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The Myriad Ways Enteropathogenic
Escherichia coli (EPEC) Alters Tight
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Abstract Enteropathogenic Escherichia coli (EPEC) is considered one of the most
important enteric pathogens infecting children and one of the main causes of diar-
rhea worldwide. EPEC uses a type 3 secretion system (T3SS) to inject effector
proteins into host intestinal epithelial cells, causing diarrhea. Through a coordinated
action of virulence factors, EPEC translocates effectors into host cells, resulting in
the perturbation of cellular structures and functions by altering cell signaling path-
ways. Epithelial cells are held together by apical junctional complexes, including
tight junctions (TJs), adherens junctions (AJs), and desmosomes. TJs contribute to
the establishment of barrier function and maintenance of apico-basal cell polarity.
TJ integrity relies on several cell structures and functions including the actin cyto-
skeleton, microtubule networks, membrane integrity, inflammation, and cell sur-
vival. EPEC perturbs TJ structure and function, leading to impairment of the
intestinal barrier. This chapter summarizes the various mechanisms employed by
EPEC that contribute to TJ disruption.
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Introduction

Historically, enteropathogenic Escherichia coli (EPEC) has been considered an
important cause of infantile diarrhea in developing countries. EPEC, however, are
divided into typical and atypical strains. Typical EPEC expresses bundle-forming
pili (BFP) encoded on the E. coli adherence factor plasmid (EAF). These structures
allow for microcolony formation and enhanced efficiency of T3SS effector delivery
into host cells via BFP retraction [1]. Atypical EPEC now accounts for ~95% of
isolated clinical EPEC strains [2]. Atypical EPEC causes diarrhea not only in chil-
dren but also in adults. Interestingly, up to 22% of healthy asymptomatic individuals
test positive for EPEC by multiplex PCR assays [2—4]. Most of the studies regarding
the effect of EPEC on tight junctions have used typical EPEC strains, most notably
E2348/69. Therefore, the information presented here concerns typical EPEC.
EPEC adheres to the apical surface of host intestinal epithelial cells and produce
attaching and effacing (A/E) lesions, characterized by intimate attachment and the
loss of microvilli [5, 6]. The factors responsible for A/E lesion formation are
encoded by a 35-kilobase pathogenicity island called the locus of enterocyte efface-
ment (LEE) [7, 8]. The LEE encodes both the T3SS and bacterial effector proteins
it delivers into host cells. The molecular structure of the T3SS shows that EspB and
EspD form a pore in the host membrane and EspA forms a hollow filamentous
structure that assembles as a physical bridge between bacteria and the host cell sur-
face, allowing the translocation of EPEC effectors into host cells [9, 10]. LEE
EPEC-secreted effector proteins, including translocated intimin receptor (Tir),
EspF, EspG, EspH, mitochondrial-associated protein (Map), among others, inter-
fere with a variety of host cells functions. EPEC also uses effectors encoded outside
of LEE, known as non-LEE-encoded effectors such as NleA, NleB, NleC, NleH,
EspG2, EspM, and EspT, among others. The synergistic effects of effectors, either
encoded inside or outside of LEE, contribute to EPEC pathogenesis [11-15].

Molecular Structure and Function of Epithelial
Tight Junctions

Tight junctions (TJs) are part of the cell-cell adhesion complex localized to the most
apical portion of the lateral membrane of epithelial cells. Ultrathin-section electron
microscopy reveals that TJs are discrete membrane fusions, involving the outer leaf-
let of the plasma membrane of adjacent cells sealing the intercellular space in epi-
thelial and endothelial cellular sheets [16]. Freeze-fracture electron microscopy
shows that TJs are a set of continuous intramembranous particle strands composed
of integral membrane proteins [17, 18]. TJ strands contribute to the establishment of
a permeable-selective barrier for charged ions and uncharged solutes through the
paracellular space [19, 20]. TJs are also involved in creating and establishing apical
and basolateral membrane domains, inhibiting the free movement of proteins and
lipids through the different membrane surfaces [21].
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At the molecular level, TJs consist of transmembrane cell-cell adhesion mole-
cules located between cells in epithelial sheets (occludin, claudins, tricelulin, JAMs,
CAR, etc.), and scaffold submembrane proteins (ZO-1, —2, —3, cingulin, paracin-
gulin, MAGI-1-3, MUPPI-1, etc.), associated with integral TJ membrane proteins
through multiple interactions. In this chapter, we briefly describe the adhesion pro-
teins involved in regulating barrier function that are targeted by EPEC.

Occludin was the first transmembrane TJ protein identified [22-24]. Although
occludin appears to not be involved in TJ strand formation or in intestinal barrier
function, occludin-deficient mice show histological abnormalities in several tissues
[24]. The claudin family of proteins is composed of 27 four-transmembrane domain
proteins and constitutes the backbone of TJ strands [25-27]. Intracellular interac-
tions between claudins create the paracellular barrier and/or channels with specific
characteristics that define TJ function [28-33]. Tricellulin is a transmembrane pro-
tein preferentially localized at the vertically oriented TJs of tricellular contacts.
Tricellulin has been reported to be critical in the formation of the epithelial barrier
and the organization of bi- and tricellular TJ contacts [34]. Junctional adhesion mol-
ecules (JAMs) are single-span TJ membrane proteins. JAM proteins contain immu-
noglobulin (Ig)-like ectodomains and are found in epithelial cells, endothelial cells,
leukocytes, and myocytes. JAM-A has been reported to coordinate TJ development
and epithelial polarity [35, 36].

The TJ scaffold proteins ZO-1, ZO-2, and ZO-3 are multidomain proteins that
belong to the membrane-associated guanylate kinase homologs (MAGUKSs) con-
sisting of PDZ, SH3, and enzymatically inactive guanylate kinase (GUK) domains
[37-39]. ZO-1 and ZO-2 are required for TJ strand assembly and epithelial polarity
[36, 40]. Cingulin is a coil-coiled domain peripheral membrane protein that binds
directly to ZO-1 [41, 42]. Cingulin is involved in the recruitment of GTPase regula-
tory proteins to TJs; its phosphorylation promotes the junctional association of
microtubules [43—45]. Cingulin has also been reported to regulate gene expression
and cell proliferation [46, 47]. Afadin is localized at both TJ and AJs and has a criti-
cal role in the early polarization of the apical junctional complex [48, 49]. MAGI
(membrane-associated guanylate kinase inverted-1 and 3) and MPDZ (multiple
PDZ domain protein, MUPPI-1) are PDZ domain scaffolding proteins that interact
with a large number of TJ proteins [50-52]. MAGI-3 has been implicated in the
regulation and phosphorylation of the JNK signaling pathway [53]. Although there
is vast evidence regarding its numerous protein interactions, the role of these mul-
tiple PDZ molecules in TJ physiology is yet not clear.

Impact of EPEC Effectors on TJs

TJs are dynamic structures under normal physiological conditions and are altered in
a variety of disease states. Infection with microorganisms, such as bacteria, viruses,
parasites, and bacterial toxins, can disrupt TJ barrier. Increased intestinal TJ perme-
ability may contribute to diarrhea and to inflammatory responses. EPEC perturbs
intestinal epithelial cell (IEC) function as demonstrated by increased permeability
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to ions and solutes and loss of transepithelial electrical resistance (TEER), a con-
ventional barrier assessment used to detect changes in paracellular barrier proper-
ties. These changes are associated with the redistribution of TJ proteins. EPEC
effectors cause such changes by activating a variety signaling pathways that induce
cytoskeletal rearrangements that impact the localization and functionality of
membrane-associated proteins (e.g., adhesion components, cotransporters, chan-
nels, microtubules, polarity complexes, etc.). In this chapter, we focus only on the
EPEC effectors that play an important role in the disruption of TJs.

In vivo and in vitro studies show that EPEC changes the localization of TJ pro-
teins and perturbs intestinal barrier function. EPEC infection diminishes ileal and
colonic mucosal barrier function in murine models and augments paracellular per-
meability demonstrated by the ability of the molecular tracer biotin to traverse the
intestinal epithelium into the lamina propria. These changes correlate with the redis-
tribution of occludin, claudin-1, and ZO-1 from cell-cell contacts into cytoplasm
[54-56]. Citrobacter rodentium, an A/E-inducing pathogen of mice, has similar
pathogenic mechanisms as EPEC and shows the redistribution of claudin-1, clau-
din-3, and claudin-5 requires EspF [57]. In vitro, EPEC effectors exert synergistic
effects to increase intestinal permeability, redistribute TJ proteins, and alter trans-
port functions [58—61].

Tir is delivered into the plasma membrane of host cells by the T3SS and serves
as a receptor for the EPEC outer membrane adhesion protein, intimin, a bacterial
surface adhesion encoded by the eae gene housed in the LEE pathogenicity island
[11]. Initial Tir/intimin binding promotes intimate EPEC adhesion to host cells and
A/E lesion formation. A/E lesions are characterized by effacement of microvilli in
the area of attached EPEC and a dense concentration of actin microfilaments beneath
intimately attached bacteria [6]. EPEC infection stimulates the production of inosi-
tol phosphates such as PI(4,5)P, and PI (3,4,5)P;, which accumulate beneath EPEC
microcolonies and are required for EPEC adherence to the host cell surface and
actin pedestal development in a Tir-dependent manner [62—69].

Tir is phosphorylated at its COOH-terminus by host tyrosine kinases [70, 71]. Tir
phosphorylation (Y474) facilitates binding to the SH2 domain of Nck, a host adap-
tor molecule, and the activation of Neural Wiskott-Aldrich syndrome protein
(N-WASP) and Arp2/3 actin-nucleation complex, promoting reorganization of the
host cytoskeleton leading to the formation EPEC pedestals [72—77]. The NH-2 ter-
minus of Tir binds to cytoskeletal components found within pedestals, such as
a-actinin, talin, vinculin, and ezrin [73, 78-82]. Additionally, Tir interacts with and
recruits components of intermediate filaments (IF), CK8 and CK18, to pedestals
[83]. EPEC effectors also redistribute TJ proteins to these structures. N-WASP acti-
vation triggered by Tir/intimin binding contributes to the recruitment of ZO-1 to
EPEC pedestals via its proline-rich region (PRR) [84]. These findings suggest that
Tir promotes the local accumulation of inositol phosphates beneath EPEC pedestals
and, through its protein-protein interactions, stabilizes pedestals by anchoring
EPEC to the cytoskeleton of host cells. The recruitment of TJ proteins mediated by
Tir to pedestals may be an important step to indirectly destabilize the structure and
function of TJs.
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EPEC effectors cooperate in a coordinated manner to cause TJ disruption. For
example, Tir and intimin interactions play a crucial role in mediating EPEC intesti-
nal epithelial TJ disruption [85, 86]. Infection of intestinal cell monolayers with a
tir deletion strain does not alter TEER, suggesting that the Tir/intimin interaction is
needed for attachment and delivery of EPEC effectors into host cells that ultimately
impact permeability. In addition, EPEC alters the distribution of f1-integrin, which
is typically restricted to the basolateral membrane. Interestingly, the apical position-
ing of f1-integrin from the basal domain upon EPEC infection allows it to interact
with Tir, substituting for the natural EPEC ligand intimin. The interaction of
Bl-integrin with Tir results in impaired barrier function [85]. However, EPEC-
mediated loss of TEER does not require Tir as expression of intimin alone can
induce intestinal barrier dysfunction and remove occludin from TJs. The absence of
Tir, however, does not prevent the delivery of Map or EspF effectors into host cells,
two well-known effectors associated with TJ disruption [59, 60, 87, 88]. These data
suggest that both Tir and intimin are required to initiate the downstream signals that
perturb TJs function, and that intimin, probably by interacting with host cell pro-
teins, contributes to the ability of EPEC effectors to disrupt intestinal barrier func-
tion in a Tir-independent manner.

EspF has multiple functions in host cells including nucleoli disruption, multi-
nucleation, and cell hypertrophy [89, 90]. The NH-2 region of EspF functions as a
mitochondrial targeting signal (MTS) that targets host cell mitochondria and induces
cell death [91-94]. The COOH-terminus of EspF contains binding sites for the SH3
domain of the endocytic modulator sorting nexin 9 (SNX9) through its RxAPxxP
motif [95, 96]. EspF also interacts with SNX18 and SNX33, and WIPF1 (WAS/
WASL interacting protein family member 1) proteins [97]. EspF possesses
N-WASP-binding sites and directly stimulates the actin-polymerizing activity of
N-WASP [96, 98]. EspF from rabbit EPEC (REPEC) associates with N-WASP and
Arp2/3 and recruits ZO-1, ZO-2, occludin, and claudins to actin-pedestals, promot-
ing pedestal biogenesis [99]. In addition, EspF induces the sequential removal of
Z0-1 and afadin from cell-cell contacts with relocalization to actin-pedestals, driv-
ing pedestal maturation [100]. Recent evidence demonstrates that EspF, through its
binding partners SNX9 and N-WASP, promotes the redistribution of ZO-1 and
Z0-2 from TIs to actin-pedestals [101]. Interestingly, although mutations in neither
SNX9- or N-WASP-binding domains of EspF affect EPEC actin-pedestal forma-
tion, the binding of EspF to SNX9 alone is sufficient to contribute to the actin-
pedestal organization and increased colocalization of aPKCC and F-actin in those
structures [101, 102].

The essential role of EspF in EPEC pathogenesis has been demonstrated.
Infection of mice with an EPEC strain deficient of espF has no effect on barrier
function or on ileal TJ morphology. Only minor alterations of colonic TJ structure
are seen at 1-day postinfection, but these defects disappear at later times postinfec-
tion [54]. In polarized intestinal epithelial cell culture monolayers, delivery of EspF
correlates with a decrease in TEER, increased intestinal permeability, and redistri-
bution of occludin [103]. Although the mechanisms by which EspF perturbs TJs are
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still unknown, data suggest that the EspF chaperone CesF plays a crucial role in the
disruption of intestinal epithelial barrier function [104, 105].

Although EPEC is characterized as a noninvasive pathogen, EPEC utilizes mem-
brane microdomains (lipid rafts) of the host cell to invade IECs, leading to the dis-
ruption of TJ structure, altered composition of TJ proteins associated with lipid
raft-membrane fractions, and a drastic drop in TEER [96, 106, 107]. EPEC invasion
has been reported to be dependent on EspF, which accumulates in patches at the cell
surface and colocalizes with clathrin. EspF interacts with SNX9, causing the forma-
tion of elongated plasma membrane tubules, as well as the internalization of EPEC
into IECs [96, 107]. Recent evidence shows that EPEC prompts the recruitment of
clathrin and AP2, early (Rab5a, Rab7, and EEA1) and recycling (Rab4a, Rabl1a,
Rab11b, FIP2, Myo5b) endocytic proteins, to the sites of bacterial attachment [97,
108]. Additionally, transferrin receptor (TfR), f1-integrin, Exo70, a major compo-
nent of the exocyst complex, and the basolateral protein VAMP?3, involved in dock-
ing and fusion vesicles containing basolateral cargo, and aquaporins (AQPs), are
also recruited to pedestals. The recruitment of these proteins to sites of infection
correlates with increased endocytosis, recycling, and transcytosis to the infected
plasma membrane [97, 108]. The movement of endosomes and associated endocytic
proteins in polarized epithelial cells depend on EspF. SNX9 is recruited to clathrin-
coated pits and, in conjunction with N-WASP and associated proteins (dynamin,
Arp2/3 and AP2), promotes the endocytosis and recycling of plasma membrane
proteins [96, 97, 109-113]. For example, Crumbs3 (Crb3), a polarity protein, is
internalized via Rab5 vesicles and it is driven to the lysosome compartment in an
EspF- and dynamin-dependent endocytic process. The association of EspF with
SNXO causes displacement of Crb3 from the membrane surface to the cytoplasm
[114]. EspF/SNXO9 interaction also alters the localization of occludin, ZO-1, and
JAM-A/Ser285, a crucial phosphorylation step for TJ assembly. Ablation of the
EspF/SNX9 interaction or mutations in the SNX9- and N-WASP-binding sites
restore the junctional localization of these TJ proteins [35, 101, 102, 114].

Several studies have independently demonstrated EspF binding to SNX9 and
N-WASP and their impact on TJs. An espF-SNX9-binding-deficient mutant strain
disrupts barrier function in polarized T84 cells but does not alter the membrane
localization of occludin, suggesting that this interaction may be dispensable for
EPEC-induced junction disruption [96]. However, recent studies have shown that
although mutations in either the SNX9- or N-WASP-binding domain of EspF, or an
espF mutant, failed to bind SNX9, both attenuated EPEC-induced TJ disruption and
do not alter the junctional localization of occludin in infected cells [101, 102]. The
discrepancy in these data suggests that redundancy in sorting nexin proteins in
colon cancer cell lines may influence the impact of EPEC on barrier function. The
ability of EspF to bind both SNX9 and N-WASP is important, however, for the full
effects of EPEC on intestinal permeability.

EspF also regulates the expression of TJ proteins through transcriptional and
posttranslational mechanisms. Ectopic expression of EspF disrupts TJ integrity and
prevents the recruitment of occludin, claudin-1, and — 4 and ZO-1 into TJs during
junction assembly, leading to their cytoplasmic accumulation and eventual removal
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by lysosomes [115]. These data suggest that EspF promotes EPEC invasion of IECs,
regulates the transcription of TJ proteins, and induces endocytosis, recycling, and
trafficking of vesicles destined for the basolateral membrane to the apical sites of
bacterial attachment. This may contribute to EPEC attachment and subsequent
microcolony growth.

Besides its role in TJ perturbation, EspF dismantles IF architecture although
other secreted proteins may be involved. EPEC infection increases the solubility of
CK18, a component of IF cytoskeleton, and promotes its binding with the adaptor
protein 14-3-3( in infected cells. EspF interacts with host cell protein CK18 and it
has been suggested that EspF forms a complex with CK18 and 14-3-3( during
EPEC infection [116].

Map is a203 amino acid protein that contains a mitochondrial-targeting sequence
that directs it to mitochondria, causing dysfunction [117, 118]. Map also possesses
a WxxxE motif that induces filopodia formation through the activation of Cdc42,
functioning as a GEF [14, 119, 120]. A functional PDZ ligand, the TRL motif, at the
COOH-terminus, is also involved in filopodia formation and remodeling and elon-
gation of the brush border in infected cells [119, 121]. This motif allows Map to
interact with the host cell protein NHERF. During EPEC infection, NHERF1 is
recruited to sites of bacterial attachment colocalizing with ezrin, which is activated
by EPEC, resulting in altered barrier function [121, 122]. The binding of NHERF1
to ezrin functions as a molecular scaffold that links Map to the actin cytoskeleton.
This interaction assembles a positive feedback loop that amplifies Cdc4?2 signaling
within membrane microdomains [123].

Map has been shown to play a major role in disruption of intestinal barrier func-
tion as map deletion strains have less impact on both TEER and loss of occludin
from cell junctions. Although the mechanisms by which Map disrupts TJs are not
known, it likely occurs through modulation of the actin cytoskeleton. Map cooper-
ates with EspF to mediate TJ disruption [88]. Epithelial cells constitutively express-
ing EspF and Map have been used to elucidate the role of these effectors on TJs.
Ectopic expression of Map increases epithelial permeability and prevents junctional
recruitment of TJ proteins, ZO-1, occludin, claudin-1, and claudin-4 into TJs during
de novo TJ assembly. In addition, expression of EspF and Map downregulates the
expression of claudin-1, claudin-4, and occludin and inhibits their junctional recruit-
ment, leading to depletion at the plasma membrane. Interestingly, Map significantly
downregulates the transcription of claudin-1. Map interacts with all isoforms of
nonmuscle myosin II and actin, and EspF binds to ZO-1 and actin [115]. These data
suggest that these EPEC effectors regulate TJs by interacting with cytoskeletal pro-
teins and regulating contractility of the actomyosin cytoskeleton.

EspG is an EPEC effector with multiple functions. EspG binds to host ADP-
ribosylation factor (ARF), p21-activated kinases (PAKs), and Rac/Cdc42-binding
domain of PAK1, all important regulators of the actin cytoskeleton and cell motility
[124-126]. Recent findings indicate that EspG, via binding to ARF and PAK, plays
an essential role in EPEC attachment and pedestal formation in host cells [127,
128]. EPEC activates Rac and Cdc42 RhoA GTPases in an EspG-dependent man-
ner. EPEC promotes the activation of Rho GTPases by recruiting Fabrin, a host
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Cdc42-specific GEF and important regulator of the actin cytoskeleton, to actin-
pedestals [128, 129]. PAK activation, pedestal formation, and bacterial attachment
are reduced in Fabrin-deficient cells. EspG localizes to actin-pedestals via Arf6
binding. The recruitment of Fabrin to sites of EPEC attachment depends on EspG
and requires the enrichment of PIP2 and host ARF6 [128]. These data suggest that
EspG contributes to pedestal biogenesis by binding and activating cellular GTPases
required for actin pedestal formation.

It has been demonstrated that microtubule (MT) networks contribute to TJ main-
tenance. Disruption of MT prevents the movement of occludin-containing vesicles
to the plasma membrane and leads to a disruption of cell barrier function [130, 131].
In addition, disruption of MT or loss of myosin IIA and B results in impaired TJ
function [132]. EspG and its homolog Orf3 (EspG2) cause progressive fragmenta-
tion and loss of the MT network and induction of stress fibers formation, which
impact intestinal barrier function [133-138]. EspG and Orf3 induce disruption of
the MT network beneath adherent bacteria by direct association with tubulins, stim-
ulating MT destabilization. The regulation of MT disassembly is mediated by acti-
vation of the RhoA/ROCK signaling pathway, which enhances myosin contractility
and actin stress fiber formation [139-141]. EPEC activates RhoA in an EspG- or
EspG2-dependent manner [133, 134]. GEF-H1, a RhoA-specific guanine nucleo-
tide exchange factor, binds to MT in its inactive form and switches to an active form
when released from MT. [142] Interestingly, both EspG and Orf3 release GEF-H1
from the cytoskeleton into the cytosol, possibly increasing its activity. EPEC-
induced actin stress fiber formation is prevented by expression of dominant-negative
form of GEF-H1 and RhoA and by ROCK inhibition, suggesting that EspG and
Orf3 disrupt MT integrity, triggering activation of the RhoA-ROCK signaling path-
way via GEF-H1 activity [133]. EspG1/G2 causes the progressive movement of
occludin, claudin-1, and ZO-1 away from the membrane into the cytosol and reduces
the expression of tricellulin, leading to epithelial barrier disruption [134, 135, 139,
143]. Interestingly, EspG1/G2 regulates size-selective paracellular permeability
without altering the TJ architecture during EPEC infection in MDCK monolayers
[134]. In contrast, in polarized intestinal epithelial cells, depletion of espGI1/G2
induces a gradual loss of TEER and eradication of EPEC with gentamicin promotes
barrier function recovery [138]. These data suggest that the effects of EspG1/G2 on
MT delay the recovery of TJs damaged by EPEC infection, thus perpetuating the
loss of barrier function. In addition to its effect on MT and TJ disruption, EspG also
contributes to the arrest of vesicle trafficking and blocks the recycling of vesicle
cargo to the cell surface [144, 145].

EspH is translocated into host cells by the T3SS and localizes beneath EPEC
microcolonies. EspH decreases filopodia formation, disrupts stress fibers, and mod-
ulates pedestal formation and pedestal elongation during EPEC infection, suggest-
ing its potential function in modulating actin dynamics [15, 146]. EspH associates
with the plasma membrane of host cells and causes disruption of filamentous actin
structures. EspH binds directly to the guanine nucleotide exchange factor for Rho,
p115RhoGEF. This binding prevents Rho activation, thereby inhibiting downstream
Rho signaling and actin cytoskeleton dynamics [147]. Recently, it was found that
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EspH cooperates with Tir to promote actin polymerization at the bacterial attach-
ment sites. EspH then promotes the recruitment of N-WASP and Arp2/3 to bacterial
attachment sites via a mechanism involving the COOH-terminus of Tir and the
WHI1 domain of N-WASP [146]. Additionally, WASP-interacting protein (WIP),
which binds the N-WASP WH1 domain, is crucial in EspH-mediated actin polym-
erization. EspH induces the colocalization of Tir, WIP, and N-WASP at actin-rich
structures. These data suggest that Tir- and EspH-mediated actin signaling path-
ways contribute to pedestal biogenesis.

Interestingly, EPEC controls Rho GTPase activity by translocating one effector
to inactivate mammalian RhoGEFs and replacing them with bacterial RhoGEFs that
promote cell survival. EspH induces focal adhesion disassembly, cell detachment,
and induces cytotoxicity. EPEC translocates EspH, which inactivates mammalian
RhoGEFs, and, at the same time, translocates the bacterial RhoGEFs, EspM2, and
EspT, which inhibit the EspH-induced focal adhesion disassembly, cell adhesion,
and survival [148]. Furthermore, EspH perturbs desmosomes structures, which are
intercellular junctions that are connected to IF components of the cytoskeleton. It
has been reported that desmosomal proteins, desmoglein, desmocollin, and desmo-
plakin, as well as desmosome morphology, are unaltered during EPEC infection
[149]. However, recent evidence demonstrates that EPEC induces a dramatic sepa-
ration of apposing lateral membranes of adjacent cells by perturbing desmosomes,
compromising cell-cell adhesion and barrier function of IECs. The EPEC effector
EspH is responsible for these changes [150]. EspH inhibits RhoA GTPase, resulting
in actin depolymerization, in turn perturbing IF stability and ultimately leading to
destabilization of desmosomes and desmoglein-2 (DSG2) downregulation. EspH
induces DSG2 redistribution and subsequent degradation within lysosomes. These
changes precede the loss of occludin from cell-cell contacts [150]. EspH-induced
DSG?2 loss and desmosomal perturbation compromise epithelial monolayer integ-
rity, leading to loss of epithelial barrier function.

NleA effector (non-LEE-encoded effector A) binds and inhibits mammalian
COPII through direct interaction with the COPII component Sec24 [151]. COPII is
a protein complex that mediates the packaging and trafficking of proteins in the
endoplasmic reticulum (ER). NleA inhibits protein secretion from the ER to the
Golgi by direct interaction with Sec24. NleA increases intestinal permeability by
disrupting occludin and ZO-1 from cell-cell contacts [152]. Knockdown of COPII
components in epithelial cells is sufficient to disrupt TJ-associated occludin and
Z0-1, suggesting that NleA inhibits the transport of newly synthesized TJ proteins,
thus disrupting the barrier. Murine models infected with C. rodentium show that
NleA mutants unable to bind Sec24 have normal TJs and their fecal water content is
similar to that of uninfected mice [153]. Therefore, NleA and its interaction with
components of the COPII complex promotes TJ disassembly and diarrhea in
murine models.

EspM is an effector harboring WxxxE motifs, thereby possessing the ability to
modulate actin cytoskeleton dynamics [154, 155]. EspM induces the formation of
actin pedestals and stress fibers that are linked to the plasma membrane through
focal adhesions. Actin stress fiber formation is regulated by the GTP-binding
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protein RhoA. Infection of cells expressing RhoAN", a mutant that inhibits activa-
tion of the small GTPases, leads to the formation of typical actin-rich pedestals, but
there is a mark reduction in formation of stress fibers, suggesting that formation of
stress fibers by EspM is RhoA-dependent [154, 155]. Additionally, EspM increases
the phosphorylation of cofilin, a protein that binds actin filaments, and is a down-
stream ROCK target, suggesting that EspM regulates stress fiber formation through
RhoA-ROCK-cofilin signaling. EspM has also been demonstrated to be an impor-
tant modulator of pedestal formation. Ablation of both espMI and espM?2 induces
highly developed actin pedestals, whereas those induced by the wild-type strain
were poorly developed [156]. Importantly, EspM causes dramatic changes in TJ
architecture in infected polarized monolayers. In addition, cells infected with EPEC
expressing EspM2 show disruption of ZO-1 from TJs to the apical and basolateral
membrane surface but without a reduction in barrier function.

EPEC Perturbs Cytoskeletal Networks and Adhesion
Complexes Affecting Barrier Function

EPEC Infection Stimulates Contraction of the Actomyosin
Perijunctional Ring

TJ permeability is regulated in part by contraction of the perijunctional actomyosin
ring, leading to decreased TEER [157]. Phosphorylation of myosin light chain
(MLC) stimulates contraction of the actomyosin ring, thereby increasing TJ perme-
ability. EPEC infection enhances the phosphorylation of MLC and its association
with the cytoskeleton [158—161]. MLC is distributed between cytosolic and cyto-
skeletal cell fractions; its association with the cytoskeleton increases with the dura-
tion of EPEC infection. Analysis of phosphopeptide mapping indicates that MLC is
phosphorylated at different sites, strongly suggesting that PKC and MLC kinase
(MLCK) are involved in MLC phosphorylation in response to EPEC infection
[160]. PKC activators or ectopic expression of the catalytic domain of MLCK
increase MLC phosphorylation in a manner similar to levels observed during EPEC
infection [162, 163]. Phosphorylation of MLC by MLCK is associated with
increased intestinal TJ permeability during EPEC infection [161]. Inhibition of
MLCK with ML-7/9 pretreatment, or a membrane-permeant inhibitor of MLCK
(PIK), or the neuropeptide vasoactive intestinal peptide (VIP), which regulates epi-
thelial paracellular permeability, decreases intracellular MLC phosphorylation, pre-
vents the redistribution of occludin, claudin-3, and ZO-1, and ameliorates
EPEC-induced disruption of the colonic epithelial barrier [161, 164—166]. These
data suggest that ML.C phosphorylation by MLCK is involved in the perturbation of
TJs by EPEC.
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EPEC Disrupts AJs by Activation of PKCa

Als are linked to the actin cytoskeleton through f and a-catenins. EPEC dissociates
-catenin from the membrane and moves it to the cytosol, thus increasing intestinal
epithelial paracellular permeability [167]. EPEC phosphorylates PKCa, which
induces its association with E-cadherin, thus dissociating the E-cadherin/p-catenin
complex [167, 168]. Expression of dominant-negative PKC or treatment with a
PKCa-inhibitory peptide blocks these effects. Therefore, targeting of AJs by EPEC
may undermine the integrity of intestinal epithelial barrier function [167].

EPEC Alters the Phosphorylation State of Adhesion
and Cytoskeleton Molecules

Phosphorylation of occludin is required for its association with TJ complex. EPEC
induces a progressive decrease in occludin phosphorylation, correlating with an
increase in the nonphosphorylated form and its subsequent dissociation from TJs.
These changes correlate with a leaky intestinal barrier [87]. Inhibition of serine/
threonine phosphatases prevents EPEC-induced changes in both occludin and
TEER, implicating their involvement in the regulation of TJs. EPEC promotes the
accumulation of ezrin in A/E lesions, increasing its activity and association with the
actin cytoskeleton by promoting ezrin phosphorylation [122]. Ezrin belongs to the
Ezrin-Radixin-Moesin (ERM) protein family, which mediates the dynamic linkage
between the plasma membrane and cortical actin. Ezrin is reorganized by EPEC
infection, leading to impaired TJs [78]. EPEC-induced association of ezrin with the
cytoskeleton as well as the drop in TEER depend on the presence of EspB and
EspF. Expression of dominant-negative ezrin attenuates the effect of EPEC on ZO-1
and the drop in TEER [122]. These findings suggest that EPEC regulates the phos-
phorylation states of several proteins important in mediating EPEC-induced signals
that result in perturbation of the TJ barrier.

EPEC Perturbs Apico-Basal Polarity

TJs are crucial for the establishment and maintenance of epithelial apico-basal
polarity, which is controlled by Crb (Crumbs3/Pals1/Patj), Par (Par3/Par6/aPKC/
Cdc42), and Scribble (Scrib/Lgl/Dlg) polarity complexes. Apico-basal polarity con-
tributes to cell morphology, directional vesicle transportation, ion and solute trans-
port, and specific localization of proteins and lipids to different membrane domains
[169]. The impact of EPEC on intestinal epithelial polarity has been studied. EPEC
alters the distribution of Pl-integrin and Na'/K* ATPase, which are typically
restricted to the basolateral membrane. EPEC infection caused the movement of
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these proteins to the apical surface, resulting in impaired barrier function [85, 114].
Furthermore, cells infected with EPEC expressing EspM exhibit apical $1-integrin
staining at bacteria attachment sites and at the cell-cell contacts, presumably just
above TJs [156]. These data suggest that changes in apical domain morphology
induced by EspM are associated with redistribution of some basolateral membrane
proteins. EPEC also recruits basolateral endocytic and recycling membrane proteins
(Rabs), AQPs, Tnf, Exo70, and VAMP3 to the apical surface beneath sites of EPEC
microcolony attachment [97, 108]. In addition, EPEC alters plasma membrane lip-
ids by inducing the formation of PI(3,4,5)P3 at actin pedestals [69]. In polarized
MDCK monolayers, PI(3,4,5)P3 is restricted to the basolateral membrane domain
where it functions as a regulator of the basolateral membrane formation [170].
Therefore, it appears that basolateral proteins are specifically trafficked to EPEC
microcolonies at the apical membrane by intracellular vesicle transport, indicating
failed fence function in host cells.

In addition to the redistribution of basolateral proteins, EPEC infection induces
the relocalization of occludin, claudin-1, and ZO-1 from the TJ region to the lateral
membrane and cytoplasmic compartment, impacting the architecture and function
of TJs [171]. Freeze-fracture replicas of EPEC-infected monolayers reveal aberrant
strands containing claudin-1 and occludin extending down the lateral membrane
surface well below the TJ area. These structural changes correlate with both
increased paracellular permeability and decreased TEER [171]. Interestingly, EspM
causes host cells to take on an abnormal round shape, with the main mass of the cell
body bulging out and the TJs located at the lower part of the cell, close to the basal
membrane. In addition, EspM changes the localization of ZO-1 from the TJs to the
apical and basolateral membranes but without a reduction in barrier function [156].
These findings suggest that EPEC-induced perturbation of apico-basal polarity and
TJ structure allow the free diffusion of cytoplasmic and membrane proteins to inap-
propriate cellular domains, further contributing to EPEC pathogenesis.

The impact of EPEC on apico-basal polarity complexes was reported recently.
Par6 and aPKC{, both Par polarity members, are crucial for the establishment of
cell polarity and TJ formation. Par6 is a scaffolding protein that interacts with all
polarity complexes, thus allowing aPKCC to phosphorylate its kinase substrates.
EPEC displaces Par6 and aPKCC, but not Par3, from the cell-cell contacts to the
cytoplasm and basolateral membrane of IECs [102]. The interaction of Par6 with
Cdc42-GTP activates aPKCC to phosphorylate Par3, which binds 14-3-3 protein;
this interaction regulates cell polarity and TJ formation [172-177]. Par6 interacts
with Pals1 and Crb3, the latter being target of aPKCC, and this complex is crucial
for TJ formation [178—180]. Detailed in vitro and in vivo analyses show that EPEC
redistributes Crb3 and Palsl, but not Patj, from cell-cell contacts to the cytoplasm
of IECs [114]. Both espF and map are involved in this phenotype. Interestingly, in
a cyst morphogenesis assay, ectopic expression of EspF leads to the formation of 3D
cysts with multiple lumens, indicating disruption of the formation of cell polarity
[114]. These findings indicate that EspF perturbs cell polarity in intestinal epithe-
lial cells.
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Several studies have demonstrated the direct effect of EPEC on the activation
and translocation of aPKCC in infected epithelia. EPEC significantly increases
aPKCC activity in T84, but not SKCO-15, polarized monolayers. Inhibition of
aPKCC with a pseudosubstrate protects against disruption of the TJ barrier by EPEC,
suggesting that aPKCC is involved in EPEC-induced barrier disruption. EPEC also
induces the translocation of aPKC{ from the cytoplasm to membrane and from cell-
cell contacts to actin-rich pedestals of infected monolayers; both situations correlate
with loss of barrier function [102, 165, 181, 182]. Interestingly, aPKCC recruitment
to EPEC pedestals is not diminished by deletion of map or espF or by mutation of
the SNX9-binding domain of EspF. However, the interaction of EspF with SNX9
plays an important role in actin-pedestal organization and contributes to the colocal-
ization of active aPKCC and F-actin to the plasma membrane and within pedestals
in a cell-specific manner [102].

EPEC impairs both cell polarity and intestinal epithelial TJ barrier function.
Recent evidence indicates that the temporal sequence of TJ disruption following
EPEC infection correlates with the redistribution of polarity proteins. EPEC induces
the recruitment of aPKCC to pedestals colocalizing with actin almost immediately
upon bacterial attachment (5—15 min). TJ proteins are then removed from cell-cell
contacts to cytoplasm. JAM-A S285 is internalized by 30 min and TEER signifi-
cantly decreases 45 min postinfection. Phosphorylation of JAM-A at tyrosine 280,
which is related to loss of barrier function, is detectable after 1-2 h post EPEC
infection, corresponding with leaky TJs [102, 183]. Occludin and ZO-1 disruption
occurs at 1-2 h postinfection, respectively, corresponding with a more significant
drop in TEER. aPKC{ has direct and indirect roles in the formation and mainte-
nance of polarity and TJ structure and function. aPKCC phosphorylates Crb3, occlu-
din, claudins, JAM-A, ZO-1, and ZO-2 to establish and maintain TJ structure and
barrier function [35, 184—187]. EPEC alters the phosphorylation state and localiza-
tion of these proteins, leading to a loss of barrier function [87, 102, 114]. The dis-
placement of aPKC{ away from TJs results in perturbation of barrier function,
suggesting that the progressive dismantling of TJ by EPEC and the corresponding
impact on barrier function occur after the early recruitment of aPKCC to actin ped-
estals [102].

EPEC Activates Various Signaling Pathways

Inflammation in response to infection by enteric pathogens contributes to TJ disrup-
tion. For example, IL-13, a pro-inflammatory cytokine, which is increased in the
mucosa of patients with ulcerative colitis and Crohn’s disease, is able to induce
expression of claudin-2, which increases TJ permeability to both ions and small
nonionic solutes [188, 189]. Interferon (IFN)-y and tumor necrosis factor (TNF)-a,
both pro-inflammatory cytokines, are critical regulators of barrier function via MLC
phosphorylation and TJ remodeling [164, 190-192]. TNF-« induces occludin inter-
nalization, paracellular barrier loss, and diarrhea [190, 193]. Infection of T84 cells
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by enteric bacterial pathogens has been shown to increase the expression of both
TNF-a and IL-1p pro-inflammatory molecules [194]. EPEC and REPEC infection
increases TNF-a, IL-1p, IL-8, and IL-6 cytokines [195, 196]. EPEC infection
induces only a modest inflammatory response due in part to the presence of anti-
inflammatory EPEC effectors including non-LEE-encoded NleB, NleC, NleD,
NleE and the homologs NleH1 and NleH2 [197-200]. EPEC infection also activates
the mitogen-activated protein (MAP) kinases ERK1/2, p38 and JNK, and nuclear
factor-kB (NF-xB) signaling pathways that upregulate expression of the pro-
inflammatory cytokine IL-8 [201-204]. aPKCC has also been reported to be involved
in ERK1/2 and NF-«xB activation; both pathways are activated by EPEC [202-209].
aPKCC regulates NF-kB activation by binding and activating IxkB kinase (IKK),
which phosphorylates the NF-xB inhibitor IkB, triggering its degradation. Inhibition
of aPKCC or expression of a dominant-negative mutant significantly suppresses
EPEC-induced IkBa phosphorylation but does not impact the EPEC-induced stimu-
lation of ERK1/2 [181]. Interestingly, inhibition of ERK1/2 and p38 attenuates the
phosphorylation and degradation of IxkBa and expression of IL-8 but does not affect
A/E lesion formation or protect against the decrease in barrier function associated
with EPEC infection [202, 204]. These data suggest that EPEC-activated ERK1/2
and aPKCC signaling pathways contribute to the inflammatory response during
EPEC pathogenesis.

EPEC Alters Intestinal Transport

EPEC-induced loss of intestinal barrier function is believed to contribute to diarrhea
by disrupting intestinal epithelial ion and fluid transport. The loss of TJ barrier func-
tion would prevent the creation of ion gradients needed for effective ion and solute
transport. In addition, infectious diarrhea can be caused by increased chloride secre-
tion, decreased NaCl absorption, or both. EPEC infection attenuates secretagogue-
induced net ion transport and impacts chloride secretion [210-212]. Both
electroneutral Na*/H* and C17/OH~ exchange activities are altered by EPEC [213].
EPEC modulates intestinal epithelial cell electrolyte transport, reducing the expres-
sion of the Na*/H* exchanger-3 (NHE3), the major intestinal transporter of Na*
absorption in an EspF-dependent manner, and stimulating the apical NHE2 and
basolateral NHE1 activity [213, 214]. Analysis of the signal transduction cascades
responsible for the increased NHE2 activity during EPEC infection shows that PLC,
PKCa, and PKCe signaling pathways are implicated [215]. Map interacts with
NHERF1 (Na*/H* exchanger regulatory factor I), Map and NleH1 bind to NHERF2
altering its function [121, 216]. EPEC infection decreases C1~ absorption in intesti-
nal cells by reducing the activity of the CI"/HCO3~ exchanger, SLC26A3 (down-
regulated in Adenoma, DRA), resulting in a reduced C1~ uptake and its accumulation
in the lumen, driving water loss. Mortality in C. rodentium-infected mice is associ-
ated with downregulation of DRA and other genes involved in intestinal transport,
decreased uptake of chloride, and fatal diarrhea [217-219]. EPEC reduces DRA
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protein expression and redistributes its localization from the apical membrane sur-
face to intracellular compartments. This process is mediated by EspG1/G2 [220,
221]. EPEC alters the activity of the sodium-D-glucose cotransporter (SGLT-1), a
major water pump in the small intestine [222]. EPEC causes a rapid movement of
SGLT-1 from the apical membrane into intracellular vesicles. EspF, Map, Tir, and
intimin cooperate to decrease activity of SGLT-1. AQPs function as a water chan-
nels to maintain the dehydration of fecal contents. C. rodentium infection alters the
localization of AQP2 and AQP3, from the lateral membrane to the cytoplasm. The
change in localization correlates with the diarrhea in infected mice [223]. The
altered distribution of AQPs is partially dependent on EspF and EspG effectors, sug-
gesting that AQPs may also contribute to diarrhea during bacterial infection. These
data suggest that during EPEC infection, the ability of the intestinal epithelium to
regulate absorption and secretion of ions and water is compromised, contributing to
diarrhea.

Conclusions

The findings presented in this chapter support the contention that EPEC-induced
perturbation of TJs is a complex process driven by the downstream effect of multi-
ple signaling pathways activated by EPEC effectors, disruption of cytoskeletal net-
works, increased endocytosis, changes in the localization of proteins to different
cell compartments and membrane domains, and altered apico-basal polarity
(Fig. 1a). EPEC-induced loss of intestinal epithelial barrier function is believed to
contribute to diarrhea by disrupting intestinal epithelial ion and fluid transport
(Fig. 1b). All of these changes converge disrupting intestinal epithelial host cell
homeostasis, leading to TJ disruption that contributes to EPEC-associated diarrhea.
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