistributes TJ proteins ZO-1, ZO-2, and occludin to recruit them into
AJE lesions. Interestingly, REPEC TTSS effector EspF interacts directly with ZO-1 and ZO-2
but not with occludin or claudin in the first hour of infection. REPEC EspF is also important for
increasing the actin pedestals length in RK13 rabbit kidney cells. In epithelial cells, actin
physically binds to TJ proteins such as ZO-1 and occludin, and actin rearrangement may lead to
loss of binding and subsequent disruption of molecular TJ structure (104, 120).

Recently, the murine rectal carcinoma CMT-93 cell line was evaluated as an in vitro
model system for C. rodentium infection. C. rodentium was able to adhere to the CMT-93
monolayer, but in lower numbers than EPEC in vitro (44). Lower number of attached C.
rodentium may be due to the fact that C. rodentium lacks bundle forming pilus that E. coli uses
for initial binding (127). In CMT-93 monolayers C. rodentium increased paracellular
permeability in a time dependent manner. In this model, disruption of the monolayer integrity
was not apparent under light microscope. However, immunolabeling showed that claudin-4 and
claudin-5 were relocalized towards the perinuclear space and their expression was down-

regulated after infection. C. rodentium causes the upregulation of caspase-3-independent
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apoptosis in CMT-93 cells, which was associated with cytosolic accumulation of apoptosis-
inducing factor (44).

Murine colonic epithelial Ptk6 cells, derived from a Ptk6 null mouse, have characteristics
of progenitor cells. When cultured on permeable fillers or on collagen gel the cells differentiate
into villin-producing absorptive cells as well as a small number of goblet and neuroendocrine
cells. Additionally, Ptk6 cells form organoids when cultured in collagen gel. Growing in
monolayer, these cells form domes when confluent and polarize to form a resistant barrier
characterized by formation of TJs, which was confirmed by detection of ZO-1 and occludin
(141). Studies on mice have shown that C. rodentium may utilize different strategies to
compromise the intestinal barrier and induce diarrhea. These strategies include disruption of TJs,
formation of A/E lesions, actin recruitment, and dysregulation of transepithelial water and ion
transport. The objective of this study was to define the changes that occurred in Ptk6 cells after
challenge with C. rodentium and determine whether this cell line could be used as an in vitro

model for studying C. rodentium pathogenesis.

Materials and methods

Cell culture
Mouse conditionally immortalized colonic epithelial cells Ptké (generously provided by

Dr. Whitehead from Vanderbilt University, Germany) were cultured in RPMI-1640 medium

(Invitrogen, Carlsbad, CA), supplemented with 5% fetal bovine serum (FBS, Atlanta Biological,
Norcross, GA), 1% of Antibiotic-Antimycotic (Invitrogen), 1 ug/ml insulin, 10° M thioglycerol,
10°° M hydrocortisone hemisuccinate (Sigma-Aldrich, Saint Louis, MO) and 5 units/ml of mouse

gamma interferon (Peprotech, Rocky Hill, NJ). Cells were incubated at 33°C and 5% CO,. The
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culture medium was changed every other day and the cells were passaged with TrypLE reagent
(Invitrogen). For most studies, cells were grown for 10 days on 0.30cm? Transwell permeable
support membranes (Corning Costar, Corning, NY) with 0.4-um pores to form confluent
monolayer and achieve transepithelial electrical resistance > 3000 Qxcm?. In some experiments

cells were grown in 6-well plates (Corning) until confluence was reached.

Infection of monolayers

Two hours prior to infection Ptk6 cell monolayers were washed three times with warm
RPMI-1640 and then incubated in RPMI-1640, supplemented with 5% FBS and no
antimicrobials. Overnight cultures of C. rodentium ICC 180 (kindly provided by Dr. Shi, Kansas
State University, US) were diluted 1:10 in Luria-Bertani (LB) broth and grown at 37°C until
ODgo reached 0.6. Then bacteria were centrifuged at 3000xg for 5 min and the resulting pellet
was resuspended in RPMI-1640 containing 5% of FBS. Bacteria (100 ul) were added to the
apical surface of the monolayer to a final concentration approximately 5x10° colony—forming
units/ml (CFU/ml), corresponding to a multiplicity of infection of 150 units, and were incubated

for indicated lengths of time.

In vitro paracellular permeability

Transepithelial electrical resistance of the monolayer grown on Transwells was measured
using EVOM epithelial volt-ohmmeter (World Precision Instruments, Sarasota, FL). Paracellular
permeability was determined by using fluorescein isothiocyanate (FITC)-conjugated dextran of
molecular weight 10 kDa, 40 kDa and 70kDa (Sigma-Aldrich). Dextrans were added to the
apical compartment of each well at concentrations 1.25x10°%, 3.125x10* and 1.8x10* for 10kDa,

40kDa and 70kDa respectively and incubated at 37°C for an indicated duration (1 h or 3 h).
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Monolayers treated with RPIM-1640 (contained 5% FBS) served to measure a baseline of
dextran permeability in C. rodentium-untreated monolayers. Monolayers treated with 5 mM of
EDTA (Ambion, Inc, Austin, TX) to disrupt cell-cell junctions, and measure the maximum
amount of dextrans that call pass through disrupted monolayers. The solution from the
basolateral side was then sampled, and the fluorescence determined immediately (485 nm
excitation and 527 nm emission; Fluoroskan Ascent FL; Thermo Fisher Scientific, Waltham,
MA). Standard curves were obtained by serial dilution (2.5 pg/pl to 25 pg/ul) of the FITC-

dextrans.

Assessment of bacterial adhesion

Epithelial cells were grown in 24-well culture plate until a confluent monolayer was
achieved to assess bacterial adhesion. Two hours prior to infection, monolayers were washed
with sterile phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPQ,,
1.47 mM KH,POy,, pH 7.4) and incubated with RPMI-1640 containing 5% BSA. Bacteria were
added to the apical surface of the monolayers at concentration of 150 bacteria per cell and
incubated at 37°C for 3 h. Cells were then washed three times to remove non-adherent bacteria,
and treated with 0.5% Trypsin (Invitrogen) for 5 min. To enumerate invaded bacteria, part of the
monolayers were treated with 100 pg/ml of gentamicin (Sigma-Aldrich) for 1 h, then washed and
treated with trypsin. Cells were scraped into tubes, centrifuged, serially diluted, and plated onto
LB plates containing kanamycin (50 pg/ml). Number of bacterial colonies (CFU) was recorded

the following day.

Immunocytochemistry and confocal imaging
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Monolayers were washed in PBS, fixed in 4% paraformaldehyde (Fisher Scientific
International, Hampton, NH) for 30 min, quenched in 50 mM glycine in PBS and permeabilized
in 0.5% TritonX (Sigma-Aldrich) for 30 min. Monolayers were then washed three times with
PBS, three times with PBS containing 0.1% Tween 20 (Sigma-Aldrich) and saturated
nonspecific binding sites (blocked) by incubating overnight in blocking buffer (PBS containing
5% bovine serum albumin (BSA, Sigma-Aldrich) and 0.1% Tween 20). Monolayers were
incubated with primary antibodies (5 pg/ml) overnight, washed three times with PBS containing
0.1% Tween-20 and incubated with secondary antibodies in blocking buffer (10 pug/ml) for 2 h.
If needed, tissues were stained for actin with phalloidin-594 (Invitrogen). Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame,
CA). To indicate the specificity of labeling, cells were labeled with secondary antibodies only,
which resulted in lack of immunofluorescence (data not shown).

Monolayers were viewed by laser-scanning microscopy using similar intensities of red
(543 nm), green (488 nm), and blue (364 nm) laser lights (LSM 510 Meta, Carl Zeiss, Gottingen,
Germany). Transmitted light intensities were recorded and color images were generated by
addition of red, green, and blue images. Each tissue section was centered manually using a 40x
oil immers objective. Sections were scanned with resolution of 1024x1024 pixels per field (three
fields per monolayer). During each scan, each line was scanned twice and averaged to remove
noise. Each section was scanned sequentially, generating 70-90 images per stack. For each
experiment, 9-12 stacks were acquired. Virtually superimposed images were obtained using
software provided with the confocal laser scanning microscope (Aim, LSM 510 Meta, Carl
Zeiss). Observations reported are based on at least three independent observations from three

independent experiments.
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Transmission electron microscopy

Monolayers incubated with C. rodentium were washed, fixed with modified Karnovsky’s
fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 1.7 mM CaCl, in 0.1 M cacodylate buffer,
pH 7.4), washed and post-fixed with 1% osmium tetroxide, embedded in Epon LX112 (EMS,
Fort Washington, Pennsylvania) and then thin-sectioned on an Ultracut E-Reinchert-Jung
ultramicrotome (C. Reichert Optische Werke AG, Vienna, Austria). Sections were stained with
5% uranyl acetate and 0.2% lead citrate and viewed with an electron microscope (Hitachi H-300,

NY).

Quantitative real time RT- PCR

Prior to RNA extraction, Ptk6 cells were grown on 0.30 cm? Transwell permeable
support membranes for 10 days and then incubated with C. rodentium for 3h. RNA was extracted
using TRIzol extraction. Briefly, cells were homogenized, pelleted, and supernatant was
discarded. One ml of TRIzol Reagent (GIBCO, Invitrogen) was added to each sample and
incubated for 5 min at room temperature. Then, 200 pl of chloroform were added to TRIzol, the
mixture was shaken several times, and centrifuged for 15 min at 12,000 rpm. Clear upper phase
was collected into new tube, mixed with 500 ul of ice cold isopropanol, incubated for 10 min at
room temperature, and centrifuged for 10 min at 12,000 rpm. The resulting pellet was washed
with 75% ice cold ethanol, and resuspended in 50 pl of distilled nuclease free water. Reverse
transcription was completed for 30 mins at 50°C followed by 1 min of denaturation at 95°C.
PCR amplification was continued for 40 cycles: 94°C for 15 sec (denaturation), 48-55°C for 30
sec (annealing) and 72°C for 30 sec (extension). Target genes used for RT-PCR analysis are

listed in Table 1.
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Data analysis

Analysis of variance, followed by Tukey’s test was performed to compare mean
differences in Rtg and dextran flux between vehicle-treated and C. rodentium-treated
monolayers. The 90% confidence interval was calculated for the gene expression levels in C.
rodentim-treated monolayers. Unchanged observations were within 90% CI for the observed
values. GraphPad Prism version 5.00 for Windows (GraphPad Sofrware, San Diego, CA) or SAS
version 9.2, (SAS, Cary, NC) software were used for statistical analysis. Data were presented as
means+SEM, and differences were considered statistically significant when the probability of a

type | error was < 0.05.

Results

C. rodentium adheres to and invades Ptk6 monolayer

Ptk6 cells formed polarized monolayer when grown on Transwell supports, they formed
small number of mucin- and chromogranin-producing cells (data not shown), as it has been
described (141), and possessed high Rre (3629+101.8 Qxcm?).

Experiments determined that after 3 h of incubation the number of bacteria attached to
the Ptk6é monolayer reached the average of 21.36x2.24 CFU per cell, and invaded bacteria counts
were less than 1 CFU per cell (0.246+0.024 CFU per cell).

Transmission electron microscopy determined that bacteria start attaching to the surface
of the monolayer as early as 1h after inoculation (Fig. 2-1A). After 12 h incubation, numerous
bacteria were attached to the cell surface (Fig. 2-1B). Bacterial attachment causes loss of

microvilli at some regions of the cells and formation of membrane ruffling at the apical surface
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of the cells. These structures are speculated to be actin-rich pedestals. In spite of pedestal

formation, the overall cellular ultrastructure was not damaged (Fig. 2-1C).

Paracellular permeability of Ptk monolayers increases after treatment with C. rodentium

In order to determine if C. rodentium can increase the paracellular permeability, the
change was measured in transepithelial electrical resistance of the monolayer as well as apical to
basolateral flux of various sized dextrans. An intact Ptké monolayer formed TJs and maintained
an average Re of 3883+31.86 Qxcm?. After 3 h incubation with C. rodentium transepithelial
resistance of the infected monolayer decreased significantly to 2107+201 Qxcm? (Fig. 2-2A).
Dextran flux increased in C. rodentium treated monolayers compared to untreated monolayers.
Permeability to 10 kDa and 40 kDa dextran increased after 1h of 8.14x10™ +2.46x10" and
5.59x10™ +2.49x10°cm/sec respectively in C. rodentium—treated monolayers. Dextran levels in
vehicle-treated monolayers were lover detectable levels 1h after incubation. After 3 h of
incubation, permeability of monolayers to 70 kDa dextran increased from 6.60x10™ +2.36x10™
cm/sec in vehicle-treated to 3.25x10™ +1.11x10™ cm/sec in C. rodentium-treated monolayers
(Fig. 2-2B). Analysis of variance determined that C. rodentium treatment increased the
permeability of monolayers (P<0.05), however, the size of dextrans and the length of treatment

did not effect the permeability.

C. rodentium induces actin pedestal formation and disruption of occludin in Ptk6 cells
Actin and occludin formed a reticular pattern in vehicle-treated monolayers,

characteristic of epithelial cells. Occludin was localized at the very apical compartment of the
cell at the TJ region (Fig. 2-3A), and actin was distributed at the lateral and apical surface of the

cell, forming thin filaments in the cytosol (Fig. 2-3B). Actin and occludin visually appeared
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colocalized at the TJ region of the apical part of the cells (Fig. 2-3C). Following 6 h of
incubation of C. rodentium with cell monolayers there was no change in occludin distribution
(Fig. 2-3D), while there was some aggregation of actin beneath the apical cell surface (Fig. 2-3E,
2-3F). These changes increased dramatically over time. After12 h of incubation there was an
increase in the amount of actin and occludin aggregation, which formed a punctate pattern
beneath apical cell membrane (Fig. 2-3G, 2-3H, 2-31). After 24 h of incubation normal actin and
occludin structure was diminished and these proteins formed pedestals over the apical surface of
the cells and in the TJ region (Fig. 2-3J, 2-3K, 2-3L). Occludin and actin pedestals appeared

visually colocalized, with occludin distributed apically from actin (Fig. 2-3L).

C. rodentium alters gene expression in Ptk6 cells

Quantitative real time PCR analysis detected a 1.86 fold increase (P < 0.1) in
transcription levels of Cldn8 gene in Ptk6é monolayers incubated with C. rodentium for 3 h.
There was an unsignificant downregulation of Cldnlgene expression, while transcription of
Cldn5, Cldn7 was slightly upregulated in cells incubated with C. rodentium. The mMRNA
expression levels of Gale4, encoded for peptide involved in lateral cell adhesion and recognition
of carbohydrates were up-regulated. There was downregulation of anion exchanger Scl26a3
(Dra) in C. rodentium treated monolayers. The mRNA expression levels of Kcnn4, Nkccl, Agpl,
Adoraz2b, Itin1 and Cnlpl were insignificantly upregulated in response to C. rodentium treatment

(Fig. 2-4).

Discussion

This study introduced novel Ptk6 colonic epithelial cell line as a relevant model for

studying C. rodentium infection as well as EPEC-induced-diarrhea in vitro. C. rodentium
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interacts with Ptk6 polarized monolayer in the mode, which closely resembled that seen in
murine intestine inoculated with C. rodentium or EPEC (62, 83). Ptk6 cell line can be used to
study colonic epithelial cell response to A/E pathogens, and determine the key bacterial and host
cell factors that determine the severity of the disease.

Intestinal barrier dysfunction induced by EPEC has been studied on various human
(Caco-2, T84, HEK293) and animal cell lines (MDCK, CMT-93) (34, 107, 113). After
discovering the genetic similarity between EPEC and murine enteric pathogen C. rodentium and
the ability of C. rodentium to induce A/E lesions and diarrhea in mice, the C. rodentium infection
in mice has been used widely as for an in vivo model for EPEC infections in humans (88, 97).
However, the in vivo C. rodentium model and in vitro EPEC model possess some differences
regarding intestinal epithelial cell response and pathogenic mechanisms of EPEC and C.
rodentium. Furthermore it is difficult to study signaling pathways in vivo which necessitates the
need for an in vitro model of C. rodentium infection that will allow investigation of the
pathogenesis of this A/E pathogen as well as host response to the infection.

The murine rectal carcinoma cell line CMT-93 was established as in vitro model for C.
rodentium infection (44), however, more research is needed to identify the similarities and
differences between EPEC and C. rodentium in vitro. This study reports for the first time that C.
rodentium induces pathophysiological responses in conditionally immortalized colonic epithelial
Ptk6 cells. Exposure of Ptk6 cell monolayers to C. rodentium leads to decrease in Rrg, increase
of paracellular permeability, actin pedestal formation, disruption of TJs, and changes in gene
expression.

Attachment is the first step in A/E bacterial pathogenesis and is required to initiate host

immune responses during EPEC infection (63, 73). Current study determined that C. rodentium

29



adheres to Ptk6 cells shortly after inoculation, followed by increased attachment during later
infection.

Epithelium in gastrointestinal (Gl) tract serves as a barrier between luminal content and
underlying tissues, which prevent luminal antigens from penetrating into submucosal layers.
Colonic epithelium expresses various TJ proteins, including occludin, ZO-1 and claudins, which
play important roles in maintaining epithelial integrity and Ry (62, 117, 153). The initial
characterization of murine Ptk6 cells indicates formation of a resistant polarized monolayer
(141). Ptk6 cell line was used to examine the effect of C. rodentium on Ry and epithelial
permeability. Previous studies (9, 44) have shown that C. rodentium decreased Ryg of the cell
monolayer and the permeability to large molecular weight compounds increased. In the normal
colon, the paracellular resistance is approximately 23 times higher than transcellular resistance
(58). Significant decreases in Ry and increased flux of large solutes is consistent with disruption
of the paracellular barrier rather than the transcellular, implying that TJs are important in
maintaining the integrity of Ptké monolayers. It has been recognized, that TJs are one of the
main structures of epithelial barrier, and have an important role in some GI diseases, such as
ulcerative colitis (117), Crohn’s disease (152) and bacterial infections (62, 102, 121). Actin and
TJ proteins, such as occludin, are affected by EPEC and C. rodentium (62, 87, 104, 153). This
study has determined that C. rodentium induces actin polymerization and TJ protein occludin
redistribution into pedestals on the apical surface of Ptk6 epithelial cells. Occludin has been
implied to regulate the epithelial permeability to large size molecules, without affecting R+e (3).
Thus, the increase of paracellular dextran flux in Ptk6 cell culture model was most likely due to
loss of normal occludin distribution, while decrease of Ptk6é Rte may be occludin-independent.

The C. rodentium-induced decrease of Rtg may depend also on changes in the expression of
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other components of TJs. In vitro studies on CMT-93 cells identified that C. rodentium disrupts
claudin-4 and claudin-5 (44) and in vivo studies determined disruption of claudin-1, -3 and -5
following C. rodentium infection (62). Present study determined an increase in the mRNA levels
of Cldn8 gene, encoding for claudin-8, indicating the possible role of this TJ protein in
maintenance of Rre. Further studies are needed to determine the role of claudins in C. rodentium
infection.

Previous studies of C. rodentium infection in C3H and FVB mice revealed that C.
rodentium infection causes significant changes in the expression of genes involved in the
epithelial ion transport and regulation. The SLC26A3 protein is involved in apical absorption of
chloride by epithelial cells and secretion of bicarbonate into the lumen. The proteins NKCC1 and
KCNN4 play a role in basolateral potassium absorption and secretion, respectively, and their
expression is required for apical chloride secretion (11). It has been determined that C. rodentium
infection causes downregulation of Slc26a3 gene expression and an increase in expression Kcnn4
or Nkcc genes in the epithelium of infected mice (20, 22). Although in this study significant
changes in Slc26a3, Kcnn4 or Nkccl gene expression were not measured, there was observed an
insignificant downregulation of Slc26a3, accompanied by increase in Kcnn4 and Nkccl gene
expression. Thus, the present study expands on previous research revealing that C. rodentium
may alter the expression of ion transporters providing a basic mechanism to study C. rodentium
induced diarrhea in vitro.

Innate immunity is an important component of intestinal defense against pathogens. The
cathelicidin-related antimicrobial peptide, encoded by Cnlp gene, has activity against A/E
pathogens in vivo and in vitro (75, 149). An important component of host defense against

bacterial infection, intelectin-1 (ItIn1) serves as an intestinal lactoferrin-binding receptor in
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mammals, competing for iron uptake with bacteria (126, 128). The increase in expression of
genes encoding for these antibacterial proteins in Ptk6 cells suggest a complex response of this
cell culture model to murine pathogen C. rodentium and implies the importance of innate
immune response during A/E infections.

This study reports the use of an in vitro model for C. rodentium infection, using the
relevant conditionally immortalized murine colonic epithelial cell line Ptk6.The model is
characterized by bacterial attachment, disruption of epithelial barrier function, and redistribution
of actin and occludin following C. rodentium exposure. Gene expression analysis revealed that a
number of genes encoded for epithelial ion transportrs and innate immunity were affected by C.
rodentium infection in Ptk6 cells. This study indicates the complex response of Ptk6 cells to C.
rodentium that results in change of monolayer morphology and physiology. The outcomes
underscore the importance that TJs play in innate immunity and ion transport during C.
rodentium pathogenesis in vivo. The closeness of Ptk6 cell model to murine colonic epithelium is
due to its unique ability to differentiate in vitro and the functional characteristics makes this cell

line an ideal model to study C. rodentium infection.
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Figures and Tables

Figure 2-1 C. rodentium attached to Ptk6 cells.
Transmission electron microscopy revealed that C. rodentium loosely attaches to the apical
surface of Ptk6 cells at 1 h after exposure (A). Bacterial attachment and pedestal formation on
the apical surface of the cells following 12 h of incubation (B). Loss of microvilli and membrane

ruffling on the apical surface following 12 h of exposure to C. rodentium (C). Bars represent 10
pm (B), 5 um (C) and 20 um (D).
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Table 2-1 Genes involved in intestinal ion transport, innate antimicrobial activity, cell-

cell connection and transcription regulation.

Gene Primer Primer sequence T Main functions
name

Mouse GAPDH F49 GGTGAAGGTCGGTGTGAACG/ 48, 52 Glycolysis catalysist,
R281 CTCGCTCCTGGAAGATGGTG and reference gene in this study

Potassium intermediate/small Kenn4d F TCTGCACGCTAGATGTTGT/ 5500 Potassium ion t .

conductance calcium-activated Kenn4 R GACAAAGGAGGAAGGCAGTG otassium 1on transpor

channel, subfamily N, member 4

Solute carrier family 12, member 2 NkcclF CGATGAGCTGGAAAAGGAAC/ 55°C Sodium:potassium: chloride
NkcclR TGTATGCGACCACAGCATCT cotransport

Solute carrier family 15 Slcl5a2 F GGATGACAGCCATCAGGTTT/ 55°C Oligopeptide and proton

(H+/peptide transporter), member 2 ['sjc15a2R | TCCTCTTTGCACAGTTCTGTACTC transport
Adora2b F | TGCTCACACAGAGCTCCATC/ - i

Adenosine A2b receptor 55°C G prc?telr) coup led receptor
Adora2bR | GTGTCCCAGTGACCAAACCT protein signaling pathway

Solute Carrier fam”y 26’ member 3 S|C2633 F GGCAAAATGATCGAAGCCATAGG/ 55°C Anion eXChanger aCtiVity,
Slc26a3R GATGGTCCAGGAATGTCTTGTGATGT transport

Cldn 1 (Claudin1) Cldn1 F ACTGTGGATGTCCTGCGTTT/ 55°C Tight junctional protein
Cldn1 R CCAGCAGGATGCCAATTAC

Cldn 5 (Claudin5) Cldn5 F CTGGACCACAACATCGTGAC/ 55°C Tight junctional protein
Cldn5R CAGATTCATACACCTTGCACTG

Cldn7 (Claudin7) Cldn7 F CATGTACAAGGGGCTCTGGA/ 55°C Tight junctional protein
Cldn7R GCTAAGAAGCCCAACACCAG

Cldn 8 (Claudin8) Cldng F TGTCTGCCTTCATCGAAAGT/ 55°C Tight junctional protein
Cldn8 R GACCTTGCACTGCATTCTGA

Aquaporin 1 Agpl F AGCGAAATCAAGAAGAAGCTC/ 48°C Water transport
AgplR CCTCTATTTGGCTTCATCTC

Lectin, galactose binding, soluble 6 | L92ls6 F GTCCAACCTGTTGAAACCAA/ 48°C Carbohydrate recognition
Lgals6 R CCTATGTCCAGATCTGAGC

Peroxisome proliferator-activated Ppar-y F TTGCTGAACGTGAAGCCCATCGAGG/ 48°C Regulation of fatty acid

receptor gamma Ppar-y R GTCCTTGTAGATCTCCTGGAGCAG storage and glucose

metabolism

Nucleolin NH2 Ncl F ATGGTGAARCTCGCAAAGGCHG/ 48°C Synthesis and maturation of
NcIR CAAAACCCACGGAGAGTC ribosomes

Intelectin Itin-1F ATG ACC CAA CTG GGATTC CTG/ 52°C Carbohydrate recognition
Itin-1R TCA GCG ATA AAACAG AAGCACG

MCRAMP CnlpR CTTCAACCAGCAGTCCCTAGACA/ 52°C Cathelicidin-related
CmlpR TCCAGGTCCAGGAGACGGTA antimicrobial peptide

Galectin-4 Gale4F3 CAACCCTCCACAGATGAACACCTT/ 52°C Carbohydrate recognition
Gale4R2 TCCAGCGTGTCTACCATTTGGAAT

FBJ osteosarcoma oncogene B Fosb F TTCCTAGTGACACCTGAGAGCTG/ 52°C Regulation of transcription
Fosb R GAACATTGACGCTGAAGGACTAC

34




A 5000-
= RPMI-1640+5%FBS
4000 - E3) C. rodentium 3 h
o B3 C. rodentium 12 h
§ 3000- @ C. rodentium 24 h
X *%k*%k
G @ 5mMEDTA3h
W 2000-
x
1000+
*%k%
*%k*%k
O *%k%
Treatment
B  0.0005-
3 Vehicle-treated
0.0004 - @ C. rodentium-treated
[&]
(D)
9 0.0003-
IS
[&]
E 0.0002 -
LL
0.0001 -
i wo[ wo wof
0.0000

lOkDa 40 kDa 70kDa lOkDa 40kDa 70 kDa
_

gl gl
1h 3h
Treatment

Figure 2-2 Exposure Ptk6é monolayers to C. rodentium resulted in loss of integrity barrier and
increase of epithelial permeability to high molecular weight molecules.

Exposure to C. rodentium for 3 h significantly decreased Rt of Ptk6 monolayers compared to
cells treated with RPMI-1640 only (A). Cell monolayers became more permeable to 10 kDa and
40 kDa dextrans after 1 h of exposure, while permeability to 70kDa dextran increased after 3 h of
incubation with C. rodentium (B).

*** P <0.0001. N/D — not determined.

35



Occludin Actin ' Merged

5um :

1 2 J%em
Figure 2-3 Tight junctional proteins relocalized upon exposure to C. rodentium.

Distribution of occludin (green) and actin (red) in C. rodentium-untereated Ptk6
monolayer (A, B). Normal occludin distribution and actin pedestal formation 6h after exposure
to C. rodentium (E, D). Actin and occluding pedestals following 12 h exposure to C. rodentium
(G, H). Punctate distribution of actin and occludin 24 h after incubation (J, K). Merged pictures
of control and C. rodentium-treated monolayers (6 h, 12 h and 24 h) respectively (C, F, I, L).

Nuclei are stained in blue.



Fold change (relative to vehicle-treated monolayer)

Figure 2-4 Exposure of cell monolayers to C. rodentium for 3 h induced upregulation of Cldn8
gene.

There was upregulation (P < 0.1) of Cldn8 while the expression of other genes at mRNA level

was not significantly affected by C. rodentium. The expression of genes was normalized to that

of RPMI-1640 only-treated monolayer.
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Chapter 3 - C. rodentium induces morphological and physiological

changes in colonic epithelium of C3H and SW mice

Abstract

Citrobacter rodentium causes transmissible murine colonic hyperplasia and is used as a
model for enteropathogenic and enterohemorrhagic Escherichia coli infections. While C.
rodentium causes little mortality in most mice, some strains, such as C3H mice, develop fatal
colitis. The objective of this study was to compare structural and functional changes in the
colonic epithelium of adolescent (5-week old) Swiss Webster (SW) outbred and C3H inbred
mice following intracecal inoculation with C. rodentium. Colons, livers, spleens and mesenteric
lymph nodes of C3H mice had higher bacterial loads than SW mice. Tight junction disruption
and pedestal formation were observed in the colonic epithelium of both strains. Occludin and
actin pedestals were located subjacent to the attached bacteria. Occludin and actin aggregations
were more evident, and located throughout the epithelial surface in inoculated C3H mice. There
was a significant increase in transepithelial electrical resistance in colons of inoculated C3H
mice. The gene expression assay determined significant transcriptional changes in the expression
of genes involved in the ion transport and its regulation (Slc26a3, Nkccl and Adora2B) as well as
innate immunity regulators such as Cnlp in the colon of C3H mice. The expression of gene
encoding tight junctional protein claudin-5 was higher in inoculated C3H mice. These results
support the hypothesis that C. rodentium infection in mice may be associated with fluid loss due
to impaired chloride absorption. A decrease in innate immune response may be partially
responsible for more severe disease in C3H mice. Various changes in the colonic epithelial
structure and dynamics of susceptible and resistant strains of mice indicate the role of the host in
the disease. This study identified the host factors that play an important role in the C. rodenitum-
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induces infection, and may further be targeted in the development of preventive care and

treatment of infectious diarrhea.

Introduction

Acute diarrhea is one of the most important illnesses in humans, especially in children
under age of five in developing countries. Attaching and effacing (A/E) pathogens such as
enteropathogenic (EPEC) and enterohemorrhagic (EHEC) E. coli common causes of acute
bacterial diarrhea.Mice do not develop overt disease or pathology in response to E. coli infection,
and are able to clear out the pathogen in 14-28 days post-inoculation (dpi) with minimal clinical
signs or lesions. These associations are opposite to those seen after inoculations with C.
rodentium, where mice readily develop transmissible colonic hyperplasia and A/E lesions (83,
97). C. rodentium (formerly C. freundii biotype 4280) contains DNA homologous to effacing
and attaching gene (eae), which is necessary for A/E activity of pathogenic E. coli (115, 116).
The pathogenic properties of C. rodentium along with the availability of novel reagents suggest
that this bacterium is a part of appropriate murine model for E. coli infection of humans. The
disease outcome depends on several factors such as diet and age, but is not influenced by gender.
The disease results in high mortality in young and suckling animals, while adult mice often
survive (89). Clinical signs of C. rodentium infection in mice are nonspecific and include ruffled
coat, weight loss, depression, stunting, perianal fecal staining, pasty dark feces and dehydration
(98). Dietary interventions do not alter the time course of Citrobacter infection (129), while
dosing of mice with probiotics prior to C. rodentium inoculation significantly decreased infection
and enteropathy (27, 33, 79). Susceptibility to C. rodentium also depends on the genetic

background of the mice. Germfree CF1 and C3H mice are highly susceptible to infection while
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germ-free C57BL/6 and NC mice are moderately susceptible, and germ-free BALB/c are
resistant (77). Mice lacking alpha chain of cluster of differentiation 8(CD8a"") and mice deficient
in delta chain of T cell receptor (TCR-&"") were able to resolve C. rodentium infection due to
production of T-cell dependent serum antibody, while CD4" and TCR-B mice develop
polymicrobial sepsis and end-organ damage (abscesses) resulting in high mortality during acute
infection (25). Adult mice of many strains, including Swiss Webster (SW), develop self-limiting
epithelial hyperplasia when infected, whereas adult C3H and FVVB mice are highly susceptible to
infection and demonstrate 60-100% mortality rates two weeks after infection (21, 22).
Susceptible strains of mice also have higher bacterial translocation to mesenteric lymph nodes
(22, 130). Hypovolemia could be the cause of death in FVB and C3H mice. Severe dehydration
could be due to increase in paracellular permeability, as well as dysregulation of apical and
basolateral ion channels (20, 22). C. rodentium interacts with actin cytoskeleton and tight
junctions (TJs), and initiates host immune response (9, 25, 131). Recent study (20) identified that
substantial fractions of genes involved in intestinal epithelial ion transport and its regulation
were affected upon C. rodentium infection. It was suggested that intestinal ion disturbances
rather than immune related processes are responsible for severe diarrhea in susceptible strains of
mice (20). One of the major proteins involved in intestinal chloride loss was SLC26A3 (DRA),
which was down-regulated in susceptible mice (22).

In spite of more than a decade of research, the mechanisms of C. rodentium infection and
the changes that occur in the intestine of various strains of mice are not completely understood.
The objective of this study was to evaluate both morphological and physiological changes that
occur in the colonic epithelia of young susceptible C3H and relatively resistant SW mice

following direct intracecal inoculation with C. rodentium.
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Materials and methods

Mice strains
Female inbred C3H/HeOuJ (TLR4 sufficient and endotoxin sensitive) (20 mice), and

outbred Swiss Webster Tac:SW (20 mice) mice were purchased from Taconic Laboratories and
Jackson Laboratory (Bar Harbor, ME and Germantown, NY, USA respectively) at 4 weeks of
age. Mixing of bedding until the time of inoculation (five weeks of age) was performed to obtain
comparable microbial status and minimize commensal microbiota biases. Animals were housed
in microisolator cages in a pathogen-free facility and maintained on pelleted rodent chow and
water, ad libitum.

All procedures involving animals were approved by the Institutional Animal Care and

Use Committee of Kansas State University (IACUC# 2805.4).

Bacterial strains and infection of mice
Bacteria were grown overnight in Luria-Bertani (LB) broth at 37°C with shaking, diluted

1:10 with Luria broth, and incubated until ODggo reached 0.6 (approximately 2x108 CFU/ml).
Ten ml of the culture was centrifuged at 3,000 rpm for five min and the resulting pellet
resuspended in an equal volume of phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KClI,
4.3 mM Na;HPOQy, 1.47 mM KH,PO,, pH 7.4).

At five weeks of age, mice were assigned randomly to control (mock infected: five mice)
or infected (15 mice) groups. Prior to surgery and following inoculation, mice were anesthetized
(ketamine 100 mg/kg and xylazine 10 mg/kg given intraperitoneally). In addition, isoflurane gas

was applied via a face mask at 1-3% for maintenance of anesthesia, when necessary. Mice were
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inoculated with wild type C. rodentium DBS120 (kindly provided by Arek Raczynski,
Massachusetts Institute of Technology) via intracecal injection.

Mice were inoculated by direct injection of bacterial culture into the base of cecum. A
midline laparotomy was performed with injection 50 pL containing 1x10” CFU of C. rodentium
(infected) or PBS (control), directly into the base of the cecum. Following the injection, as the
needle was withdrawn from the cecum, a cotton swab was placed over the injection site to absorb
any leakage. A second swab was then placed over the injection site to confirm the cessation of
leakage. The incision site was closed as a double layer: the abdominal muscle layer was closed
using an absorbable suture and the skin layer was closed with wound clips. Animals were
monitored twice daily and when any mouse showed signs of severe discomfort or outward

morbidity, it was euthanized humanely.

Sample collection
C3H mice were euthanized 2, 4, 7, 8, and 10 dpi; SW mice were euthanized 2, 4, 7, 10,

and 14 dpi. Animals were euthanized individually in a CO, chamber, followed by cervical
dislocation. Whole colon was removed aseptically and samples were collected. Tissues from the
border of proximal and distal colon were used for bacterial enumeration. Feces from that area
were collected for bacterial shedding enumeration. Proximal pieces of colon were saved in cold
Ringer solution (120 mM NaCl, 25 mM NaHCO3, 3.3 mM KH,PO,, 0.8 mM K2HPQ,, 1.2 mM
MgCl,, and 1.2 mM CacCl,) containing indometacin (50 uM, Sigma-Aldrich, Saint Louis, MO)
for further transepithelial electrical resistance (Rte) assay. Distal colon samples were fixed in 4%
buffered paraformaldehyde (Fisher Scientific International, Hampton, NH), and then frozen on
dry ice in Optimal Cutting Temperature (OCT) media (Tissue-Tek, Sakura Finetek Europe B.V.,

The Netherlands), and stored at -80°C for immunocytochemistry. For histology distal colon
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samples were incubated in Karnovsky’s fixative overnight. Distal colon tissues were cut into
small pieces and stored in RNA later (Ambion, Inc, Carlsbad, CA) at -80°C for further RNA
extraction. Mesenteric lymph nodes (MLN), liver and spleen were isolated and placed in LB

broth containing 50 pg/ml of kanamycin (Sigma-Aldrich).

Bacterial enumeration

Colonic tissues, fecal pellets, lymph nodes, liver and spleen were homogenized (4710
Ultrasonic homogenizer, Cole Parmer Instruments), serially diluted and plated onto LB agar with
kanamycin (50 pg/ml) for selective growth of C. rodentium. Bacterial colonies were enumerated
the following day. C. rodentium formed small to medium circular, convex, off-white colonies

that allowed distinguishing them from contamination.

Histopathological evaluation, immunocytochemistry and confocal imaging

Paraffin-embedded colonic tissue sections (4 um) stained with hematoxylin and eosin
(Histo Lab, Kansas State University) are examined. Digital pictures were acquired with light
microscope (Nikon Eclipse 600, NY).

Frozen tissues embedded in OCT media were sectioned at 14 um (CM3050S,
Leica,Germany) and dried in slide warmer (Fisher Scientific) for 3 h. Cryosections were
permeabilized in 0.5% TritonX for 30 min, incubated overnight in blocking solution (PBS
containing 5% BSA and 0.1% Tween 20). Slides were incubated overnight with primary
antibodies (Rabbit anti-occludin, Invitrogen, Carlsbad, CA) diluted in blocking solution at a
concentration of 5 pug/ml. Secondary antibodies (10 pg/ml, Goat anti rabbit, Invitrogen), diluted
in blocking solution, were applied for 2 h. Actin and nuclei were visualized by staining with

Alexa fluor phalloidin and DAPI (Invitrogen), respectively, for 40 min. Following staining,
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sections were mounted in FluorSave reagent (Calbiochem, La Jolla, CA) and covered with cover
slips. To assess the specificity of labeling, tissues and bacterial cultures were labeled with
secondary antibodies only, which resulted in a lack of immunofluorescence (data not shown).
Cryosections were viewed by laser-scanning microscopy using similar intensities of red
(555 nm), green (488 nm), and blue (405 nm) laser lights (LSM 700, Carl Zeiss, Goéttingen,
Germany). Transmitted light intensities were recorded and color images were generated by
addition of red, green, and blue images. For each experiment, 8-12 images of planes at various
depths within the sample (z stacks) were acquired. Each z stack integrated 60-90 images with the
resolution 1024x1024 pixels. Virtually superimposed images were obtained using software
provided with the confocal laser scanning microscope (Zen 700, Carl Zeiss). Observations

reported are based on at least three independent observations.

Gene expression studies

RNA was extracted from colon samples using TRIzol Reagent. Briefly, 1 ml of TRIzol
Reagent (Invitrogen) was added to each sample and incubated for five min at room temperature.
Then, chloroform (200 pl) was added, mixture was shaken several times, and centrifuged for 15
min at 12,000 rpm. The clear upper phase was transferred to a new tube, mixed with 500 ul of
ice cold isopropanol, incubated for 10 min at room temperature, and centrifuged for 10 min at
12,000 rpm. The resulting pellet was washed with 75% ice cold ethanol, and resuspended in 50
ul of distilled nuclease free water. The DNase | (amplification grade, Invitrogen) was added to
eliminate any DNA in the sample. Quantitative RT-PCR was performed using SuperScript I11
Platinum SYBR green One-Step qRT-PCR kit (Invitrogen) on a Thermocycler (RealPlex
machine, Eppendorf, Hauppauge, NY). Reverse transcription was completed for 30 mins at 50°C

followed by one min of denaturation at 95°C. PCR amplification was continued for 40 cycles:
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94°C for 15 sec (denaturation), 48-55°C for 30 sec (annealing) and 72°C for 30 sec (extension).
The gene expression study was carried at the mRNA level, where the changes in levels of
expression for protein coding genes were compared. The mRNA expression profiles of C3H and
SW mice were calculated as fold-changes using AAC; method. Target genes for gRT-PCR

analysis, and annealing temperatures are listed in Table 1.

Transepithelial electrical resistance measurement

Transepithelial electrical resistance was measured in modified Ussing flux chambers
(VCC MCS8, Physiological Instruments, San Diego, CA). Colons were opened along their
mesenteric borders, and cleaned with cold (4°C) Ringer solution containing indomethacin.
Tissues were mounted in modified Ussing chambers and bathed in Ringer’s solution containing
10 mM glucose bubbled with 5% CO, and 95% O,. Voltage and current measurements were
acquired and calculated as described (93). To test various experimental hypotheses, monolayers
were exposed to amiloride (10 uM), bumetanide (20 uM), 1-ethyl-2-benzimidazolinone (EBIO-

300 uM) and forskolin (2 uM) (Sigma-Aldrich) as described (124).

Data analysis
All statistical analyses were performed using the statistical software GraphPad Prism

version 5.00 for Windows (GraphPad Sofrware, San Diego, CA) or SAS version 9.2, (SAS,
Cary, NC). Data were presented as means £ SEM, and the level of significance for all tests was
set at P <0.05. Colony counts were log;o transformed, and means and SEs of the mean were
calculated from the log;o values. The Ryg values were averaged for days 2-7. Group comparisons

were made by analysis of variance, followed by Tukey’s test. An analysis of variance, followed
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by an unpaired t-test was performed to compare mean differences in gene expression levels

between C3H and SW mice

Results

C. rodentium induces severe disease in C3H mice, but not in SW mice

C3H mice inoculated with C. rodentium were extremely susceptible to the bacteria and
developed disease leading to 100% mortality by 8 dpi. SW mice developed mild clinical signs
and survived throughout 14 days of study. Bacterial shedding was higher in C3H mice than in
SW mice, but did not depend on the day of study (Fig. 3-1A). Bacterial loads in the colon were
consistently higher in C3H mice up to 7 dpi. Colonic bacterial counts increased more slowly in
SW mice, which were consistent with lower fecal levels immediately following inoculation (Fig.
3-1B). This study revealed that low numbers of bacteria were translocated to mesenteric lymph
nodes (MLN), liver and spleen of infected mice (Fig. 3-1C, 1D and 3-1E). Bacterial numbers
recovered from MLN and liver of C3H mice were higher than SW mice (Fig. 3-1C and 3-1D).
Bacteria were undetectable in spleen of SW mice at 2 and 4 dpi, but were comparable to C3H

mice at 7 dpi (Fig. 3-1E).

Colonic changes in C3H and SW mice inoculated with C. rodentium

Histological changes were consistent with the rates and degree of bacterial colonization
in C3H and SW mouse strains. In C3H mice, colons were thickened and rigid by four dpi, with
fluid and mucus accumulation in the lumen (visual examination, data not shown). In contrast,
colons of SW mice were filled with well-formed stool pellets, and visible changes in morphology

were observed only at 10 dpi (data not shown). In both mouse strains at 2 dpi, bacteria were
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localized superficially, with higher bacterial loads in C3H mice (Fig. 3-2A and 3-2B). At 7 dpi,
C. rodentium loads were extremely high in the lumen and crypts (Fig. 3-2C), and were even
observed in muscularis mucosa of C3H mice (Fig. 3-2E). Hyperplasia was more prominent in
C3H mice, resulting in loss of crypt morphology, high inflammatory cell infiltration of
epithelium, hemorrhages and ulceration at 7 dpi (Fig. 3-2C). In SW mice, the bacteria were
localized primarily on the luminal surface of the epithelia, and the colon had well preserved
tissue morphology with mild hyperplasia and insignificant inflammatory cell infiltration (Fig. 3-

2B and 3-2D).

C. rodentium induces increase in transepithelial electrical resistance in the colon of C3H
mice

A physiological barrier separates the lumen from underlying tissues and is important for
the normal function of the colon. The epithelial monolayer contributes most to the colonic
resistance and gut barrier function. Subepithelial connective, nervous, and muscular tissues do
not significantly contribute to the barrier function. Hence, the transepithelial barrier is measured
as overall transmural resistance (58). In the present study transepithelial electrical resistance was
measured to determine the epithelial integrity after exposure to PBS or C. rodentium. To identify
the changes in the functioning of the epithelial ion channels and transporters, series of treatments
were used: amiloride to block Na* reabsorption via the epithelial Na* channel ENaC; 1-ethyl-2-
benzimidazolinone (EBIO), which activates Ca” sensitive K™ channels (51); forskolin to increase
cytosolic generation of cCAMP, which induces anion secretion; and bumetanide to block the
basolateral cotransporter, NKCC1, which contributes to anion loading for secretion.

This study determined an interesting pattern: the Rtg of the colon of C3H mice inoculated

with C. rodentium was consistently higher (P <0.0001) than these of vehicle-inoculated C3H
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mice, independently of applied treatment. The colonic Rte of SW mice did not change
significantly after C. rodentium inoculation. Overall, the drug treatment did not seem to affect
Rre in inoculated and control mice of both strains. The Rye of the colon of C. rodentium-
inoculated C3H mice was significantly higher (P <0.0001) than that of C.rodentium-inoculated
SW mice, but there were no significant differences in Re between vehicle-inoculated mice of
both strains (Fig. 3-3).

No significant difference in colonic short circuit current (Isc) was observed between C3H
and SW mice and no significant difference was found between the C. rodentium-inoculated and
vehicle-inoculated mice (data not shown). The short-circuit current was lower in the colon of C.
rodentium-inoculated C3H mice compared to vehicle-inoculated at 4 dpi, while there was no
difference observed in SW mice. In C3H mice, the Isc was diminished at the basal state (in the
absence of added amiloride, forskolin, EBIO and bumetanide), as well as after adding exogenous

substances (Fig. 3-4A, 3-4B).

C. rodentium causes more prominent actin and occludin rearrangement in epithelium of
C3H mice

In the colonic epithelia of vehicle-inoculated mice, occludin was primarily localized in
the TJ region, forming reticular pattern at the apical border of the epithelial cells (Fig. 3-5A).
Actin was distributed in the brush border (BB) and along the lateral cell margins in the colonic
epithelium (Fig. 3-5B). In vehicle-inoculated mice, actin and occludin were colocalized at TJs,
as indicated on the virtually superimposed picture (Fig. 3-5C). In C. rodentium-inoculated mice,
occludin was relocalized from TJs to the apical cell membrane, forming punctate attern (Fig. 3-

5D). C. rodentium inoculation induced actin cytoskeleton rearrangement and formation of actin-
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rich pedestals (Fig. 3-5E). Actin pedetals were associated with occludin aggregations, where
occludin was often located at the top of actin pedestal, or laterally from it (Fig. 3-5F).

In accordance to histological changes, the speed and degree of occludin and actin
relocalization was higher in C3H mice than in SW mice. In C3H mice, changes in occludin and
actin distribution were observed as early as 2 dpi (Fig. 3-5G), compared to lack of visible
changes in SW mice (Fig. 3-5H). At 4 dpi, changes in occludin and actin localization were
detected in SW mice (Fig. 3-5J), but these changes were more obvious in C3H mice (Fig. 3-51).
While in C3H mice actin and occludin pedestals formation increased in the surface epithelia and
spread throughout the crypt by 7 dpi (Fig. 3-5K). These changes were less apparent in SW mice,

with little or no pedestal formation in the lower crypt (Fig. 3-5L).

C. rodentium alters gene expression in murine colonic epithelium

Although non-significant, there were differences in gene transcription levels of mucosal
lactoferrin ItIn1, murine cathelicidin-related peptide Cnlp, lectin galactoside-binding protein
Gale4 and transcription promoter FosB between C3H and SW mice at 2 dpi. While levels of
expression of Cnlp and ItIn1 were decreased in C3H mice compared to SW, Gale4 and Fosb
were increased (Fig. 3-6A). At 4 dpi C. rodentium inoculated C3H mice demonstrated increased
expression levels of Nkccl compared to SW mice (P <0.05). C. rodentium infection caused
decrease in expression levels of MRNA encoded for adenosine receptor Adora2b, Slc26a3 (Dra)
and TJ protein claudin-5 in both mouse strains compared to control mice. However, levels of
expression of Adora2b (P <0.01) and claudin-5 genes were higher in C3H than in SW mice,
while levels of expression of Slc26a3 were decreased in C3H mice compared to SW (P <0.05)
(Fig. 3-6B). To further validate these observations we analyzed the expression of genes in

colonic tissues at 7 dpi. The transcription levels of Nkccl, Adora2b, and peroxisome proliferator
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activated receptor y pPary were decreased in C3H mice, compared to SW mice (P <0.05).
Consistent with observations from 2 dpi, the mRNA levels of Cnlp were decreased in C3H mice

(P <0.05) (Fig. 3-6C).

Discussion

Due to ability of C. rodentium to induce hyperplasia in the distal colon of mice, this
murine pathogen has been used to study human diseases with predisposition to colorectal cancer,
such as inflammatory bowel disease (IBD) (71). In the colon of infected mice C. rodentium
produces characteristic to EPEC A/E lesions that feature pedestal formation and loss of
microvilli on the apical surface of the colonic epithelial cell, but causes more severe disease in
mice than EPEC (97) Hence, C. rodentium infection in mice is widely used as an animal model
for EPEC infection, allowing investigation of bacterial virulence mechanisms, as well as host
defense factors that play role in the disease (88, 114).

The aim of this study was to determine morphological and physiological changes in the
colonic epithelium of C. rodentium-inoculated mice. This study revealed the differences in host
epithelial response of highly susceptible C3H and relatively resistant SW mice to murine A/E
pathogen C. rodentium. This study reports that C3H mice exhibit higher bacterial loads, more
severe colonic lesions, disorganized TJs and altered gene expression, and overall develop more
severe disease than SW mice.

Confirming previous work (9, 22, 25, 130), this study determined that C3H mice had
higher bacterial loads in the colon compared to SW mice, while small numbers of C. rodentium
were internalized into colonic epithelium and were able to colonize MLN, liver and spleen of

both mouse strains. The intestinal lesions, including hemorrhage, ulcers, and inflammatory cell
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infiltration were more obvious in C3H mice as well. The delayed increase in number of bacteria
isolated from distant organs of SW mice was consistent with delayed increase of bacterial
numbers isolated from feces and colon, indicating slower infection progression in SW mice.

Epithelial TJs form a continuous barrier at the boundary between the apical and
basolateral membrane domains. In the intestine TJs separate internal and external compartments
of the gut and regulate selective movement of solutes across the epithelium (42, 59). C.
rodentium along with other A/E pathogens such as EPEC, EHEC and rabbit EPEC (REPEC)
forms A/E lesions characterized by recruitment of F-actin and TJ proteins to sites of bacterial
attachment, resulting in formation of actin-rich pedestals (32, 73, 104). Supporting these data, the
current study showed that C. rodentium induced actin polymerization in colonic epithelial cells
of C3H and SW mice, accompanied by formation of occludin aggregations on the top or laterally
from actin-rich pedestals. Actin/occludin pedestal formation was consistent with speed of
bacterial colonization, being evident first in C3H mice. In C3H mice actin and occludin
aggregations were formed over the whole surface of epithelium and crypts, while in SW mice
these aggregations were predominantly formed at the surface epithelia, with lesser extent in
crypts. Remembering that pedestal formation requires direct bacterial attachment (63), and
considering less intense pedestal formation in the colon of SW mice, it can be hypothesized that
these mice have preventive mechanisms, which allow them to reduce bacterial attachment,
especially in crypts.

C. rodentium induces marked decrease of Rrg in in vitro cell cultures (9, 44) and loss of
epithelial barrier function in the colons of infected mice (62), besides disrupting TJs.
Unexpectedly, in this study was observed an increase in colonic Ryg of inoculated C3H mice.

This suggests that observed increase in Ryg could be due to change of certain TJ proteins
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expression and /or due to increase in area occupied by TJs. In the epithelium, as in any 3D
system, Rt and solute flux partially depend on cell geometry. C. rodentium leads to severe
epithelial hyperplasia in colon, increasing the number of cell per crypt 2-3 times more than in
normal tissue (89). It is known, that Rrg in crypts is 3 times higher than in surface epithelia (58).
Thus, the increase in numbers of cells that possess TJs, and form highly resistant epithelia may
be the reason for increase in Rye in the colon of inoculated C3H mice. We hypothesize that the
increase in Rre could also be partially due to the change in expression of claudins in colonic
epithelial cells of C. rodentium-inoculated mice. Supporting this hypothesis, we observed an
increase in expression levels of Cldn5 in C. rodentium-inoculated C3H mice compared to SW.
Previous studies have also demonstrated the role of claudin-5 in increased barrier function and
paracellular sealing (4, 43).

Remarkable occludin redistribution in colonic epithelium was observed in this study.
However, it was not clear until recently whether occludin is functionally important in
maintaining epithelial barrier integrity (148). It has been determined that occludin forms a
selective semi-permeable pore to large molecular weight molecules without contributing to R+te
(3). Hence the increased Rre in C3H colonic epithelium observed in our study is likely to be
occludin-independent. However, occludin disruption may contribute to higher bacterial
translocation into the liver of C. rodentium-inoculated C3H mice.

Diarrhea and subsequent dehydration are the hallmarks of C. rodentium infection in mice.
Initially, increased ionic secretion was suspected as a causative factor of colitis-associated
diarrhea. In fact most inflammatory mediators, such as prostaglandins, platelet-activating factor,
histamine, TNF and IL-1 have secretory effects in vitro. However, colonic epithelial CI

absorption was decreased during EPEC infection (57), and that when combined with increased
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CI secretion, may induce diarrhea. Studies conducted by Borenshtein et al. (20) revealed that
susceptible FVB mice possessed profound downregulation of majority of apical transporters
involved in Na* and CI” absorption, along with upregulation of basolateral transporters, providing
the driving force for chloride secretion. There were also observed increased chloride levels in
feces of susceptible C3H and FVVB mice accompanied by hypochlorinemia (20, 22). In this study
we determined that levels of Slc26a3 were diminished in C3H mice accompanied by
upregulation of expression of Nkccl and Adora2b genes, which may indirectly suggest decreased
absorption and increased secretion of chloride in colonic epithelium of C3H mice. Studies
performed on inflamed colon in vivo, determined that colonic Isc was diminished compared to
non-inflamed specimens (94), suggesting that diarrhea may not be solely caused by excessive
ionic secretion. We observed a reduced Isc response in colonic tissues from C. rodentium-treated
mice compared to vehicle-treated C3H mice. The observed diminished response to amiloride
may be due to attenuated sodium channels; decreased effect of forskolin and EBIO may be due
to C. rodentium-induced upregulation of potassium channels and CFTR. This study we provide
evidence that C. rodentium-induced diarrhea partially occurs due to decreased absorption and
increased secretion of chloride.

The innate immune response has a significant role in the development of C. rodentium
induced diarrhea, by maintaining gut homeostasis, and interfering bacterial colonization. It was
discovered that murine cathelicidin-related antimicrobial peptide, M"CRAMP, encoded by Cnlp
gene, is produced primarily by colon surface epithelial cells has antimicrobial activity against C.
rodentium, and decreases bacterial colonization in mouse colon at early stage of the infection
(75). In this study, the transcript levels for the Cnlp gene were reduced in C3H mice, compared

to increased levels in SW, which may contribute to lesser colonization of this strain and reduced
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colonic inflammation. Interestingly, the transcript levels of ItInl insignificantly increased in SW
mice shortly after inoculation, implying important role of innate immune system in defense
against C. rodentium.

In conclusion, this study demonstrates that C. rodentium induces colonic lesions, disrupts
the epithelial barrier and alters the colonic epithelial gene expression differentially between C3H
and SW mice. This study provides information about changes in the colon epithelium which
occurs in the host in response to C. rodentium and emphasizes the importance of host factors in
the disease progression in susceptible and resistant strains of mice. Disruption of TJs and A/E
lesion formation has been implied as an important factor in C. rodentium pathogenicity.
Additionally, this study suggests that multiple processes in colonic epithelium contribute to
disease outcome. Lesser degrees of pathological changes in SW mice may be due to increased
activity of innate immune defense proteins such as mMCRAMP and ITLN1.Consistent with
previous studies (22), this work suggests that C. rodentium-induced diarrhea in C3H mice may
be caused partially by impaired chloride absorption as a potential result of profound
downregulation of Slc26a3. This study for the first time reports the increase in colonic Rygin C.
rodentium-inoculated C3H mice. Although this result is inconsistent with previous reports (9,
44), the observed increase in Rtg may result from more complex responses to infection in colon
than in cell-culture model. However, the underlying mechanisms of this change in epithelial
barrier function require further investigation. Coordinated changes, such as an increased
inflammation, hyperplasia, reorganization of cytoskeletal and TJ proteins, and changes in gene
expression observed in susceptible C3H mice may provide a basic mechanism for the
development of C. rodentium induced diarrhea in susceptible strains compared to relatively

resistant strains of mice.
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Table 3-1 Genes involved in intestinal ion transport, innate antimicrobial activity, cell-cell

connection and transcription regulation.

Figures and Tables

Gene Primer Primer sequence T Main functions
Mouse GAPDH F49 GGTGAAGGTCGGTGTGAACG/ 48, 52 Reference gene
R281 CTCGCTCCTGGAAGATGGTG and 55°C
Potassium intermediate/small Kenn4d F TCTGCACGCTAGATGTTGT/ .
. . 55°C Potassium ion transport
conductance calcium-activated Kcnn4 R GACAAAGGAGGAAGGCAGTG
channel, subfamily N, member 4
Solute carrier family 12, member 2 | NkcclF CGATGAGCTGGAAAAGGAAC/ 55°C Sodium:potassium: chloride
NkcclR TGTATGCGACCACAGCATCT cotransport
Solute carrier family 15 Slc15a2 F GGATGACAGCCATCAGGTTT/ 55°C Oligopeptide and proton
(H+/peptide transporter), member 2 |"sjc15a2R | TCCTCTTTGCACAGTTCTGTACTC transport
Adora2b F | TGCTCACACAGAGCTCCATC/ B} i
Adenosine A2b receptor 55°C G prc.>te|r-1 coup led receptor
protein signaling pathway
Adora2b R | GTGTCCCAGTGACCAAACCT
Solute carrier family 26, member 3 | Slc26a3 F GGCAAAATGATCGAAGCCATAGG/ 55°C Anion exchanger activity,
Slc26a3R GATGGTCCAGGAATGTCTTGTGATG transport
Cldn 1 (Claudin1) Cldn1 F ACTGTGGATGTCCTGCGTTT/ 55°C Tight junctional protein
Cldnl1R CCAGCAGGATGCCAATTAC
Cldn 5 (Claudin5) Cldn5 F CTGGACCACAACATCGTGAC/ 55°C Tight junctional protein
Cldn5R CAGATTCATACACCTTGCACTG
Cldn7 (Claudin7) Cldn7 F CATGTACAAGGGGCTCTGGA/ 55°C Tight junctional protein
Cldn7R GCTAAGAAGCCCAACACCAG
Cldn 8 (Claudin8) Cldng F TGTCTGCCTTCATCGAAAGT/ 55°C Tight junctional protein
Cldn8 R GACCTTGCACTGCATTCTGA
Aquaporin 1 Agpl F AGCGAAATCAAGAAGAAGCTC/ 48°C Water transport
AgplR CCTCTATTTGGCTTCATCTC
Lectin, galactose binding, soluble 6 | L92Is6 F GTCCAACCTGTTGAAACCAA/ 48°C Carbohydrate recognition
Lgals6 R CCTATGTCCAGATCTGAGC
Peroxisome proliferator-activated Ppar-y F TTGCTGAACGTGAAGCCCATCGAGG 48°C Regulation of fatty acid
receptor gamma Ppar-y R GTCCTTGTAGATCTCCTGGAGCAG storage and glucose
metabolism
Nucleolin NH2 Ncl F ATGGTGAARCTCGCAAAGGCHG/ 48°C Synthesis and maturation of
NcIR CAAAACCCACGGAGAGTC ribosomes
Intelectin Itin-1F ATG ACC CAACTG GGATTC CTG/ 52°C Carbohydrate recognition
Itin-1 R TCA GCG ATA AAACAG AAGCACG
MCRAMP CnlpR CTTCAACCAGCAGTCCCTAGACA/ 52°C Cathelicidin-related
CmlpR TCCAGGTCCAGGAGACGGTA antimicrobial peptide
Galectin-4 GaledF3 CAACCCTCCACAGATGAACACCTT/ 52°C Carbohydrate recognition
GaledR2 TCCAGCGTGTCTACCATTTGGAAT
FBJ osteosarcoma oncogene B Fosb F TTCCTAGTGACACCTGAGAGCTG/ 52°C Regulation of transcription
Fosb R GAACATTGACGCTGAAGGACTAC
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Figure 3-1 Bacterial enumeration in feces, colon MLN, liver and spleen of C3H and SW mice.
Adjusted for day, bacterial loads in feces were higher in C3H mice than in SW mice (P <0.05)
(A). Bacterial numbers colon, MLNs and liver of C3H mice were higher compared to SW mice
(P <0.0001) (B-D). When adjusted for mouse strain, bacterial numbers in feces and MLNs were
higher at 4 and 7 dpi than at 2 dpi (P <0.001); bacterial loads in liver were higher at 7 dpi than on
2 and 4 dpi (P <0.001). Bacteria were undetectable in spleen of SW mice at 2 and 4 dpi and were
not significantly different between C3H and SW mice at 7 dpi (E). N/A — not applicable, N/D —

not determined.
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Figure 3-2 C. rodentium infecton is heavier and leads to more severe colonic hyperplasia in
susceptible mice.

At 2 dpi higher bacterial loads were observed in C3H mice (A) compared to SW mice (B).
Strong mucosal inflammatory response, transmural colitis and blood congestion in C3H mice at
7 dpi (C). Ulceration and migration of bacteria into muscularis mucosa at 7 dpi in C3H mice (E).
Mild to moderate inflammatory response with well preserved tissue morphology in SW mice at 7
dpi (D). Arrowheads indicate high bacterial loads (A), inflammatory cell infiltration ulceration,
and hemorrhage (left to right, C) and bacteria in subepithelial colonic tissues (E).
Magnifications: A-D, x400; E, x600.
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Figure 3-3 C. rodentium infection results in an increase of colonic Rtg of C3H mice.

The colonic Rtg of C. rodentium-inoculated C3H mice significantly increased compared to
vehicle-inoculated C3H and C. rodentium-inoculated SW mice.

Each bar represents combined average from day 2 to 7. ***, P <0.0001
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Figure 3-4. Effects of C. rodentium on transmural colonic short-circuit current (Isc).
Decreased basal short-circuit current responses at 4 dpi in the colon of C. rodentium-inoculated
compared to vehicle-inoculated C3H mice (A). Changes of Isc following treatment with

amiloride, EBIO, forskolin and bumetanide, relative to basal Isc (B).
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Figure 3-5 Redistribution of actin and occludin in the colon of mice inoculated with C.
rodentium.

Normal distribution of actin (B) and occludin (A) in the mouse colon. Merged of A and B (C).
Rearragement of actin (E) and occludin (D) into pedestals on the apical cell surface is well
observed under higher magnification. Merged of D and E (F). Relocalization of occludin from TJ
regions discretely at the apcal surface of colonic epithelial cells at 2 dpi in C3H (G); more
normal occludin distribution in SW mice (H). Occludin reloclization in C3H and SW mice at 4
dpi (I and J respectively). Increase in pedestal formation in C3H (K) and SW (L) mice at 7 dpi.
Actin is seen in red, occludin is seen in green, host cell nuclei are blue.

Arrowheads indicate colocalization of actin and occludin in pedestals.
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Figure 3-6 C. rodentium affects gene expression in murine colon.
Multiple genes were differentially expressed between infected C3H and SW mice at 2, 4 and 7
dpi (A, B and C respectively). The expression of genes was normalized to that of mock-infected

C3H or SW mice. *, P <0.05. **, P <0.01. N/S — not significant.
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Chapter 4 - Conclusion

Diarrheal diseases are a major problem worldwide but studying them can be complicated
due to the lack of an appropriate in vitro or in vivo model. C. rodentium has been shown to
induce pathological changes in epithelial cell cultures and diarrhea in mice, making this
bacterium an ideal model for EPEC infections (97). Current research has been focused to identify
bacterial virulence factors and host systems that contribute to the degree of severity of infection
(23, 24, 36, 47, 134, 146). Innate and adaptive immunity, colonic secretion and absorption, and
intestinal microbiota play an important role in the outcome of C. rodentium infection.

Recently published work revealed that transfer of microflora of resistant C57BL/6 to
susceptible C3H/HeOuJ mice prior to infection fully protects the latter from fatal outcome. (55).
Additionally, the Cril, a locus controlling mortality during C. rodentium infection in mice was
characterized. The transfer of this locus from resistant C57BL/6 to susceptible C3H/HeOuJ mice
has been shown to decrease mortality (40). These studies indicate relevance of C. rodentium as a
model organism for colonic inflammatory diseases, and support the relevance of research
directed towards revealing mechanisms of EPEC-induced diarrhea.

The goals of the current work were to evaluate a Ptk6 cell line as a new in vitro model for
EPEC and EHEC infection, and to compare the changes that occur in the colon of susceptible
and resistant mouse strains following intracecal inoculation with C. rodentium.

A unique Ptk6 conditionally immortalized cell line was used to evaluate C. rodentium-
induced changes in the colonic epithelium in vitro. Ptk6 is a unique murine colonic cell line,
which forms a polarized monolayer and exhibits a high Rtg when grown on Transwells (141).
This study determined that C. rodentium attached to the Ptk6é monolayers and induced the

effacement of microvilli. Bacterial exposure induced loss of barrier properties of the monolayer,
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characterized by decrease of Rtg and increased flux of macromolecules. Gene expression assays
indicated potential dysregulation of ion transport, and an increased transcription of genes
encoding for innate immunity factors. This study revealed that C. rodentium- associated changes
in Ptk6 cell culture resemble those occurring in vivo leading to the conclusion that the Ptk6 cell
line can be an ideal in vitro model for C. rodentium infection. Ptk6 cell line has a unique
capability to differentiate in to absorptive, goblet and neuriendocrine cells forming organoids
when grown under specific conditions (141). Thus, future research can utilize this cell line to
study the effect of C. rodentium on various cells that are present in the colonic epithelium.

In vivo studies attempted to compare C. rodentium-induced changes in the colonic
epithelium of susceptible and resistant strains of mice. Bacteria were inoculated directly into the
cecum, the part of the intestine in which C. rodentium colonizes first. As it has been reported
previously (22, 130), C3H mice developed more severe clinical signs and tissue pathology than
SW mice. We observed more significant disruption of epithelial morphology and function in
C3H mice. These changes included the disturbance of cell cytoskeleton and occludin and
changes in the expression of genes whose products are involved in the ion transport and in innate
immune responses. Perhaps the most striking observation was the increase of colonic Ryg of C.
rodentium-inoculated C3H mice, which may be associated with an increased area of tight
epithelium. However, more studies need to be completed to identify underlying mechanisms to
account for the R t¢ increase. This study extends current knowledge regarding C. rodentium
pathogenesis and suggests that a cumulative effect of multiple mechanisms may result in severe
diarrhea and lead to death of susceptible mice.

In summary, it has been more than a decade since C. rodentium was recognized as a

model pathogen for human colonic inflammatory diseases such as inflammatory bowel disease
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(1IBD) and EPEC infection. Importantly, C. rodentium-induced diarrhea is multi-factorial and
therefore it is necessary to understand the relationship between different changes that occur in
the intestine after the infection such as the relationship between inflammation, secretion,
absorption and TJs. The establishment of a new cell culture model could be a good starting point
to for studying C. rodentium pathogenesis, while in vivo studies on various mouse models should
be used to determine multiple bacterial and host factors involved in disease progression to

provide insight on intestinal physiology and approaches for management of diarrhea.
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